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Source: S. Saffi, LIGO LABORATORIES, NASA's Goddard Space Flight Center/Chris Smith (USRA/GESTAR), Moreno Baricevic, IceCube/NSF



Cosmic rays (CR): charged particles from the
Universe.

CR spectrum spans over several order of
magnitude in energy and flux;

3

2 Several detection techniques are needed;

2 Power law: it reflects acceleration

mechanism:

2 Features can be addressed to propagation

and/ or re-acceleration processes.

Energy flux [GeV/m? s sr]

Energy ||
10~

|
! -
v + v
!

Ankle

.P\

Z/18CS 01 1A "D

£S89 [ OpPOUD




The cosmic ray spectrum

Energy []]

1070 108 100 100% 1072 10V 102
| | | | | |

Cosmic rays (CR): charged particles from the

1/cm?/s

T — —————————————— - ———— .

Universe. ‘ 10
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CR spectrum spans over several order of

— 10!

magnltude in energy and flux; z
9Severa| detectlon ted\mques are needed § |

o 107

2 Power law: it reﬂec:ts acceleratlon <.

mechanism; =
echanis 100
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9Features can be addressed to propagation 5
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For all charged cosmicrays —e* e; p, p, and nuclei from the Periodic Table:

e Charge (Z) and charge sign

e Rigidity: R = P/Z (in GV)

e Velocity: P = vc

* Energy: E (in GeV)

e Mass: M = pfy B c)

e Flux: N _eventss:sr- m?2- GeV)



For all charged cosmicrays —e* e; p, p, and nuclei from the Periodic Table:

e Charge (Z) and charge sign
e Rigidity: R = P/Z (in GV)

e Velocity: P = vc

* Energy: E (in GeV)

e Mass: M = pfy B c)
e Flux: N_events(s - sr- m2- GeV) The information that can be analyzed includes:

e Energy released in the detector, total or partial;

e Time of flight over a defined distance;

e Shape of the generated signal (rise and fall time);
e Curvature in the presence of B;

e Specitic emissions of electromagnetic radiation.

9



e Interaction with Matter: Cosmic rays a, they interact in

various ways, primarily through:
TR . e* Identification
TOF  omm o

electron-ion pairs. dE/dX moe—  s— /K separation
RICH meeessssssssssssninms

oExcitation: Raising electrons to higher energy levels, | | | . | —

| di " AR NN S 101 10° 10! 102 10° 104
€ading to pnoton emission. p [GeV/c]

olonization: Knocking electrons off atoms, creating

oScintillation: Causing certain materials to emit light
(photons).

oCherenkov Radiation: Emission of light when a charged particle travels faster than the speed of
light in a medium.

 Signal Conversion: These interactions convert the particle's energy into a measurable signal
(electrical current, light pulses).

10



| 1
Time-of-Flight (TOF) Detectors: L U
v v

e Purpose: Measure the particle's velocity (beta=v/c).

e Principle: Consist of two or more scintillator layers  ; L 22 dm dp

. ,:ﬂc > ﬁ:; p=7"0,3}’ — ’”O=P'f—1 - +',',:: dr+dL‘|
separated by a known distance. V2 m p \t LJ
time difference—> velocity can be calculated. Ar = l(; _/31 ) = Z(1emicip? - 14m2cip?) = L& (w2 —md)

c\P1 P ¢’ F2ptY 2,
Cherenkov Detectors: —
e Purpose: Measure velocity and charge. 'i. N‘“ T
e Principle: When a charged particle travels faster than |
! . . . - JE1
the speed of light in a given transparent medium, it 5
emits Cherenkov light. The angle and intensity of this -
. . . '-;'g CFM1|i§8d — 0. R
light are dependent on the particle velocity and charge. 3= ' '
°U$§: i .—.p. € R
Ei: | ---- = radiatore Cherenkov sottil )
5 g N
o“’%é f K/p K/p cosé JFTR iﬁ I:l'l.'el;toifdlfotomsen ibil

_1 _1 1 10 P [&Viﬁ] ncos6- In



Tracking Detectors:

e Purpose: Determine the particle trajectory (path).
« Examples: Silicon strip detectors, dritt chambers, scintillating fiber trackers.

e Principle: Measure ionization points along the path, allowing reconstruction of

the track. A magnetic field is often used to bend the trajectory of charged

particles.
Calorimeters:

detectors absorbers

4

e Purpose: Measure the particle total energy.

