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Big questions:

0 What is the nature and origin of
UHECRs?

0 How are UHECRs accelerated to
such extreme energies?

O Types of sources?



Previously on the UHECR field...
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It was commonly believed that:

Flux*E*10%* (eV* m? s ar')

L 4 were
¢ |f could exist (or notl) a in the cosmic-ray flux af the "F AGASA ;
highest energies due to energy losses on the CMB. - HiReS 1 monocular \
 HiReS 2 monocular LN
. | 17 175 18 188 1e 195 I.ogz:]o(E) (eVZ;)AS
¢ The feature (flattening) in the spectrum at few EeV marked the cosmic rays
with @ origin fo an protfon-dominant component.
. if the UHECR above 10 EeV were
¢ Many models to explain the origin of the UHECR (including for where

UHECRs originate from decay of supermassive particles).

Now

Discoveries made over the past decade thanks to the current UHECR observatories
have dramatically advanced our understanding of UHECRs and their sources,
but indicate a



Highlights from the Pierre Auger Observatory

Astrophysics
© Energy spectrum: flux suppression
© Unexpected mass composition
@ Challenging level of isotropy with a dipole
o Multi-messenger observations: neutrinos and gamma rays

o Exotic scenarios ruled out

Particle physics well beyond LHC energies
o Constraints to hadronic interaction models:
e Muon deficit in simulated showers

o Proton-air cross section at Vs = 57 TeV

Other capabilities
© Laboratory for new detection technigues: radio

<~ Atmospheric science

https://www.auger.org/index.php/science/journal-articles
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Pierre Auger Observatory:
state-of-the art cosmic ray detector

e The world’s largest observatory to study CRs above 1017 eV

e Detection of extensive air showers induced by CR in the Earth’s atmosphere

Hybrid concept

¢ Fluorescence detector (FD)

fluorescence telescopes:
» calorimetric energy measurement .
» ~13-15 % duty cycle o

Telescope &

¢ Surface detector (SD)
water-Cherenkov detectors: &I
» sensifive to the u and EM (e*,y)
shower components
» ~100% duty cycle

Water-Cherenkov
Detectors




Pierre Auger Observatory: inifial detectors

e Fluorescence detector (FD)

24 telescopes in 4 sites Data taking since January 2004
> FoV: 0- 307 Loma Amarilla E
» Full efficiency: E> 1018 eV O
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Pierre Auger Observatory: multi-detector

e Fluorescence detector (FD)

24 telescopes in 4 sites

> Fov: 0-30° Loma Amarilla
» E> 1018 eV Q=

HEAT (3 telescopes) .

» FoV: 30 - 60° * s e
»E> 1017 eV '
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¢ Surface detector (SD) e
1660 stations in 1500 m grid R e e S
» 3000 km2 e
» E> 10185 eV MALARGO QN2
61 stations in 750 m grid Los Leones
» 23.5 km?2

» E> 10175 eV




Pierre Auger Observatory: multi-detector

e Fluorescence detector (FD) ® Auger Engineering Radio Array (AERA)
153 antennas in 17 km2 array

24 telescopes in 4 sites
» FoV: 0-30°

Loma Amarilla

» E> 10" eV S e
HEAT (3 olescopes o ss i
) FOV: 30 _ 600 ..o::.'}. R R N AT oo:::

} E>.|O]7ev l-' 00000000. 0000000000000000000000

¢ Surface detector (SD) f;:::.:.E.i.::g:";f:::::::::::::::::::::::.:::.:::.:::::::}}‘:‘ ‘

1660 stations in 1500 m grid B

» 3000 km? B

» B> 10185 eV MALARGOE :
61 stations in 750 m grid Los Leones

» 23.5 km?2 |

» E> 10175 eV ¢ Underground muon detectoris

17 buried scintillators

[The Pierre Auger Collaboration, NIM A 798 (2015) 172-213]



Hybrid detection of air showers

Signal [VEM]

carried out by
neutrinos and high-
energy muons

SD energy estimators

Lateral distribution | -
1000)

