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Multi-messenger observations of the Cosmos

protons E210" eV_( 10 Mpc )
“neutrinos R - '
= gammas (z<1)
protons E<10Y eV
- - & Cosmic
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Energies and rates of the cosmic-ray particles
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Satellites & Balloons

J Short time scale: ~6 months d“Clean” environment (above
J Cost << satellite atmosphere)
 Supply recovery (emulsions, ...)  Long duration (~ years)
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Easy detector recovery...
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Long Duration Balloon
suspends the ANITA
antenna array.

—_

A neutrinog induced cascade
produces a coherent radio

Cherenkov pulse. ... ~BBOKM to horizon

Antarctic ice sheet f,_qhm

.

VP L""-Eﬁefracted Ft|_= ' Air

lce
Incident neutrinos

with energies above
~.5 EeV

Cherenkov Cone
at 56" in ice

Cascade
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TRD AMS detector Time of flight

Matter Antimatter

Electromagnetic
Calorimeter

Size: 3IMx'3m x3m
Weight: 7 tons




Cerenkov Imaging (RICH)

Charge measurement (o(Z) = 0.3) from _—
photon density .

« \(5248 channels) J/
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ISS data:83-100 GeV
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Positrons & Antiprotons

PAMELA H}
| ii %

M.Boeziop (PAMELA coll.) 2008

BESS 95+97

Wizard—MASS 91
CAPRICE 94

PAMELA 08
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100
Positron Energy |GeV) _
. : ¥ . -
B Antiprotons«& positrons are produccddiiring propagation in the

galaxy

J Unvaluable information onnterstellar medium, But fraction.ds very:low

Sk Antiprotons flux compatible with propagation model

A Positron fraction is not, rising quickly above 10:GeV = why2?
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Dark Matter ?

PAMELA OB

PAMELADS
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Positron energy in GeV P kinetic energy in GeV

! ¢ S d ’
4 Positron-excess'Comparéd to diffusion'modélsgantiprotons SHOWS no excess
L A winlo.(® © — W W) at 150 GeViis consistent with positrons excess, but
not with anti-protons
5, A miuch highermass (10 TeV) could fit theé data, but.conflicts with relic
density (factor 1000)
U Possiblé’exotic solution: annihilation into leptonsi(it” (),4:. .many papers
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Electron Spectrum — Summer 2023

JWell reproduced by 2 power laws + a source term like e*
250

« AMS: 57x10% e-
57 million events
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P051tron Spectrum Summer 2023
St B o [Cd(E/El)Yd+C(E/Ez)nexp( E/Es)]

Solar Collisions Pulsars or Dark Matter

3.9%X10% et

10




Dark matter not needed here, astrophysics 1s good enough!

T T 7T

25 )
Positron Electrons

20

Preliminary Data.
Please refer to the AMS

forthcoming publication in PRL.
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Future: increase of statistics (2030)
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® AMS Current Data

® Projection AMS Upgrade
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d Results on p051trons up to ~ 1 TeV. expected n ~ 7 years

Mathieu de Naiirois | ASP VI~ Marmkesh - Momcco & 2024 sl



Proton Spectrum — 2017

J Unexpected hardening of the spectrum at a rigidity of ~ 300 GV

o

Flux x B> [m2srisec GV'7]
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M. Aquilar et al., Phys. Rev. Lett. 114, 171103 (2015



Proton Spectrum — 2023 update

JHardening confirmed at ~ 200 GV
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Antiprotons/Protons ratio — 2023

JRatio almost constant above ~ 60 GeV
dUnexpected as antiprotons are secondaries!

* 1.1x10¢% Antiprotons

p/p flux ratio

oy
Sy
‘h.

Antiprotons from collision of cosmic rays By
G. J6hannesson et al., ApJ 824 (2016) 16

9 a1 4 . . - J ., ., 4 . J , . ., 2 1 .
0 100 200 300 400 500
IngldltyI [GV]
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Pr1mary and Secondaries

o e ol G e it Pr|mary elements (H, He, C ,Fe) |
- LR R + are produced during the Ilfetlme ¢
- e e W of stars. They are accelerated by
o / -the explosion of stars - . -+ . " -
WA X (supernovae) S

' Proton ' , _'.. A SR ..'_

1 Supernova -
"_I‘ex'plosib,;h'

Fluonne

-"Secondary Li, Be, B F, sub Fe nuclel
produced by the collision of
i, v . _ : o pnmary cosmicrays, C, O, Si, . ., ke,
Mathié,}-}; e & ... . .with the mterstellar medlum




& Helium

o Oxygenx28

2x10°
Rigidity R [GV]

10°

Phys. Rep. 894{2021) 1-116



Model-independent measurements of
the relative abundances at the source
(before cosmic ray propagation)

Abundance Value at

Ratio the Source

c/0 0.836 +0.025

zil:’(;ocl)l;ﬁg: : Ne/Si 0.833 +0.025

Mg/Si 0.994 £ 0.029

S /Si 0.167 + 0.006
N/O 0.092 + 0.002
| g:‘;L"aggation Na/si 0.036  0.003
. Al/Si 0.103 * 0.004

Mathieu de Naiirois ASP VI~ Mayrakesh -tMoroéco - 2.024 : 26



Complicated — Spallation scenario

Secondary Intermediate; long lived Primary

Nicola Tomassett, 2017

Mathieu de Naurois



Unexpected Result: The Rigidity Dependence of Elementary Particles e*, p, p
are identical from 60-500 GV.
e has a different rigidity dependence.
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mostly protons
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Hadronic Showers
0

primary

nuclear fragments, nucleons, paricie
n & K mesons, etc. PN

J

from n° — yy and other
radiative decays

. : from
decay of charged mesons (7*
&K

- bs fro
decayof m*, K* & ¢

| y 3
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Shower plane
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Surface Detector