« Examples: Electromagnetic and hadronic calorimeters.

e Principle: The particle interacts and produces a "shower" of
secondary particles. The total energy deposited in the
calorimeter layers is proportional to the incident particle's

energy.

e Material: Often alternating layers of dense absorber (e.qg., lead,
tungsten) and active detector material (e.q., sci1r21tiHators, silicon).




Near Earth Orbit:
altitude 400 Km

AMS (Alpha-Magnetic Spectrometer inclination 52°
experiment) installed on the ISS in oeriod 92 min
May 2011.

Matter Antimatter

Continuous operations
through the ISS litetime (at least

2030)
AMS: direct detection of cosmic rays

from the International Space Station

AMS provides precision, long-
duration measurements of

charged cosmic rays to study the - pul | Cosmic-ray Primordial
/. - p— properties antimatter
Ol’lgln of the Cosmos, -CAlL searches

the physics of Dark matter and

Antimatter.
13



Measure Energy / Momentum

Measure Mass (B/y + E/p)

Measure Sign of Charge

Hadron / Lepton Separation

Measure Charge

14



Measure Energy / Momentum Measure Mass (B/y + E/p)

e Calorimetry e Time of flight

« Magnetic spectrometry

e Time of tlight

e Cherenkov

e Transition radiation

e Cherenkov Hadron / Lepton Separation

e Transition radiation e Transition radiation

Measure Sign of Charge e Shower development topology (imaging
» Magnetic spectrometry + time of flight calorimetry)
e Topology ot annihilation (tracking / calorimetry) e Energy / momentum match

e Neutrons produced in hadronic shower

Measure Charge
(neutron detector)

e dE/dx (tracking / scintillation) | S
e Calorimeter back-scattering timing

e Number of photons in Cherenkov radiation
measurement (7?)

15
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AMS posntron qux measurement

High-energy positrons must come from a new source
why there are two classes of

. AMS positrons spectra in both primary and

4.2 million events secondary cosmic-ray nuclei?

The positron flux is the sum of low-energy part from cosmic ray collisions
plus a high-energy part from pulsars or dark matter with a cutoff energy

— 25

100

« AMS positrons
]1 000 ' 4.2 million events

Energy [GeV

Dark

Cosmic Ray Matter

\iolllsmns &
\e+
% '~ Pulsars Dark Matter
e+

100 Energy [GeV]1 000



Cosmic Antiprotons

)
C{l_'
>
O
» . - AMS-02 Antiproton 1.2x106
-
N
c}l | @
E., |
10O Tt SRS
éjﬂ»* ~~~~~~~ O
g@ Sa
5 ,03?' Ty
’;3" Cosmlc Ray .
’ Collisions >
%‘\
- C} Joha nesson et al ApJ 824, 16 (2016 \*s
1 |Rigidity| [GV]1 10 107 10°

p are not produced by pulsars nor > 60 GV from cosmic ray collisions



Cosmic Antiprotons and Positrons
Above 60 GeV, the p and e* fluxes have identical energy dependence

15

+++o +o

+ 10

»
e

E°® [m2s'sr'GeV?]

p are not produced by Pulsars

L 10 60 100 200 <100 400 500
Energy [GeV]



The positron-to-antiproton flux ratio is independent of energy.

4

3.5F= e AMS Positron-to-Antiproton Flux Ratio

cI>,3JcI>rs = 1.98 + 0.03 (stat.) = 0.05(syst.)

70 80 100 2{0]0, 300 400 500
Energy [GeV]




Latest AMS Results on Primary Cosmic Rays

See dedicated talk in Today CRD session:

Unique properties of Cosmic Ray Nuclei: Results from the Alpha Magnetic Spectrometer - V. Choutko
Primary cosmic rays p, He, C, O, ..., Si, ..., Fe produced during the lifetime of stars and accelerated by

diffusive shock acceleration (as in Supernovae epr05|ons) )
They propagate dlffuswely through the mterstellar medlum before they reach us.

upernova
xp|05| n

Measurements of primary cosmic ray fluxes are fundamental to'understanding the origin,
acceleration, and propagation processes of cosmic rays in the Galaxy.