10° &

102 &

10 =
- J S
I

500 1000 1500 2000 2500

Distance from the shower axis

[shower size at ground = energy estimator J

SD absolute calibration based on

experimental data

Systematic uncertainty on energy scale: 14%

T IIIIIIIl T Illlllll T Illlllll

—

T Illllll

o N19

0.2

10 20 100

10



Auger energy spectra

Precise measurement over 3 decades in energy (full data-driven approach):

» 4 data sets using either SD and FD

» Auger ICRC2017: ~ 300,000 events; 67,000 km?2 sryr exposure
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Combined energy spectrum
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Combined energy spectrum: spectral features

A | exposure = 67000 km2 sr yr
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Combined energy spectrum: spectral features

— " exposure = 67000 km?2 sr yr Eio=23+1+4EeV .

e Suppression established with >20c

e Which is ifs origin?
O Propagation (GZK)?

P+ YemB — p/n+ 7%/ z*

O Maximum rigiditye
E..x = ZE,

EeV
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Mass composition: the Xmax Observable

Hybrid measurements are sensitive to mass composition
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Mass composition: Xmax moments

(X ) [97CmM]
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® Auger data suggests a gradual increases of mass with energy (A= 14-20 at E= 10175 eV)




Mass composition fractions
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Search for the sources: Large-scale Anisotfropy

km®Zsryr™

Largest data set:
» ~114,000 SD events; 76,800 km?2 sr yr exposure
» 85% sky coverage

Equatorial coordinates

Rayleigh analyses of the first harmonic in high
ascension a in 2 energy bins:

» 4-8 EeV: distribution compatible with isotropy
» 28 EeV: 3D dipole of amplitude 6.573 %
(5.20) pointing to (a, 6) = (100°, — 24°)

Dipole structure expected if CRs diffuse to Galaxy

from sources distributed as nearby galaxies (e.g.
2MRS catalog)

® Strong indication for an extragalactic origin

R (I, b) = (233", — 13°)

of UHECRs above 8 EeV

o ~125° away from GC

o ~55° away from 2MRS dipole

[The Pierre Auger Collaboration, Science 357 (2017) 1266] 18



Energy dependence of the UHECR dipole

Dipole position in galactic coordinates % 4-8EeV  Lim % 8-16 EeV
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[The Pierre Auger Collaboration, Astrophys. J. 868 (2018) no.1, 4] 19



Search for the sources: Infermediate-scale Anisoiropy

~ At higher energies, Galactic and extragalactic deflections of UHECR nuclei are expected
to smear point sources into warm/hot spots, for which evidence is accumulating.
o Compare the arrival direction of UHECRs with the expected flux pattern from catalogs

Fermi-LAT sources (GeV y : full sky + no absorption for nearby sources):

» D <250 Mpc
» Gamma-ray sources from 2FHL, > 50 GeV: 17 YAGN (blazars and radiogalaxies)

» 23 starburst galaxies with flux > 0.3 Jy

Auger data set:

» 5514 SD events with E> 20 EeV and 6 > 80°
» 89,720 km?2 sr yr exposure

Analysis:

» Assumption: UHECR flux «<non-thermal photon flux
» Method: unbinned maximum likelihood analysis vs isotfropy

> Sky model: [a x sources + (1-a)x isotropic] with a fraction of UHECRs correlating with
position and flux of sources

20



Observed excess maps and results

Observed Excess Map - E > 39 Eev Observed Excess Map - E > 60 Eev
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Results indicate an excess of events from nearby

but only preferred to other galaxies by ~30
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Auger in the multi-messenger era

has good sensitivity to (> 100 PeV) and
unrivalled sensitivity to fransient sources if located in the right position in the sky.