JCharged particles in shower tail
(e & 1)
J Water Cherenkov tanks
(e & 1) : AUGER
d Scintillator arrays. Absorber
(20 X)) can be used to separately

measure €/|1° components

U Hadronic Models

d'Detector geometry

= Poorlyicontrolled systematics



Fluorescence Detector

. Col 1. Row 22

k. Col 5. Row 13

4 Nitrogen excitation, Molecular lines emission
proportional to 1onization

4 Isotropic emission (310-400 nm) __
= can be detected up to several 10 km |[Bb “€8Seas

U Direct calorimetric measure
= Longitudinal profile

4 Stereoscopy = simple geometric
reconstruction. Time sequence also
usgble

J'Problems: ; 2

- Fluorescence lightwyield poorly known.
Depends on compaosition, humidity, .-

- Atmospheric transparency

H Need to subtract forward Cherenkoy

Mathieu de Naiutrois
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1600 Water C-Detectors

e

Los

J Hybrid detector \(5 8 Bﬂ;s ke
<1600 tanks over 1000 km®> | 7

J4 fluorescence detectors
with 6 telescopes each




Telescope Array (@ USA

1507 scintillation
counters surface i Wl
detector (SD)

U Area: ~700 km?

3 fluorescence detector
(FD) stations ’
U ocated at the

“corners’ of the SD
array

Battery of Particle _ Communications
o= CLF

2+ Low energy
extenston(TALE)

JIn operation since
March 2008

Mathieu de Naurois



First 4-fold event

20 May 2007 E~10"eV

2
h

Egp= 10AX S48 [eV]

lg(S,s/VEM)

B =1.10£0.02

195 20
Ig(E/eV)

Hybrid SD-only FD-only
mono
(stereo — low N)

Angular
Resolution ~0.2° ~1-2° ~3-5°

Flat with energy AND E, A, spectral
mass and model (M) free slope and M
dependent

Aperture

Aand Mfree Aand M A and M free
dependent

Energy
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« TA SD(2019)

« TA TALE (2018)

r TUNKA-133 (2020)

« Yakutsk (2015)

« Ice Top (2019)

o KAS. Gr. EPOS-LHC (2015)
s+ KAS. Gr. QGSII-04 (2015)

o Tibet-III (2008)

. GAMMA (2014)
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4<A<23
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Sources ?

dDipolar anisotropy
observed > 8 EeV
— Extragalactic
Origin

I Telescope Array (on
the. Northj reported'a ™ (deg)j/""""’ b 4 W E557EeV
3.4 ¢ 1n the directior: * 7

f Ursa'Maj g
(@) I'Sa djor 4 ‘1

180
R.A. (deg)

dTobe followed!
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AUGER Extensions

JMain goals:

 extension towards lower energy
d inclusion of radio detection
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Ongoing Upgrades: Auger Prime

JAim :Improve the knowledge on
mass composition

d Equip each SD tank with a 4 m?
(1 cm thick) scintillator layer on top
(SSD - Scintillators sensitive to the
electromagnetic content of the
shower)

J Radio antenna
4 Upgraded and faster electromcs

U Some undefground muon! —_——
detector (UMD) R

Mathieu de Navirois®
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JEM - EUSO

e . q
g .. i -'FF.__- ..., ) -Il" "
: -

J Acceptance : 10° km? sr
JTarget air mass : 103 T

JFull sky coverage in one

year
1000 events per year with
E>10%° eV
dBalloon flight in 2014
o[ aunchiforeseenin. s
2024 ?

Cherenkov
light



PathFinder — EUSO BALILOON

JPrototype with

1 Optical system
(3 flat-type lenses)

1 1 Photodetector module
(2304 pixels)

1 Data Processor
1 Telescope structure

Mathieu de Naiutrois



EUSO Balloon tests

I First flight: august 2014

1
Balloon

Testing EUSO-Balloon

.uso [y one aircraft equipped with two types of

detector | Calibrated pulsed UV light sources.
Point Test: Fly airplane in field of view and fire flash lam
Light travels directly from lamp to detector
Track Test: Fly airplane outside field of view and shoot a
UV pulsed laser across field of view. Light scatters out of
the beam to the detector.
(5 mJ Laser ~100 EeV Cosmic Ray)
Fly aircraft at altitudes between 1-5 km.

: -T == ==y _: 2 9,
Calibrated UV laser
Track Test

\
\
\
/ \
A4 |
- 1\
=
Calibrated \
Flash lamp ',
\
1
\
\

Y
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Mathieu de Naiirois:

First Flight: august 24"2014
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Landing...

dWaterproof instrument!

S

Mathieu de Naurois
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Mini-EUSO

dSend to ISS August 22, 2019
JSmall scale full demonstrator gl %

s A\ MINI-EUSO
2 _

ISS (400 km)

®
Laser-generated
cosmic ray signal

Earth emission

; 1*14&"‘ b s - ;
N o e, W ' Focal' end'
Camera surface  AS|Cs
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¢ Diffuse y (Fermi LAT) $ Cosmic rays (Auger) -
@ Cosmic v (IceCube, this work) B Cosmic rays (TA) E

| | | | | ] | | |
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