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Most important research goals

- ldentification of sources and/or source regions
- Determination of acceleration (or other) mechanism to produce particles of extreme energies
- Study of astrophysics of source objects/regions

- Investigation of cosmic ray propagation

- Multi-messenger studies (neutrinos, gamma-rays)

- Input for prediction of secondary particle fluxes

- Measurement of or placing limits on magnetic fields L ety

" " - 5~3
- in clusters and filaments £ - 10"V } 3G kpe EIZ
- In intergalactic regions and voids
- in our Galaxy

- Study of fundamental physics under extreme conditions such as space-time structure (LIV)
- Study of shower physics and hadronic interactions at extreme energies
- Multi-purpose applications: atmospheric physics, geophysics




Source identification of UHECRSs

vicinity of the

Galaxy (disk + halo) source source

1kpc x 10kpc 10 - 100 kpc
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small, intermediate and large scales
Multi-messenger signals (gamma-rays and neutrinos)

MLLS—  (Unger, 2010)



Source identification of UHECRSs

Galaxy (disk + halo)

vicinity of the

1kpc x 10kpc 10 - 100 kpc SOUree souree
Deflection in Galactic and / - ’/ T~
extragalactic mag. fields = i \
5 Mpc Q ' \
scattering centers source |
(radio halos, environment |
19 galactic winds, ...) (cluster) /
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oo < ] O
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B<10°G
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small, intermediate and large scales
Carbon , . .
I Multi-messenger signals (gamma-rays and neutrinos)
50 (Unger, 2010)



Typical propagation distances and secondaries
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(Bergmann et al., PLB 2006)

Greisen-Zatsepin-Kuzmin (GZK) effect, 1966 (Hooper, Taylor et al, PRD 2008)



Complementarity of UHE cosmic rays and neutrinos

HESE 4yr with Ege, > 100 TeV (green) / Classical VM +Vy 6yr with E,; > 200 TeV (red)
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Neutrinos (transient events)
(Ahlers & Halzen, PTEP 2017)
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Baseline procedure to make progress

Theory
Model predictions

- Flux of particles

- Mass composition i
- Arrival direction distribution ;

- Secondary particles and multi-messenger observations External input from

- Air shower measurements astro and particle physics

) 3

- Atmospheric phenomena and geophysics o P S e R Ao A

e s e ssmeeresemmadeeed  PPENOMeENOlOgical studies

Theory/models vs. data
Combination of different data sets
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Pierre Auger Observatory
Province Mendoza, Argentina

o
More than 400 members, £
98 institutes, 17 countries r

Southern hemisphere: Malargue,
Province Mendoza, Argentina

® ® © © 9 9 9 & 9 O O 0 90 0 9 0 0 ® ® % % 0 0 0 0 0 50

Infill array of 750 m

- W W W W W W W W W W W W w w W

; o.o.o.o. = = km

| 665 surface detectors:

water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)

T N
B SN NN

LIDARSs and laser facilities

Water-Cherenkov

detectors



Pierre Auger Observatory and Telescope Array

Te I €sco pe Array (TA) ;\, = Auger SD vertical (2004 - 2014)
Delta, UT, USA NE 10000 {7 ~- Auger SD inclined (2004 - 2013)

. —=Telescope Array SD, 6 < 45° (05/2008 - 05/2015)
507 detector stations, 680 km? f - - Telescope Array SD, 8 < 55° (05/2008 - 05/2015)
36 fluorescence telescopes = 8000 -

Together full sky coverage,
but exposures 1:8 - 1:6

-----------
-l

N

90 —70 —50 —30 —10 10 30 50 70 90

Directional exposure w(

Declination 6 /° 1 T T T T T T
0.8 “common” sky: ’
- -15° : +45° 1
06 P ="
Overlap region can be used for 3 | TAx4
cross-checks and cross-calibration |
Pierre Auger Observatory 0.2 L 1
Province Mendoza,Argentina AUQI% B
| 660 detector stations, 3000 km?2 oL v v i L
27 fluorescence telescopes -80 -60 -40 -20 0 20 40 60 80
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1. Energy spectrum — Auger results

log (E/eV)