4 IN association with
detected by LIGO and Virgo

¢
I\

» Search for neutrinos associated with GW 150914
or GW151226 =

3
L
¥ /

e GW(90% CL)
+ NGC 4993
neutrino candidate (IceCube)
neutrino candidate (ANTARES)
eC rizon

» ANTARES, IceCube and Auger search for =
neufrinos from the GW170817/ binary
neufron star merger =

» Search in association with Blazar TXS 0506+056, candidate source for a lceCube
neutrino

Also unprecedented sensitivities to (> 1 EeV)

Is both triggering and a follow-up partner in the
, which establish and distributes

alerts for immediate follow-up by subscribed observatories of all messengers.
22



Particle physics at UHE

ATLAS@LHC Pierre Auger Observatory*

» Epeam > 1x108 TeV
» Vs > 400 TeV**

» 20 kt water Cherenkov detector

4 Ebeqm — 65 TeV
» Vs = 13 TeV
» 7/ kt detector

» 25GT air calorimeter

*to scale but stacked, actual area: 3000 km?
Slide from M. Unger (Auger collab.) ISAPP 2019 ** for p+air (> 60 TeV for Fe+air) 23



Muons in air showers:

testing hadronic interaction models

Estimation of muon content in air showers at ground level using highly inclined events (6>62°)

recorded by SD and FD:
R,=N,/N,

Jref

1.0 S
o EPos LHC E=10"eV,0 =67°
0 QGSJET 11-04

0.8- & QGSJET 11-03 .
vr QGSJETO1 A

0.6 [ @ ] U8t

data

680 700 720 740 760 780 800 820
(Xmax) / gecm ™2

~ N,/(1.5 x 107)

ref: p, E=10 EeV, QGSJetll-03

e At 10 EeV models underestimate muon
content by 30-80% for <INA> from Xmax
® Muon deficit increases with energy

[The Pierre Auger Collaboration, PRD D91 (2015) 3, 032003] 24



AugerPrime: stepping up to the new challenges

emerging from the data

O Which is the of the e
T; os] LIGHT MEDIUM 222222 | O Xmax) data suggest a gradual heavier
T \‘*\ towards highest energies, but detailed
o’ e by uncertainties in
E
5/1037 ) O Fractions of and at highest
~ energiess
=) HonelAle ANISOTROPIC
o DIPOLE _ . .
. . ‘ ‘ . O Large-scale anisotropies seen, but No point sources yet
17.5 18.0 18.5 19.0 19.5 20.0 s
Ig(E/eV)
O at energies well beyond the LHC

cannot be answered with only more statistics

» An upgraded detector that improves characterization of the muonic and EM shower
components to increase the composition sensitivity, with a duty cycle of ~100%

=S
25



AugerPrime: upgrades

°* An 3.8m? scinfillator counter on top of each water-Cherenkov detector

25 E Scintillator detector (SSD)
- e EM
= MUONS

Signal/MIP

0 100 200 300 400 500 600 700

Signal/MIP

» Exploit the difference response of the two detectors to

the electromagnetic and muonic showers components

0 00 200 300 400 560 600 700

e Additional (small) PMT to increase dynamic range
o Improved (faster) electronics (from 40 to 120 MHz ADC, better GPS timing)
o Extension of the FD duty cycle by 50%

¢ Buried muon counters in the SD-750 m array for cross-checks (AMIGA)

¢ Radio upgrade: aradio antenna on top of each water-Cherenkov

[The Pierre Auger Observatory Upgrade: AugerPrime. Preliminary Design Report, arXiv:1604.03637 26



AugerPrime: pre-production array

Event Id: 52664409

Signal / (VEM or MIP)
S

102 i
e @ 5 Time: 21/03/2019, 16:58:21 |
| lg(E/eV) = 1837 £0.05 |
1738 1739 1757 6 = 17.83° + (0.52°
e O o
56 @ @ 59
@ @
1736 1733

@ Scintillator with PMT 100’ & WCD
@ Scintillator with SiPM ‘ % SSD
QO Non-upgraded station ] : : : : : : :
600 800 1000 1200 1400 1600 1800
Core distance r/m
September 2016: deployment of an (12 stations)
» Since then data taking and first data analysis
2018: , large-scale production of SSDs started

» Deployment of the SSDs (5-10 per day) in the full SD array in 2018-2019

» exposure ~ 40,000 km?2 sryr

27




Summary

e The Pierre Auger Observatory has been successfully taking data since
more than 15 years.

e Key results:

™ Precise measurement of the energy spectrum above 3x1017eV: flux
suppression above 40 EeV firmly established

M Measurements of XmaxOver 3 orders of magnitude in energy:
evidence for a mixed composition around the ankle

™ Observation of a dipole structure above 8 EeV that strongly indicates
an extragalactic origin of the UHECR:s.

