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1) Ultra-High Energy Cosmic Rays
and The Pierre Auger Observatory
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UHECRSs: ~10%9 V!

[Linsley, PRL 10:146-148]
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Cosmic accelerators?
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“multi-messenger astrophysics” Y,V

but gamma rays are currently point back to sources

the most “productive” messengers. (go9d for astronomy)
but serious backgrounds
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GZK cutoff
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Example with protons

Iog 10( E/eV)

Almost same conclusions for nucle1 (photo-disintegration)

= Reduction of the CR horizon at UHE
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Magnetic deflections — GMF contribution

[Unger & Farrar 2017]
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[Harari et al., 1999]

At UHE, CGRs may be rigid
enough to point back to their
sources within a few degrees

+ Reduced horizon

= Possibility to identify
nearby sources?



The Pierre Auger Cosmic Ray Observatory

Radio antenna array
(153 antennas, 17 km?)

Undergmum muon : ‘o. ..o .....................................................................
detectors (24+) [IS R\ RS RAAAARAAAAATIARK A (KX,

Pierre Auger Observatory : N ceeoeoses 008esscscsscsscsssscess
Province Mendoza,Argentina

4 fluorescence detectors

High elevation telescopes (3)

. (24 telescopes up to 30°)
3
More than 400 members, 4 Water-Cherenkov
98 institutes, 17 countries ‘ 0 detectors and
p = .;
; 1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, water-Cherenkov tanks telescopes
Province Mendoza, Argentina (grid of 1.5 km, 3000 km?)

[NIM 798:172—213, 2015]



Surface Detectors

Irack-length integral — Air-shower size
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Longitudinal profile reconstruction
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the shower light and surface detector signals are illustrated by markers of function (line).

different size in logarithmic scale.
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Propagation of FD energy scale

3
§ 10 SD data are calibrated to FD energies
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121) Searching for sources 1n arrival directions

= Aiming to capture in the UHECR arrival directions a pattern
suggestive in an evident way of a class of astrophysical objects.




Normalized rates
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First harmonic in RA

» Control of the event rate/directional exposure 1n right ascension

= Fourier expansion of the directional intensity

[Science 57 (2017) 1266, Ap] 868 (2018) 1]
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Extragalactic origin

Laniakea: Norma (attractor) + Pavo-Indus +
Virgo supercluster (Virgo cluster + Local sheet)

Local sheet : 10-15 Mpc diameter, 0.5 Mpc
height, with a void region ~70 Mpc North in

supergalactic coordinates

Direction of the local void

[Science 57 (2017) 1266]
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Fig. ED 1. — Structure within a cube extending 16,000 km s ' (~200 Mpc)

Tully, Courtois, Hoffman, Pomaréde, Nature 2014
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Catalog-based correlations

Uncut 2MRS catalog color coded in redshift

AGN NGC415, non-jetted AGN M82, starburst

-

/I /,/:/,
’ /ZI
EeV cosmic rays .

),‘ emission //

AGN activity
Accretion = X-rays from SwiftBAT (523 galaxies at 14-195 keV)
Jet = y-rays from 3FHL (26 galaxies at 10 GeV-1 TeV)

,x’}\ttenuation weights based

on luminosity distance and

electromagnetic emission to Star formation

estimate UHECR flux Generic/stellar mass = IR from 2MRS (>40’000 galaxies 2.2 um)
Burst = radio from Lunardini+19 (44 galaxies, 1.4 GHz)

Result: 4 flux-limited samples - Jetted AGNs, all AGNs, Starburst galaxies, all galaxies
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Fisher search radius, © [deg]

Catalog-based correlations

Fit of attenuated flux+isotropy
Variable signal fraction and smoothing scale

Galaxies >1Mpc (IR) - E=32EeV Starburst galaxies (radio) - E =32 EeV
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Fisher search radius, © [deg)
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121) Energy spectrum and mass composition: probing
source properties

= (onstraints on:
> acceleration/escape processes
> energetics of the sources
> abundances of elements 1in the source
environments
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Features in the energy spectrum > 1017 eV

Smooth second/

[EPJC 81 (2021) 966
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Parameter Value £oa £ oyu
Jo/(km? yrsrcV) (1.309 £ 0.003 £ 0.400) x 10~ '®
poon 0.43 £0.04 £0.34

" 3,298 £ 0.005 £ 0.10
Eys/eV (4.9 £0.1 £0.8) x10'8
V2 252003005
Exn/feV (14 £0.1£0.2) x10"
¥ 3.08 £0.05£0.10
Ex/eV (4.7 £0.3 1 0.6) x10"?
Ya 52+02+0.1