Exposure

km? sr yr] Events
SD1500 (3<6009) 60426 215030
SD1500 (9>600) 17447 24209
SD750 105.4 569285
Hybrids 2248 (1019 eV) 13655
Cherenkov 286 (1017 eV) 69793

20
|

1017 1018

1019

e SD 1500m 6 < 60 degrees 0%
= SD 1500m 60> 60 degrees +3%
v hybrid -9%
e SD 750m -1%

-1%

e Cherenkov

Very consistent measurements
Suppression by factor ~100
Non-trivial shape (inflection point)
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Combined energy spectrum

loglO(E/eV)
17 18 19 20
| | I | | | | | | | I | | | I |
Exposure
— Y, <3 (km? sr yr] Events
- +0.05 27 4 Y3=3.2+0.] y
~ oy =292 0.05 % SD1500 (3<60° 60426 215030
i W \ SD1500 (9>60°) 17447 24209
. _ 2> > SD750 105.4 569285
i U SN Hybrids 2248 (1019 eV) 13655
&J)‘? Cherenkov 286 (1017 eV) 69793
_ 2
= - }
- E,;=0.15£0.02 E,=62%+09 E,.=12+2 E,,=50+7 '} :
o | 2 = 3 Stat. uncertainty very small
(energies 1in EeV units) X
Lo ol I Lo ol | Lo o1l | Lo ol 2 Sys' uncertainty dominating

10" 10" 10" 10%
E |eV]
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[Km yr sr eV ]
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=
o

Comparison of energy spectra of Auger and TA

Auger

3

EJ

(E) [km yr sr eV ]

TALE Cherenkov TALE

{

tifii{
l.. . .

HEAT Cherenkov
- L n
SD-750 .. SD
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TA
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10" - -
> [
N |
., | TA, different declinations h
107 - -
i « +24.8° < § < 90°
) ¢-15° <0 < +24.8°

19 | | | IIII20
E [eV]

H
Hybrids ’”}H

LY
||

o

}

SD

bt

20
10

E [eV]

Auger
TA

Spectrum in common declination band

i
> =
e u
m —
e I
x —
S L= TA SD, -15.0° < 5 < 24.8° .\+\ \'\ ._
3 (E rescaled by -5.2%) \\. \\
| [ Lo LI Auger SD, -15.7° < & < 24.8° '
5 = (E rescaled by +5.2%) =
: -t R
?I.l il T Ls s sssaa2y Ls s a8 2233y lss s s 0222 L2 s 230323 L asssssaals Iy
19 19.2 194 19.6 19.8 20 20.2
Iogm(E/eV)
Smaller but systematic differences
AE /E = 14%
AE/E =21%

(Auger-TA Spectrum Working Group ICRC 2019
& TA, arXiv:1801.07820)

12



Declination dependence in range accessible by Auger

Lines: expectation according to dipole

10°° 1 | | - | -
(\r]—1 i B -
> P e AN : 11+ _
; R "\t
V—L h ,<+ ’[3 C
> ) .
(\IIE Q é % 1 ® T*
\ - 1 [ : — —
= | S ¢ g | I
e ” |
m[_u 1037__ — "\ﬂ 1
X -
Py - — full fo.v. fit ]
&) o -90.0° <§ <425° ] 09 - o -900° <&<.425° . _
~ m 425 <90 <173° i L m -425° < §<-173° 1 |
¢ 173" <0 <248 T e -173° <5 <4248° |
10" 10%° 1019 1020
E |eV] E [eV]

Declination dependence also seen in Auger data, but much smaller
Imprint of differences of local source distribution?