™ Intriguing correlations with starburst galaxies above 39 EeV

™ Highest-energy physics: inconsistency in muon data

¢ Exciting years ahead:
o AugerPrime has been started to unvell the new questions about UHECRs
® New era of multi messenger astrophysics

28



Thank you for your attention!
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Hadronic interactions at UHE: Muons In air showers

$~0.9 (from models)

E/A

Cc

proton, EPOS-LHC, E=10"° eV
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Q10
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T
©

. . 3109 =
In air showers at ground level °©
()
. O

using (0 > 62°) recorded by SD and FD Ewp
c

107
. ———— . ; 0 1000 2000 3000 4000 5000
109 —Fit: (R,) = a(E/10%eV)? - X [g/cm?]

: -4 174 Auger hybrid events [ : ; 1
] - ® The muon number derived by scaling a simulated

reference profile of the lateral muon density distribution
that fits the data:

stgiev O.%O + 0. ‘0'1

~ | e +
1 » 307 ++ ++ s
151 t - Py, data = Nio X Puref = = /Np,ref
RN _
0 | ——
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__ Ry~ Ru)/Rw) ref: p, E=10 EeV, QGSJetll-03; At ©=67°:
1019 1020 Nuref = 1.5 X 107 muons with Ex>0.3GeV

E/eV 37



Muon content in data vs model predictions

2.4 ' 1.0 1 1 1 . l 1
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At 10 EeV by 30-80% for <InA> from Xmax

Increasing deficit with increasing energy

*~s = 135 TeV in p+p collisions -



GIZK horizons (uniform source distribution)

E > 100 EeV ------------
E > 60 EeV 7
E > 40 EeV — — — A

fraction of cosmic rays from distance > D

[Kotera, K., & Olinto, A. 2011, Ann .Rev. Astron. Astrophys., 49, 119]
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Table 1
Populations Investigated

isotrop

ted for Intermediate-scale Ani

iga

ions invest

Populat

SBGs 1(°) b (°) Distance” (Mpc) Flux Weight (%) Attenuated Weight: A/B/C (%) % Contribution”: A/B/C (%)
NGC 253 974  —88 2.7 13.6 20.7/18.0/16.6 35.9/32.2/30.2
MS82 141.4 40.6 3.6 18.6 24.0/22.3/21.4 0.2/0.1/0.1
NGC 4945 305.3 13.3 4 16 19.2/18.3/17.9 39.0/38.4/38.3
MS83 314.6 32 4 6.3 7.6/7.2/7.1 13.1/12.9/12.9
IC 342 138.2 10.6 4 5.5 6.6/6.3/6.1 0.1/0.0/0.0
NGC 6946 95.7 117 5.9 3.4 3.2/33/3.5 0.1/0.1/0.1
NGC 2903 208.7 44.5 6.6 1.1 0.9/1.0/1.1 0.6/0.7/0.7
NGC 5055 106 74.3 7.8 09 0.7/0.8/0.9 0.2/0.2/0.2
NGC 3628 2409 64.8 8.1 1.3 1.0/1.1/1.2 0.8/0.9/1.1
NGC 3627 242 64.4 8.1 1.1 0.8/0.9/1.1 0.7/0.8/0.9
NGC 4631 142.8 84.2 8.7 29 2.1/2.4/27 0.8/0.9/1.1
M51 104.9 68.6 10.3 3.6 2.3/2.8/3.3 0.3/0.4/0.5
NGC 891 1404  —17.4 7 1.7 1.1/13/1.5 0.2/0.3/0.3
NGC 3556 148.3 56.3 11.4 0.7 0.4/0.6/0.6 0.0/0.0/0.0
NGC 660 141.6  —474 5 0.9 0.5/0.6/0.8 0.4/0.5/0.6
NGC 2146 135.7 249 16.3 26 1.3/1.7/2.0 0.0/0.0/0.0
NGC 3079 157.8 48.4 17.4 2.1 1.0/1.4/1.5 0.1/0.1/0.1
NGC 1068 172.1 ~51.9 17.9 12.1 5.6/7.9/9.0 6.4/9.4/10.9
NGC 1365 238 —54.6 23 13 0.5/0.8/0.8 09/1.5/1.6
Arp 299 141.9 55.4 46 1.6 0.4/0.7/0.6 0.0/0.0/0.0
Arp 220 36.6 53 80 0.8 0.1/0.3/0.2 0.0/0.2/0.1
NGC 6240 20.7 273 105 1 0.1/0.3/0.1 0.1/0.3/0.1
Mkn 231 121.6 60.2 183 08 0.0/0.1/0.0 0.0/0.0/0.0
~YAGNs