N 2.64 - fixed

Eo1 /eV 1.24x10"7 - fixed

)2 0.05 - fixed

w1 0.05 - fixed

w3 0.05 - fixed




Xmax MOoments

Above Eg= 2 EeV both Xmax moments are becoming compatible to MC predictions for heavier nuclei
E(eV]
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Energy density [erg Mpc™ dex’!]
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Astrophysical picture

[PRL 125 (2020) 121106]
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4 Hard ejected spectra (quasi

mono-elemental fluxes at UHE)

4 Energy cutoft ~5Z EeV
4 Steepening above ~50 EeV:

combination of the maximum
energy of acceleration of the
heaviest nucle1 at the sources and

the GZK effect

4 Steepening above ~10 EeV:
interplay between the flux
contributions of He and CGNO
injected at the source with their
distinct cutoft energies, shaped by
photodisintegration during the
propagation

4 Luminosity density (E?geen(E)):
6 10" erg Mpc yr-!
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1v) Astrophysical interpretations

= A transient scenario to explain the correlation with star-forming galaxies?




Correlation with Star-forming Galaxies

* homogeneous background
* with source evolution ~(1+z)"
* isotropic arrival directions

_ 1079 Vet 2019 '. N : \
:é el betsthanark stan A
* catalog sources: SBGs /| AGNs ‘ o o § ’\

* flux weight & distance considered

* arrival directions ~ Fisher
- turb. magnetic field blurring

s - 10 EeV
(55 - 60 ldc( Egn

* injection: power law + exp. cutoff

* spectral index vy,
rigidity cutoff R_,

element fractions a,

add above 107 eV:
f,* catalog+ (1-f)) * background

" lenergy spectrum

-

1d CRPropa3 “[Xmax \
simulations 1 )\ A ¢
of ¥ .0! ;'1. i '.'
-.’- ) ' 1_3‘.'_'-... .1:;'.3‘ - ;:';’:.-'h. - - - -7
reweighting "
e ey 1N €nergy DINS
arrival directions:

|
' » '
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) i I
(

4 4.5 sigma with star-forming galaxies

[JCAP, submitted]
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Steady state/Iransient state

4 Starburst galaxies responsible for 15% of the SFR (for z<2)

4 Transient sources in every star-forming galaxy?

//
(&

_99 .



From transient to steady states

->» Transient scenario
¢ UHECRS produced per burst
lasting atime €

@® Source bursting
I UHECR burst

- Magnetic field
¢ Time spread of the burst induced
by the magnetic field

- Galactic magnetic field (JF12) |
¢ StrengthB.=1uG ¢ 20t
. Coherence‘iength A= 0.1 kpc
¢ Sizel _ =10kpc

—
w

- Local Sheet magnetic field
¢ Strength B, = [10; 25] nG (at least few
NG, consistent with MHD simulation,
considering primordial origin)
¢ Coherence length A,=10 kpc
¢ Sizel _ =1Mpc

w

Angular spread, Oam
—
o

o

| —— Bg=1 UG, Ag, = 0.1 KPC, Lymax = 10 kpc
—— Bys=25nG, Ag, =10 kPC, Luax =1 Mpc
L Be=0.1pG, Ag, =1 MpC, Lmax = @

~—- Total /

-
<

-
o
.

- Extragalactic magnetic field

Time spread, At [yrs])

¢ StrengthB.=0.1pG /
. Coherence?ength A.=1Mpc 10" o151 o0 ToT ToF o 0
¢ Size Lmax = oo Source distance [Mpc]



Testing the transient scenario for UHECRs

-> The probability to observe a source is given by
a Poisson distribution of parameter:

N=kxArusGal

-> Poisson parameter:
¢ Artisthe time spread (magnetic field)

S.,, is the SFR/stellar mass of the galaxy
k is a new parameter

k xs__, is the burst rate

[k] = Mo" (SFRD) | [K] = MO" yr(SMD)

¢ ¢ ¢ ¢
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Median (SFR) map — Small and high k values

Here, k=10“ M
- Median map

Council of Giants
contributes

-> Nearby galaxies as

Andromeda dominate the
UHECR sky

2> Here, k=107 M
Median map

-» Council of Giants does not
contribute !