(Auger, Phys. Rev. Lett. 125 (2020) 121106 & Phys. Rev. D. 102 (2020) 062005)
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2. Mass composition — Auger fluorescence data

E[eV] E[eV]
1018 1019 1020 1018 1019 1020
1 1 I | | | | 1 1 1 1 I | | | | L 1 1 1 | | | | 1 1 1 1 I | | | | 1 1 1 1 I | | | | 1 1 1 1

850—_ + data + Ostat ’

- *x syst.

. —— EPOS-LHC
600 - ‘ —--= Sibyll2.3c
L ' ——- QGSJetll-04
I I I I | I I I I | I I I I | I I I I | I I I I | I I I I I I I I | I I I I | I I I I | I I I I | I I I I | I I I I
17.0 17.5 18.0 18.5 19.0 19.5 20.0 17.0 17.5 18.0 18.5 19.0 19.5 20.0
Ig(E/eV) Ig(E/eV)

(Auger ICRC 2019)



Change of model predictions thanks to LHC data

pre-LHC models
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(see also discussion Lipari, Phys.Rev.D 103 (2021) 103009)
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post-LHC models
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(Pierog, ICRC 2017)

LHC-tuned models should
be used for data interpretation
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Mass composition — data analysis

O
o

O
o))

composition fraction
o
ho

o

o
~
—
~ III|III|III|III|III|

(MIAPP review,

Front. Astron. Space Sci. 2019)

(Auger ICRC 2019)

Surprising pattern of changes in mass composition

Surface detector data:
only average composition

log,,(E/eV) SD
18.5-18.6 45872
18.6-18.7 27783
18.7-18.8 17011
— g;az—;HC 18.8-18.9 | 11631
18.9-19.0 7960
19.0-19.1 5489
19.1-19.2 3582
19.2-19.3 2290
19.3-19.4 1473
19.4-19.5 864
19.5-19.6 527
19.6-19.7 286
19.7-19.8 131
19.8-19.9 72
>19.9 34
L Total 125005
20.5
\\
(X2 - 1500m pre®
o (X227 - 750m [4]

(X ) - ICRC-2017

For E>30 EeV,

030 1050 events SD
128 events FD
600 ——"_---"" T QGSJetll-04
- —  EPOS-LHC
550 B | | | | | | | | | | | | | | | | | | | | | | | | | | | |
17 17.5 18 18.5 19 19.5 20

I<>g10 (E/eV)
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Comparison of Xmax data of Auger and TA
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C\Il_l
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)
S
&
c 700
>
~~—
650
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— ¢ Auger FD ICRC17 )
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— ¢ TAFD ApJ18 +

- (MIAPP review,

- Front. Astron. Space Sci. 2019)
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Field of
view

Work in progress:
data consistent in energy range with sufficient statistics
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(Auger-TA Xmax Working Group, UHECR 2018)
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Interpretation: spectrum and composition

— 10" g
= .
—';;; : * ® ® 9
r:lé - ® o ._.
0 i N
— \
B0 \
- ®
36 |
10 - / \
T PR T T T i N T S R R T T | u\_. -
18.0 18.5 19.0 19.5 20.0 20.5
logm(E/cV)
(Auger ICRC 2019)

Physics in source region

(Aloisio et al. 2014,
Taylor et al. 2015,
Globus et al. 2015,
Unger et al. 2015,
Fang & Murase 2017)

36

x10

70 F

E° J(E) [eV? km2 sr-1 yr-1]

¢ Auger 2013 prel.
—— model

103 5

Auger 2017

E3 ) [GeV?Z cm™2 571 sr71]

900 H

~ He ‘.‘E 60 o H

5 800 - Fe O He

@) o 40

— - N

"% 700 A X on | Fe

= 5

600 +———rrrr———r—rrrr o —
10° 1010 1011 109 1010 1011
E [GeV] E [GeV]

(Heinze et al. ApJ 873 (2019) 88)

Inflection point natural feature in
models with scanning composition
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Interpretation of flux and composition data

Auger 2019

60 FFr- g —H
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3
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= 900 Qo
! EPOS-LHC H - 70
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iﬁ — — &D "!_F *
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<7 S sreee Al ST ,
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(Auger, ICRC 2019)

log lO(E/eV)

05 200
loglO(E/eV)

Auger 2007

Are the data consistent with e+e- dip model?
Need very strong source evolution! N

Strong Source °
Evolution (1+z) °

Ysource =2-3

Uniform Source
“Ysource =2-39 ’

Measuring mass is crucial!