16000
14000 [PRELIMINARY #
12000
E m +
10000 - . *
(Va) ®
3 8000 - <
!
- 6000 + 6 DAMPE 2019
* 000 I AMS-02
2 | F ¢ DAMPE (this work)
.ﬁ*'

0 : — '
10t 10° 10* 10 10° 10* 10°
Kinetic energy [GeV]

' , - ,
8 - —
e AMS
6 — Fit to A+C X (R/45GV)2_]
D
Q. I -
S -
S 4r A=3.14+0.07
I ,""CX(R/45G V) A
2F Tt 4= -
- e 3001‘0.009
0 M | . | |
5 10 10° 10°

Rigidity (R) [GV]

0.4

Light secondary to primary ratios differ significantly
from heavy secondary to primary ratios

&
©

(high-2)

vvvv;v' AARARAAL L T ¥ S g S
?
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++

B/O (low-2) /2.5

©
o

UL

X

o

= 0.2
©

-

X

=

L

&
S

R[GV]

0
345 10 20 102 2x102 10° 2x10°

Why hardening at 200 GeV?
do light and heavy cosmic-ray nuclei propagate in

the same way?
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Cosmic rays Gamma rays Neutrinos

- Pierre Auger Observatory - HAWC - |lceCube

- Telescope Array - ALPACA - KM3Net

- lceCube/lceTop - LHAASO - Baikal-GDV

- GRAPES 3 - TibetAs~y - Pierre Auger Observatory
- LHAASO - lceCube + P-One

- TibetAs - Pierre Auger Observatory + TRIDENT

- Yakutsk + SWGO + GRAND

+ GCOS + CTAO + RNO-G

+ POEMA + PEPS

+ SKA + HiScore

Not covered here: dark matter searches, direct measurements and space detectors, ...

24



The collision of cosmic rays with the

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

—0 atmospheric nucleus

The particles of an EAS initiated by a proton

Tt
or a nucleus can be roughly divided into
-
three components:
(mostly pions) % | '
Electromagnetic(e™, e, 7) AR\

Penetrant (muons and neutrinos) — . e 1

NeNt hadronic component muonic component neutrinos

A key information to infer

about properties of the primary Y
x [g(E/A
particle is the depth of the max g( )

shower maximum

25



Fluorescence detector (FD)

.$:A1‘.‘4).:.rl »
AT,

Ill’f

24+ 3 tfluorescence telescopes

-

-~

Surface detector (SD)

1660 water-Cherenkov detectors

Radio detector (RD)

20



The Pierre Auger Observatory

Hybrid detector

Loma Amarilla

Fluorescence detector (FD) T NI

duty cycle 15% e NG
24+3 fluorescence telescopes [oo e e N

Surface detector (SD) AN g
duty cycle 100% o N R XL
1 660 Water-Cherenkov detectors ............................... - -

PR e

000000

oooooooooooooooooooo
oooooooooooooooooooooooo
000000000000000000000
ooooooooooooooooooooooo

Los Leones
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The hybrid detection

elevation 1.5° — 30°

#
FD telescopes at Los Morados ¢
aperture #
system segmented ’
mirrors [/
UV filter /
camera ]
3
5
L
W
, elec-
"1 o .
] tronics

Communications —"'v“""r"""'i .
antenna T ! 1 GPS

Water-Cherenkov station

Solar panels
Plastic tank Electronic

gquipment —_
oxes E 104 A
>, =
T -
) 10° &
n =
10°
X . . » S5 [VEM]
10 = . ! .
, 15+ Sy [VEM]
gggr(\)ifgg?;:: 1:_||||| "N19
500 1000 1500 2000 2500 [
3 photo-~ . . ! b . bt - b
—— multiplier Distance from the shower axis 0.2 1 2 34 10 20 100

tubes

E., [EeV]
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Irene Joliot-Curie

Laboratoire de Physique
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Telescope Array

* The largest cosmic ray observatory in the northern hemisphere
. W

s

. L] L]
e ——2 m— o 1 2 ewe Surface Detector: Plastic Scintillator l
B Telescopes ™ Dete ar wp CLF
p =11 — o L) . 230cm
Up}ermT
ER ey e e é 5m x S2WLSF 5m x 52WLSF
_ R ... w T
L. MEEEEEEEEEEE - Lower PMT
AT .. ... 5 il
B N R T
L o '--.". 0".\.1 '.-.‘.-.-.. - . - -
-—"..-"'-'.‘.‘-‘“‘-‘-"-'----v-. AN N J (. L222227 T
AR N E R NN N N R R RS 100cm
W e e 2L s
EEEE TN . LR : : : : Ig
° /‘ =] ° /Tyvdpd)u(
/
Sm Upper & Lower layer are divided in optics