Cen A Core 309.6 19.4 3.7 0.8 60.5/14.6/40.4 86.8/56.3/71.5
M87 283.7 74.5 18.5 I 15.3/7.1/29.5 9.7/12.1/23.1
NGC 1275 1506  —133 76 22 6.6/6.1/7.5 0.7/1.6/1.0
IC 310 1502  —13.7 83 1 2.3/2.4/2.6 0.3/0.6/0.3
3C 264 235.8 73 95 0.5 0.8/1.0/0.8 0.4/1.3/0.5
TXS 0149 + 710 127.9 9 96 0.5 0.7/0.9/0.7 0.0/0.0/0.0
Mkn 421 179.8 65 136 54 11.4/48.3/14.7 1.8/19.1/2.8
PKS 0229-581 280.2 —-54.6 140 0.5 0.1/0.5/0.1 0.2/2.0/0.3
Mkn 501 63.6 38.9 148 20.8 2.3/15.0/3.6 0.3/5.2/0.6
IES 2344 + 514 112.9 9.9 195 33 0.0/1.0/0.1 0.0/0.0/0.0
Mkn 180 131.9 45.6 199 1.9 0.0/0.5/0.0 0.0/0.0/0.0
IES 1959 + 650 98 17.7 209 6.8 0.0/1.7/0.1 0.0/0.0/0.0
AP Librae 340.7 27.6 213 1.7 0.0/0.4/0.0 0.0/1.3/0.0
TXS 0210 + 515 135.8 -9 218 0.9 0.0/0.2/0.0 0.0/0.0/0.0
GB6 JO601 + 5315 160 14.6 232 04 0.0/0.1/0.0 0.0/0.0/0.0
PKS 0625-35 2434 20 245 1.3 0.0/0.1/0.0 0.0/0.5/0.0

I Zw 187 77.1 33.5 247 2.3 0.0/0.2/0.0 0.0/0.0/0.0
Notes.

* A standard, flat ACDM model (h, = 0.7, Qy = 0.3) is assumed. The distances of the SBGs are based on Ackermann et al. (2012), accounting for a small difference

in hy. The distances of the YAGNs are based on their redshifts, except for the nearby Cen A (Tully et al. 2013).

® % contributions account for the directional exposure of the array.



Neutrinos and Photons at Auger

E2 dN/dE [ GeV cm?s'sr]

Single flavour, 90% C.L.
VeiVyive=1:1:1

Cosmogenic v models
p, Fermi-LAT, E_ =10"%eV (Ahlers '10)

1 0-5 — T T T T TTITT T T T [ we— s == O Fermi‘LAT, Em=3 1017 eV (Ahlers '10)

" s = IceCube (2015) (x 1/3) p, FRII & SFR (Rampert '12)

- R por mixed, SFR & GRB (Kotera '10)