- Dominated by far-away
clusters/superclusters

Median Map, ®(log,o(E/eV) > 19.6) - Fisher smoothing with 12.6° radius

Equotoruglsgocrdindtes - Magnetic confinement in Virgo included

15° Jocal Void
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Median Map, ®(log,o(E/eV) > 19.6) - Fisher smoothing with 12.6° radius

Equatoru%goordmates - Magnetic confinement in Virgo included
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=>» Council of Giants

Median (SFR) map — Best &k

vy
[V
o
NO
‘_IO

F\&‘}’A‘}:\Jr,, 20"-1‘. top-hat

e
-
l

Sr

9
N
-1

.. '\l

()
-

-
PO 107 km™

- Here, k=10°M Q"

O

- Median map

contributes Gal. p]_ - o - superg. p|.
-> No contribution from very Median Map, ®(log,o(E/eV) > 19.6) - Fisher smoothing with 12.6° radius
close ga laxies Equatoriglsgoordinates - Magnetic confinement in Virgo included

J.ocal Void

[Marafico et al., in preparation]
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Constraints on sources

SFRD scenario:
¢ Core Collapse supernova
(CC-SN)
¢ CC-SNtype Ib/c
¢ Low luminosity IGRB (LL-IGRB)
¢ High luminosity IGRB(HL-IGRB)

SMD scenario:
¢ Tidal Disruption Event (TDE)

Two sources reach the two
requirements:

¢ LL-IGRB

¢ TDE

1
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Total energy emitted per burst, € [erg]

[Marafico et al., in preparation]
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v) Photons, neutrinos, multi-messenger, BSM,
(super-heavy) dark matter

« Une fourmi1 parlant francgais
Parlant latin et javanais
(a n'existe pas ¢a n'existe pas

Et pourquoi pas ? » R. Desnos




Limits on photon fluxes

Auger HeCo + SD 750 m (2022), U.L. at95% C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at90 % C.L.

Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton | (Kampert et al. 2011)

GZK proton |l (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)
SHDM la (Kalashev & Kuznetsov 2016)

SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM |l (Kachelriess, Kalashev & Kuznetsov 2018)
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Limits on neutrino fluxes

== AGN (Murase 2014)
— = Pulsars SFR evolution (Fang 2014)

e s COSMOQENIC:

p SFR (Aloisio 2015)

Single flavor
VeiVyivr=1:1:1

Cosmogenic: p, Fermi-LAT, Eqyin =3 x 107 eV (Ahlers 2010) l,r

- Cosmogenic: p, FRIl & SFR source evol. (Kampert 2012) 7

mmsmmm Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) 27

L Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) ,’
o -
| -7 90% CL limit Auger 7 i
< 10 N . (Earth-Skimming) 90% CL limit
0 . 7’
- 90% CL limit \§, , ANITA I+11+111 (2018)
'm Auger (2019) N o
~ 90% CLiimt N a s

IceCube (2018) —

E —— Waxman-Bahcall bound (2015)
U _8- —.—_JF‘* ) W OEIEE N GEEEE F SESEE W SR N SR E S W S -
> 10 - s %
8 90% CL limit
- . Auger (2019)
w
©
~
=
© 10—9 -
™~
w

10—10 -

1017 1018 1019 1020 1021
E, (eV)

[JCAP 10 (2019) 022]

- 30 -



spectral fluence upper limit / MeV cm?

Correlations with GW?

55

45

35

25

D directional uncertainty of GW source

n y-ux spectral Index o ¢ [-2.3-1.7)
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- 8-
- 7.5
- — 5 7t
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- + + "
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200 N T N O : g ;
2 2 = 2 2 2 2
(V] (L] o o (V] (& Qo (v o O
(a) (b)
« [1) = GWTC-1 (2015~2017); first 10 sources
(2] = (1] + GWTC - 2/GWTC-2.1 (2019); first 51 sources
- = [total] = [2] + GWTC -3 (2019-2020); all 83 sources
= (TOTal] fOr cOnStant emission
9 105 - :
L)) - : .,
a
w
aXl
B =
10%3 - - . : .
0 10 20 30 40 50 60

t—ty [ sidereal days )
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Anomalous ANITA events

4 Farth-skimming neutrinos 4 A few anomalous events

_ ANITA

On
~

- burn data sample
—— packground simulation
~— signal simulation

4 Searches for upgoing showers
4 Stringent upper limits o

39 [PRL, in preparation]



Secondary by-product fluxes from SDHM decay

* Flux of secondaries from SHDM decay (i = y,v,V,N, N):

1 dN;, (*

al
JE(E) = ds ppm(Xe + X;(s; Nn)).
: ArMyxcéty dE P ©
0
* ppm: DM profile 0l o
° dN, - t f \
3 | energy spectra o for —
i=vy,v,v,N,N from i '
hadronization processes, S0’
evolving the fragmentation Rz '
functions from EW scale up §, 10 !
to MX USing DGLAP [Aloisio et al., ?_\1 4 ! T ! TITTT
~710
Phys. Rev. D 69 094023 (2004)] here, see also Sarkar & 8 Photons
4 ® UHECR anis. T T
Toldra (2002), Barbot & Drees (2003), Kachelriess et al. 10 ¢ m UHECRs
[ — Neutrinos
(2018), Alcantara, et al. (2019)
-5 (I s 2253 - L
10
* Free parameters: My, 1x 10° 10° 10"
E (GeV)
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Constraints on non-perturbative decay