- AN S R AR
LB AN A N N A TN A AR
T AT gy ey

2022-10-03 UHECR2022 @ L'Aquilq, ltaly
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UHECR observables

Energy spectrum

10'° 10"’ 10'° 10" 10
lllll 1 1 lllllll I 1 lllllll I 1 lllllll 1 1 lllllll
u 2™ knee preliminary
E “000“”."“‘.“.“ instep
- %o, o000,
- low energy ankle e o® '\
B ."‘to' .
I ankle L4
— | —e— Auger combined suppression *}
| fit ‘ II
| | | | "

ol b by b v by Lo s b by v o b
16 165 17 175 18 185 19 195 20 205
Iogm(E/eV)
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UHECR observables

Energy spectrum

1 1 1 2
10'° 10"’ 10'° 10" 10
r lllll 1 LI lllllld 1 1 1 llllll I 1 1 llllll 1 LI ]lllll
S 0% 2".1‘”99 preliminary
— - 000000000 ? "‘;.‘ instep
- - "%.. o000,
7)) - low energy ankle e 0 \
i 0o ® :
o Lad ¢
ankle i

| IIIIIII

—e— Auger combined

Ty

suppression *} {
Y

llllllllllll | I - L1 1 1 Ll
16 165 17 175 18

Ll
18.5

W T T AW
19 195 20 20.5

log 10(E/eV)

Mass Composition

top of the atmosphere ——-

composition from the
depth of the shower
maxima

shallow
heavy

deep
light
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Energy spectrum

UHECR observables

10" 10" 10'° 10" 10
r lllll 1 1 lllllll I 1 lllllll I 1 lllllll 1 1 lllllll
';. 10°° 2" knee preliminary
s : “000“”"‘“‘.“.‘ instep
- - “\. o000,
7)) - low energy ankle e o~ _o°
o Lad ¢
E I ankle 'é
N \
> 37 . }
© 10°" | | —— Auger combined suppression +
m : )
LU S fit { v
- v
Ll I L1 11 I L1 11 I L1 11 l L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I 1 l“hl

16 165 17 175 18 185 19 195 20

20.5

log 10(E/eV)

Mass Composition

top of the atmosphere ——- A A

composition from the
depth of the shower
maxima

ground
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Arrival direction

VvV

Equatorial 60 R G.P ICRC 2023
: O : et e JC342(7 0
O " *-NGC6946 -~ 5 __*'MSZ.._ ______ nrAQ), Preliminary
O .................. ;_....;..-O .......... ) O ...'. _..-
W Qo /.0 . MSL{ . 4 NGCI275M6310

....-,9'6 ,-,'.
TA 15-years (ICRC2023 Preliminary), Auger 17-years (ApJ 935 170 (2022))



UHECR observables

Energy spectrum

10'° 10" 10'® 10" 10°°

Arrival direction

TTTT] T T rrrrr T T T T TTTT] T T T T TTIT] T T T T 1TTT] Equatorial 60 . (g ICRC 2023
d ol AN Prelimina
u 2™ knee preliminary - ry
— “‘..““‘.‘“‘.“ instep 30 O O 0 NG01275 ‘s 10
- *ee O 0 T
i %o, T LT QT Fockal T S
- low energy ankle e . \ i =0
- .'.“. ) DD . . O --.
¢ _. - oF
i RA. 300 7- \SSSUUSOURUOUNP UUSURURIOS. < NOOF SOUS0 SNSRI ST USSR S & 15
ankle ‘? (deg) 360 .......... D 3 . 60 ]QC]?%
‘\‘ D D _.':
A hined * - B N\GC T iMssdo /o 0 sy
| P . T | TR N N R e IR ISR SR y
: uger Com |ne Suppress’on \ ) _30 L m ‘... .
- , I S.G.P
_______ flt Dec. (deg) S N
— ‘I -60 - '.
pa v by by by by by vy by by v Iy a0 %y TA 15‘year3 (ICRC2023 PreliminarY), Auger 17'years (ApJ 935170 (2022))
16 165 17 175 18 185 19 195 20 20.5
9ot =eV) S dary fl
econdary fluxes
Mass C iti
dsSs Lomposition e
—-— Pulsars SFR evolution (Fang 2014) Single flavor
=== Cosmogenic: p SFR (Aloisio 2015) VeiVyivr=1:1:1
Cosmogenic: p, Fermi-LAT, Epmin = 3 X 1017 eV (Ahlers 2010) '/'
Cosmogenic: p, FRII & SFR source evol. (Kampert 2012) 7’
[ Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) //
[ Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) ,’
top of the atmosphere ——- ry ".": 10-7 N 90% CL limit Auger g
'T'm it tond \fanh-Sklmmlng) ANITA 411411l (2018)
(\I‘E ceCube (2010 Waxman-Bahcall bound (2015)
L shallow deep 5 10-8p==x
composition from the heavy light E 90% CL limit
depth of the shower R Luoer (2019)
maxima = .
o o
(Xmax) = Xref —AInA . (V) 10
ground Y