Vsource=-2.2

Exponential cutoff at Y NV\ N

Esource _ 1021 N ‘. Y

max

v

IIII|IIII|IIII|IIII|II\I

18.5 19 19.5 20
log(E [eV])
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3. Arrival direction distribution

Different exposures and energy scales

of Auger Observatory and

Telescope Array

After unification of energy scales

Ion

lap reg

IN over

No anisotropy found in 2014

Pierre Auger and TA Collaborations, Apd 794 (2014) 2, 172
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Normalized rates

Arrival directions — Auger results on large angular scales

6.5% dipole at 5.2 sigma Sei
Science 357 (2017) 1266 C1IENCC

1.1
1.08
1.06
1.04
1.02

1
0.98
0.96
0.94
0.92

0.9

E>8x10%eV |

data E>8 EeV |

| firs:[ harmcl)nic |

360 300 240 180 120 60

Right Ascension [deg]

Estimated deflection In
galactic mag. field

g . e . New B4 1o 2

0.46

0.38

Arrival directions follow mass distribution of
near-by galaxies: extragalactic origin of sources

I_J& LSy
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Amplitude

Arrival directions — Auger results on large angular scales

6.5% dipole at 5.2 sigma Sei
Science 357 (2017) 1266 C1IENCC

O
—

0.01

Energy-dependence of amplitude (ApJ 2018)

Iunilfolrml |
2MRS

data —=—

(Auger Astrophys. J. 2018)
! ! ! ! ! I

I !
1019 1020
Energy (eV)

Estimated deflection In
galactic mag. field

0.46

0.38

Arrival directions follow mass distribution of
near-by galaxies: extragalactic origin of sources

[_.I& sy
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Dipolar anisotropy — interpretation

(Auger Astrophys. J. 2018)
Globus, N., Piran, T. 2017, ApJL, 850, L.25

——— Hackstein, S., et al. 2016, MNRAS, 462, 3660

GERE S T R Hackstein, S., et al. 2018 MNRAS, 475, 2519

Harari, D., Mollerach, S., Roulet, E. 2010, JCAP, 11 033
Harari, D., Mollerach, S., Roulet, E. 2014, PRD, 89, 123001
Harari, D., Mollerach, S., Roulet, E. 2015, PRD, 92, 063014

180

Extensive theoretical work

(prediction and interpretation) (Ding, Globus & Farrar 2101.04564)

. —————— ~, P p PR
| uniform ] <«
2MRS ——— | — - -
/
1}  data —=— - model: mixed composition ‘ ’.St -
. ] : f‘ Hercules

_ _ —4 —3 -
Rmax =0 EEV, P = 10 MDC / i - -
.- \ - - v
/ Arch - U Norm I <
: ~ ‘ » av: na\s §
’ ;' S ‘ P A | (;k — @ Z:_/

Amplitude

0.1 | =
Non-trivial interplay of
mass composition,

0.01 ————— — '
. 100 | mag. horizon and
Energy [EeV] t local source distribution

Energy-dependence of amplitude and direction
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Arrival directions — catalog searches

. 40 — —
Total SD events with E>32 EeV : 2157 - Popuslftlzns S Com:osutlon scenarios 3
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- 30 o
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90 25( o el
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/ . | . : . 20E 10—4“:
E;, - 37 EeV . 8¢ 1075
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(Auger Astrophys. J.2018, ICRC 2019) 24



Star-forming or starburst galaxies

~450

e.g. M82, close to the TA hotspot

Active galagcieé or AGN .