[Kuzmin & Rubakov, Phys. Atom. Nucl.979 61, 1028 (1998)]

« SHDM patrticles protected  Lifetime of metastable X
from standard decay by particles:
perturbative effects through a Tx =~ My exp (47/ax) oo,
new quantum number PRL 37 (1976) 8]

« Still, non-perturbative effects o P  f ®©@
can lead to decays through NN
“instantons” in - RSO
non-commutative gauge N S
theories 005 - ]

 For B, L and X currents not
associated to gauge 0° 10° 10" 10° 10° 10" 10° 10 10" 10" 10"
interactions, possibility to M, (GeV)
exchange quantum numbers [arXiv:2203.08854, arXiv:2208.02353]

through an anomaly
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Non-thermal SHDM production during reheating

 Delineating viable regions in the (H;,s, Mx) plane for various € values to

match the DM relic density [arXiv:2203.08854, arXiv:2208.02353]

15

10
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S 10" 22
N 7/ 3
o 55 .
§ - 7 -
.y E p 3
s B
- S/ p
9 | 25 2 :
10 5- /; - -g

N\
=095
X

[

u‘=0.10
N
N

rq'
AN
a=

a =\ (O8S

7 7
10" 10°10°10" 10710”1010 10107 10" 10"
Mx (GeV)

 GUT mass scale viable for € — 1 (T, relatively high) = tensor/scalar
ratio r of the primordial modes possibly detectable in the CMB
 For € < 0.01, 10" GeV mass scale viable, testable for x < 0.09
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vt) Puzzles in extensive air showers

« The subject of cosmic rays 1s unique in modern physics for the
minuteness of the phenomena, the delicacy ot the observations,
the adventurous excursions of the observers, the subtlety of the

analysis, the grandeur of the inferences » B. Rossi




Comparison of longitudinal and lateral shower profiles
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Phenomenological model ansatz

Energy scaling: em. particles and muons

Muon scaling: hadronically produced muons
and muon interaction/decay products

(Muons)

08

Systematnc Uncert.
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[PRL, 117 (2016) 192001]



Muon number in inclined showers (6 > 60°)

[PRL, 126 (2021) 152002]

Hybrid events and inclined showers Proton-proton equivalent c.m. energy /s / TeV
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[PRD, 91 (2015) 032003] S
Discrepancy in number of muons
Relative fluctuations as expected Muon fluctuations driven by first interactions
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Direct measurement of muons at lower energy

[EPJC, 80 (2020) 751]
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In range 3x10'7 eV to 2x1078 eV simulations don’t reproduce muon densities
38% (53%) increase in <N,> at 108 eV needed for EPOS-LHC (QGSJetll-04)
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All the rest...

» Upgrade of the Observatory
» Outreach
»Open data

» Atmospheric electricity phenomena (ELVES, TGFs, ...

» Radio-detection of EAS

» Xmax estimations from SD (risetime, DNN; etc.)
» Dependences of <Xnax> 1n arrival directions
pp-air and p-p cross section

» Muon production depth

» Modification of hadronic interaction models
» Constraints on Lorentz imnvariance violation
»Searches for ANITA-like anomalous events

» Low-energy extensions below 107 eV

» Common studies with TA

>...






Energy scale

slant depth
X [g/cm?]

energy dE

2022
Q 2 — Auger 2019
= 02 8 — + Fe
= [~ - n/Fe Barbosa et al.
0.18}
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Telescope Array - p

up to 30 km

..........

Systematic uncertainty in the energy scale

Fluorescence yield 3.6%
Atmosphere 3.4% — 6.2%
FD calibration 9.9%
FD profile recon. 6.5% — 5.6%
Invisible energy 3% - 1.5%
Stability of energy scale 5%
TOTAL 14%

sl

1

ST

10"

[PRD 100 (2019) 082003]

N
E_ [eV]

From 3x10'8 eV to highest energies
- similar at lower energies

[Dawson, ICRC2019]



SD: Track-length integral from lateral sampling?

Issue: spacing of detectors > Moliere radius

[Linsley, PRL 10:146-148]
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Composition and horizons at UHE
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[Alves Batista, Boncioli, D1 Matteo et al., JCAP10(2015)063]

= Limited horizons @ 30-40 EeV



Muon production in hadronic showers

Muon energy spectrum 1n EAS relative to that of Sibyll 2.1
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