[ wimii ANITA-II (2010) (x 1/3) B2 Fe, FRII & SFR (Kampert '12)
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e Auger limit constrains cosmogenic neutrino

models with proton primaries & strong evolution

of sources with redshift

e Not yet constrain models with heavier primaries

[E. Zas for the Pierre Auger Collab.,
Proc. 35th ICRC (2017)]
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e Top-down models strongly disfavored

[M. Niechciol for the Pierre Auger Collab.,
Proc. 35th ICRC (2017)]
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Correlation between Auger + Telescope Array UHECRs &
lceCube v

* Auger UHECRs

* TA UHECRs
Three analyses 1o investigate correlations between 318 ¢ IceCube HESE tracks

UHECRSs in Auger + Telescope Array with samples of IceCube |e¢ |ceCube fracks

neutrino events. elceCube cascades
---- Galactic plane

B s Ty~ ___Supergalactic Plane

Equatorial coordinates

—90°
e No indications of correlations above 3.3 o



Combined experimental muon measurements

EPOS-LHC QGSJet-11.04 SIBYLL-2.3 In(N, %) — In(N, )
i p

 In(N,fh = In(N, )

—8— AMIGA [Preliminary]
—&— IceCube [Preliminary|
—o— NEVOD-DECOR

—o— Pierre Auger

SUGAR?
N SIBYLL-2.1 QGSJet-11.03 QGSJetO1 —&— Telescope Array

+ Yakutsk [Preliminary]

—>— EAS-MSU?
—+ KASCADE-Grande?

Expected from X,ax
--=-GSF

Fe
--------------------- 4 M’#
12,
¢ SIBYLL-2.3c, not SIBYLL-2.3

_1.10'15 16161()'171()'181619 1()'1510'1610'1716181()'19 10'15 10'1610'1710'181619- b not energy-scale corrected
E/leV

® Most experiments show a muon excess in the data to the MC at E > 1016 eV
o Discrepancy increases with E, and slope shows 8o for latest-generation models

[H. Dembinski et al for EAS-MSU, IceCube. KASCADE-Grande, NEVOD-DECOR, Pierre Auger, SUGAR, Telescope
Array and Yakust EAS Array collaborations, Proc. UHECR 2018 arXiv: 1902.08124]



pu(Mod) / p,(Qll, p)

Correlations between

Xmax and muon density

J. Allen & G. Farrar., Proc. 33rd ICRC (2013)

arXiv: 1307.7131]]
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Modifications to models need to match the

data on muons and maximum production
depths for EM and u components.

Mechanisms of muon production that
do not modify Xmax:

e Leading p® production

® Baryon-antibaryon pair production

85(

!

Discussion of the mechanisms of muon production
in EAS with Sybill 2.3c

Relative to Sibyll 2.1, and switching off the mechanisms:
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F. Riehn et at, Proc. ISVHECRI 2018,
EPJ Web of Conferences 208, 11002 (2019)] 38



p-air cross section from Auger data

Xi point of
A firs interaction

800

Equivalent c.m. energy \s,, [TeV]
1 10 10°

Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al.1984
H. Mielke et al.1994
Honda et al.1999
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Belov et al.2007 {

l. Aielli et al.2009
Aglietta et al.2009
Telescope Array 2015
Auger PRL2012 [
This Work 2015
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Scintillator design

2016
] WLS fibers +
extruded scint. bars routers
w/ 2 holes ,
5cm
_—
v. /’4 L
: ' WLS fibers +
A B routers
\ \\1
N\
~«
<
extruded scintillator
bars
|
160cm

Slide from D. Veberic (Auger collab.) DPG 2019 40



Radio upgrade design

~ To measure the CR properties above 10175eV up to
beyond 1020 eV
» Measurement of highly inclined showers (60°<6<84°)
= extend EM-muon separation to high 6
» Type of particle up to highest energies

» Absolute energy calibration from 1sf principles
» Independent mass scale

<~ 100% duty cycle

o Istprototype under evaluation
o Radio upgrade fully funded, and implementation currently ongoing

[J. R. HOrandel for the Pierre Auger Collab., Proc. UHECR 2018] 4]