Catalog searches — outlook

Cumulated TS > 38 EeV

=310

e.g. Cen A, close to an Auger hotspot .
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(Auger, ICRC 2019)
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General prospects for finding sources

(Alves Batista et al, MIAPP review, 1903.06714)

UHECR source candidates
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P He
195 EPOS-LHC "
- —— QGSJetll-04 '
19 — Sibyll2.3
18.5
T 18 —
o -
175 —
2
17 £
65 (MIAPP review,
_ Front. Astron. Space Sci. 2019)
16 B ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ]

17 17.5 18 18.5 19 19.5 20

Ig(E/eV)

Accounting for magnetic field deflection needed

N Average rigidity derived from Auger data

Fe

Agnostic view:
particles with smaller charge are less deflected

Full sensitivity:
use knowledge of galactic magnetic fields

backtracking through magnetic field model variations at different rigidities R = E/Z

Tty]
(O]

MU&G. Farrar ICRC2017, arXiv:1707.02339




4. Multi-messenger physics — early Auger results

Integral photon flux limit

—100 — -
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4. Multi-messenger physics — Auger results today
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Telescope Array

o Auger HECO + SD 750 m (2019), U.L.at 95 % C.L.
o Auger SD 1500 m (2019), U.L.at95% C.L.

o Auger Hybrid (2017), U.L. at95 % C.L.

a Telescope Array (2019), UL.at 95 % C.L.

A KASCADE-Grande (2017), U.L.at 90 % C.L.

¢ EAS-MSU (2017),U.L.at90 % C.L.

I GZK proton (Kampert et al. 2011)
I GzK iron (Kampert et al. 2011)
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Limits have reached GZK predictions for protons

(Auger ICRC 2019)
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Cosmogenic: p or mixed, SFR & GRB /’
Cosmogenic: Fe, FRII & SFR source evol.

Single flavor, 90% C.L.
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90% CL limit
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Waxman-Bahcall bound (2015)

90% CL limit
Auger (2019)

(Auger JCAP 2019)




Waiting for the first EHE neutrino (background-free)...

Neutrino search using inclined air showers
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Multi-messenger physics — transient events
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5. Hadronic interactions — Auger results
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6. Atmospheric and geo-physics observations
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AugerPrime — the upgrade of
the Pierre Auger Observatory
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Upgrade of Auger Observatory: scintillators

15% duty cycle

100% duty cycle

- Scintillators (3.8 m?) and radio
antenna on top of each array detector

- Composition measurement
up to 1020 eV

- Composition selected anisotropy

- Particle physics with air showers

(AugerPrime design report 1604.03637)

Radio antennas for
Inclined showers

2016-09-15: first station in field
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Upgrade of Auger Observatory:

Composition information for inclined / horizontal showers (calorimetric)
Larger field of view for anisotropy studies, neutrino and gamma-ray search
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Status of detector deployment
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New quality of data — multi-hybrid measurements
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Physics with the upgraded Observatory

Auger exposures for comparison
Spectrum (2004 — 2018, 6T5, 6 < 60°): 60,400 km?2 sr yr
Collect every year ~5300 km2 sr yr (615, 6 < 60°)
Anisotropy (2004 — 2020, all angles): ~ 120,000 km2 sr yr (4T5 pos/2)
AugerPrime (7-8 years, 6 < 60°): ~ 40,000 km2 sr yr

1. Extend energy range of mass-sensitive measurements (lower and higher end)

. New measurements / observables that fully exploit event-by-event charge/mass estimates
. Multi-hybrid events to verify our understanding (reconstruction, hadronic interactions)

. Reduction of systematic uncertainties at single event level (fluctuations)

. Improve our triggers for neutrinos, exotic events, atmospheric phenomena

o O A~ W D

. Learning for our Phase | data set: re-analysis of full data set with new knowledge (DNN, ...)
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— 350 confirmation of starburst hypothesis
— 50 confirmation of TA hot spot

— 50 confirmation of YAGN hypothesis
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