35






IELETVOY S Y-
4 ®ecooce
T
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— A Telescope Array
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Differences in the UHECR spectra as measured as two experiments!



E [eV]
10'° 10" 10'® 10" 10%°

— ljlil | | lllllll 1 | lllllll 1 | 1 llllll I | | llllll
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Differences in fluorescence yield, invisible energy, etc...
Possible astrophysical explanation?
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J(E) x E° [km™? yr!sr!eV?]

No Significant
Declination Dependence

- In the Auger Spectrum

| — full f.o.v. fit

o -900° <6 <42.5°
m 425 <0 <-17.3°
e -173" <6 <+24}.8“

1019

1 L

2g1srieVy
—
o
D

1 IIIIIII

EJ [m

O  DEC >24.8° \ 7
® .15.7° <DEC <24.8° 1 , l | ¥
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Iogw(E/eV)




900

Auger
" v HEAT 2017 « FD = 5D AERA
- Telescope Array
. o« FD Cherenkov
300
£
Q
=0
g
><700 |
. T TR RN e QGSJet -11.04
—— EPOS-LHC
600 ¢ | AN\ N Sibyll 23¢.
| 10'8 10 102
E [eV]

(A. Yushkov for Auger/TA
Pos ICRC2023 249, PRD in preparation)

"

O(X may) [g cm™]

30

oN
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N
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()
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|

Illlllll

|
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10

18

E [eV]

Auger and TA measurements are in agreement!

Crosscheck —> Bring Auger best fit mass fractions into TA detector simulations
and then compare —> still in agreement.
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Protons: as expected from |nA, peak around | Heal2017 4 EPOS-LHC @ Sibyll23 FD A EPOS-LHC O Sibyll 23d — &g, PN
2_3 Eev. : A A Al
3 - . 0.51 | » - 5@ A
— Only form a weak majority at this energy, o 55 ,80° oS
: ‘ & e - - N
but dominate the flux nowhere. 0- cobs.tsbd 4
l; helium
Helium: peaks at ~ 8 EeV - : 650 0" 4’ T |
| o o © A O A )
e 2 ‘ = @ ¢ bl \! &
— roughly ~ 4 times higher energy than P + lid s°zsasé &2 = b ¢ A
protons £ CNO
® @
0.5- I I g ® i 1 $ T
: : . ).57 i
CNO: fraction continues to climbupto~50 1 *aeg, QA
| "B abeteg (T
EFeV N — _
and may continue beyond 3
0.5
. ! : : | * — A 1
Iron: fitted fraction compatible with zero over 444 e 8 sb506nenaesansabs b
nearly the full energy range L . e(E/leV]) 9 .

— small fraction allowed at low/high energy
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-2
Pd(E D> 8.86/10 EeV) [km™“ srlyr] -

Equatorial coordinates - R = 45°
— 0.365

90°
—0.36

-

-10.355

TA 40.2 EeV
EAuger = 32 EeV

=—10.35

-~

4 ' |
%

The above flux map is immediately interpretable

180° —180°

TA 19.4 EeV
EAuger < 16 EeV

10 EeV
8.55 EeV

0.34

19.4 EeV TA 40.2 EeV,
16 EeV = EAuger < 32 EeV

0.335

0.33

v
-

—90°
0.325

> 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
41



ICRC 2023

Equatorial 60 _ O
Preliminary

NGC6946 .~ - eMs2 ~

O ey O
6 /s o
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' -
-
.
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....
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L icenA
. i WeNGC4945

TA 15-years (ICRC2023 Preliminary), Auger 17-years (ApJ 935 170 (2022))
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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

D(E o, > 41 EeV) [km? sr'yr] - Galactic coordinates - W = 24°
x10°° 30 — Starburst galaxies - E,, = 38 EeV
—22 - Centaurus region - E,, = 38 EeV
—20 25

18
—16
14
12
10
8

180 15

10

Cumulated TS = E
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l 1 L l 1 1 l

| ]

llllllllllllll

Illllllll'll llfl!v
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1 L l L 1 1 1 L L 1 L L L L 1 1 L l 1
0 20 40 60 80 100 120 140
Pierre Auger Obs. 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

80
70
60
50
40
30
20
10

Centaurus region excess

% 20 20 60 80 100 120 140
Exposure =32 EeV [10° km? yr sr]

Centaurus region excess

20 40 60 80 100 120 140
Exposure > 32 EeV [10° km’ yr sr]

>Still 90% of isotropic tlux —> what does it mean in terms of astrophysical sources?
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Astrophysical Neutrinos — Why? Where? How’

Cosmological v

Solar v
Supernova burst (1987A)

27\

__Reactor anti-v

—

Background from old supernovae

Terrestrial anti-v

Atmospheric v

U from cosmic-ray sources

Cosmagenic
Vv

103 1 103 106 10° 10 10" 108
meV eV keV MeV GeV TeV PeV EeV
Neutrino energy




Astrophysical Neutrinos — Why? Where? How?

neutrinos
2 secondes

R I e,
, Ty
- $-. ’ .J\A‘{}'-
a4 "N
- ’ ’.'
o .

Cosmological v

Solar v

Supernova burst (1987A)

27\

__Reactor anti-v

—

Background from old supernovae

Terrestrial anti-v

Atmospheric v

U from cosmic-ray sources

Cosmaogenic
Vv

103 1 10° 106 10° 10"< 107> 10
meV eV keV MeV GeV TeV PeV EeV
Neutrino energy




Astrophysical Neutrinos — Why? Where? How?

neutrinos
2 secondes
bl
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> » ’."
P
- By

Cosmological v

Solar v

E
2

upernova burst (1987A)

__Reactor anti-v

>

Background from old supernovae

Terrestrial anti-v

Atmospheric v

L from cosmic-ray sources

Cosmaogenic
Y

1 10° 10° 10° 10 1572 10
eV keV MeV GeV TeV PeV EeV
Neutrino energy




Astrophysical Neutrinos — Why? Where? How*

—_— 24
neutrinos T 10

2 secondes >
L, o)) 20
210
LS = Cosmological v
1 |
o - ‘I 016
4 v

—
I

i 1012
D Supernova burst (1987A)

= T~
S 108 77\
x __Reactor anti-v

>3
E1O4 /

—

: Background from old supernovae'’|

104
10-8 Terrestrial anti-v

Atmospheric v

LU from cosmic-ray sources

Cosmogenic!
V 1

10° 10° 10° 10)* 10" 16~
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Astrophysical Neutrinos — Why? Where? How?

10 kton 1 km?3

Cosmological v

Solar v
Supernova burst (1987A)

P = _ /\

’ n __Reactor anti-v

Neutrino

Background from old supernovae

. . o R
y 4" - Terrestrial anti-v

. Atmosphericv
Hadronic

showers v from AGN

Cosmogenic
Y

—Underground/water detectors 00 1 100 10°  10° 107 10 10%
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Astrophysical neutrinos: detection principle
10 MeV TeV-PeV 100 PeV-1EeV

10 kton 1 km3 > 100 000 km?Z2

Radio
emission
/ Shower
§ e
-iquid scintillators Water Cherenkov Radiodetectors

e.g. JUNO e.g. Super-Kamiokande, IceCube e.g. GRAND



Astrophysical neutrinos: detection principle

10 MeV TeV-PeV 100 PeV-1EeV
10 kton 1 km3 > 100 000 km?

Radio emission

Liquid scintillators Water Cherenkov Radiodetectors
e.g. JUNO e.g. Super-Kamiokande, lceCube e.g. GRAND



Core-collapse supernova explosions

Extreme, complex, and not-fully-understood phenomena

* End of life of heavy star: collapse leading
to an explosion or a stellar black hole

~* Explosion conditions not fully understood
— Need to observe the core of the star

o Short & intense CCSN neutrino burst

» Neutrino rates and energies are
characteristic of the CCSN phases

Proto-neutron star



Main CCSN neutrino observatories

Super-Kamiokande lceCube

" :'*\\\‘\‘ '\\\ PR

eztat o R
"f:""'z' o * ' Q"‘

§
\

1 km3
5160 optical modules
1.5 km overburden

11129
1km overb

D. Guetta et al, Astrophys. J. Lett. 955 (2023) 1, L9

* 14% energy resolution @ 10 MeV
* Negligible background

* No resolution, 1.5 MHz background
. 10° events fora CCSN @ 10 Kpc



Supernovae in multi-messager astro: SNEWS

Use neutrino detectors to locate the supernova

Neutrinos
V~C

B Wv T TR - —

o sy

T TR e T S N
! X e\
RN e

SuperNova Early Warning Syste

IceCube




The Diffuse Supernova Neutrmo Background

D. Kresse et al,Astrophys.J. 909 (2021) 2, 169

A >>1:Burst Y N~1: Mini-Burst N << 1: DSNB

ECSNe
e SNe

failed SNe
——SUm

Black-hole-forming
supernovae

—
]

d®/dE [MeV—lcm—2s71]

ate~0.01/yr Rate~1/yr ~ Rate~10°%yr

 Permanent CCSN neutrino signal
Only 2-3 events/s in Super-Kamiokande...

SKVI+VII

Enhance detectablility by tagging neutrons
from v, interactions = SuperK-Gd since 2020

SKI-VII

M. Harada for the Super-Kamiokande collaboration 2
Neutrino 2024 DSNB flux [cm™ s°]



The 2030s: multi-flavor probing of supernovae

Water Cherenkov & scintillator detectors
Sensitivity to v, through IBD

IceCube, Hyper-Kamiokande, JUNO

DARWIN, ARGO
Sensitivity to all v

Noble gas detectors

DUNE
Sensitivity to v,

oo 6. 6. 8. . . 0.
. . . ’

\

'1“». A e

2000-3000 events
@ 10 kpc for 40 kton



Neutrinos and the origin of cosmic rays

: Also emitted by leptonic interactions
Neutrinos yir

Pointing capabilities O(0.1°)
Probe opaque regions
Signatures of hadronic interactions!

Cosmic rays

Protons, other nuclei, up to ~102°eV
Deflected by magnetic fields

— Unknown origin!




High-energy neutrino telescopes

Current status

IceCube




Event topologies

Tracks Cascades Double cascades
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v, CC Interaction v, NC, v,/v_CC Interaction v_ CC Interaction

Angular resolution < 1° Angular resolution : 15 to 20° v.+N->7+X

Energy resolution ~ 29% Energy resolution ~15% T —> Xore

— |deal to look for CR sources — Good for diffuse flux searches — Very high energies
Probe flavor conversions




Background reduction

Atmospheric muons Atmospheric neutrinos

Northern Sky: better
sensitivity and resolution

Cosmological v

Solar v

Supernova burst (1987A)

/N

/ -
/ B -
/ .‘1" et
y, -
/ T
/ - -
' 4

Cosmic ray

_ Reactor anti-v

/ ~~ ™\ Background from old supernovae
/

y
Terrestrial anti-v

veto region

—

Atmospheric v

v from AGN

Cosmagenic
V

10° 107 1 10° 10° 10° 1= 10" 10"
ueV. - meV eV keV MeV GeV TeV PeV EeV

Neutrino energ

3 levers:

* Event energy (> TeV)

* Event localization Coincidences
 Event time — with catalogs

Southern sky: use cascades
Or a muon veto Cosmic ray



|C‘.ECLIBE

SouUTd FoLE NEUNTRING UOESERVATORY

50 m N

Amundsen—Sco

86 strings of DOMs Pole Station, A
o Laboratory set 1258r:eters apa;-t A National Science Fog :

Data is collected here and managed research facili
sent by satellite to the data

warehouse at UW—-Madison

1450 m

60 DOMs
on each
string
i
DOMs  —
};j are 17 ___
Hit meters [
’ HH apart [,
Digital Optical i
Module (DOM) 2450 m 1
= =

5,160 DOMs

d'eployed in the ice -
Antarctic bedrock \f




Neutrinos from the NGC1068 galaxy - 2022

670,000 upgoing tracks, 3186 days
0.4° resolution @ 100 TeV

Search for coincidences with FERMI-LAT
catalog: 110 sources

[1 Signal

Background

Improvements: calibration + direction
reconstruction (graph neural networks)

n
+~
-
L
>
£a
=

Models favor neutrino production close to
the black hole, in opaque regions

= use X-ray emission in addition to ys

lceCube Collaboration, Science 378 (2022) 6619, 538-543



Neutrinos from the Milky Way Plane — 2023

y. Optical

-

v Predicted m® Northern Sky Northern Sky

g W GRGR . -

Southern Sky Southern Sky

Vv Analysis Expectation

Galactic Coord.

3
Pre-Trial Significance (n-0)

lceCube Collaboration, Science 380 (2023) 6652




Still many sources yet to discover..

Most of the astrophysical neutrino flux remains unidentified

KRA? Model KRAS Best-Fit v Flux
NGC 1068 Astro. v, ” KRAZ® Model KRA? Best-Fit v Flux

TXS 0506+056  —4— Astro. vev; | oot 70 Model = x Best-Fit v Flux

IceCube All-Sky v Flux (22)

—e— Flux total de neutrinos
‘ ' T 7 ; \ Flux total

UPlan de neutrinos
h.galactique

lceCube Collaboration, Science 378 (2022) 6619, 538-543

lceCube Collaboration, Science 380 (2023) 6652



Radiodetection Iin ice and air

Ross ice shelf (Antarctica) autonomous station GRg T om——— o

. . " Cosmic ray
transantarctic mountains S
additional tau neutrino target CR

measuring
ait-shower flux

Radio emission

 Antenna optimized tor horizontal showers
* Bow-tie design, 3 perpendicular arms

* Frequency range: 50-200 MHz

direct and reflected neutrino signal

 Inter-antenna spacing: 1 km

ARIANNA, ARA, ANITA (balloon) @ South Pole Future: GRAND, POEMMA (space-based)
Future: RNO-G (Groenland), lceCube-Gen2




Chasing the neutrino spectrum tail

Landscape of experiments — Prospects
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Digital Optical Module

(DOM)

31 x3” PMT, @ =43 cm

Introduction to KM3NeT
KM3NeT: ARCA, ORCA

. < Buoy
=)
o ‘t
~+—
c B
> | [x115 ﬁ
9 =
S @
TR
)

< Anchor

ARCA (1TeV - 10 PeV)
Max. depth = 3500 m
1 Gt (2 BB)
H=700m
@ =1000 m
Vertical spacing: 36 m
Horizontal spacing: 90 m

63

Building Block (BB)

e e¢ o8 |

ORCA (1 - 100 GeV)
Max. depth = 2450 m
7 Mt
H=200m
@ =200m
Vertical spacing: 9 m
Horizontal spacing: 20 m



KM3NeTl 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

69
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https://indico.cern.ch/event/1511313/contributions/6360537/attachments/3010786/5308353/KM3NET%20SOTT_ENG.mp4
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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

400
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Why it cannot be a muon bundle?

atmogpheric muons

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

Muon energy
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Energy is measured from the
amount of light:

110 '
E, = 120", PeV

(10000 times the energy of the LHC)

The neutrino Energy is higher
- +570
E, = 220775, PeV

(assuming an E*? source spectrum)

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



Previous highest

Multi-messenger astronomy

= Upper limits
meffem KM3-230213A

IceCube fits

—— NST (2022)
—— HESE (2021)

—}— Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)

Models
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Sources band
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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.

/3



Conclusions and final remarks

The UHE neutrinos observed by KM3NeT:

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

2 Diffuse flux: let's wait to see if the tension with IceCube 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.

Multi-messenger is the key!
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Conclusions and final remarks
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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;

2 Strong evolution and proton component —> boost in

neutrino production!
1077
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. Where:

o z: Charge of the incident particle (in units of elementary charge e).

0 e: Elementary charge.

0 n: Number density of electrons in the material.

0 m: Mass of the electron.

0 v: Velocity of the incident particle.

0 B: Factor accounting for material properties (related to ionization potential and density).
o Z: Atomic number of the medium.

0 |: Mean excitation potential of the medium.

0 B=v/c: Relativistic beta.

Simplification: Neglecting the dependence of B on E (the energy of the incident particle), we can see a simplified proportionality:

dxdE «v2Z2 «EZ2A dx

. Key Implication: For a fixed thickness dx, the energy loss dE depends directly on Z2 (the square of the particle's charge) and A (the mass number of the medium), and inversely on its enet
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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
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Reference frame of the CR

/
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t Reference frame of the photon field
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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)

- R ———
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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 - PED= 2 PLE,

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,
k= 3.0 {\CRPropa '\’analytical § Q Zo= 2 \ S
40 8 E 044 ==== Zmax= 3 \\\
'c s == Zmax= 4 D
8 § ........ Zmax = 5 .\ \\\\
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 . 94 A.Aab et al. (The Pierre Auger Collaboration), JCAP04(2017)038
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