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‘Observables:

‘omposition (Ze, v, )
Arrival directions

u/m.mp energy'« Energy spectrum

- Hig 'ne t-energy physics? Air shower properties

0 Many ne\ r ith >50,000 km? sr yr exposure;
(2015 ICRC, The Hague# he Netherlands)

- Great progress on radio technique (F. Schroder);
« Hadronic interactions results and puzzles (L. Cazon);
» "AugerPrime” upgrade plans (C. Di Giulio).
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A multi-component
hybrid Observatory;
study of UHECRs >107 eV.
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60,000 infill
(>0.37EeV) + 10,000 hym Vents
(>1 EeV);

» Exposure = 50,00

2

GZK-like suppression o E,=42.09 EeV '
definitely seen (>200) |

18 18.5 19 19.5 20 0.5
Iogw(E/eV)
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(>0.37EeV) + 10,000 hy Vents
(>1 EeV);
* Exposure = 50,00 28ST VK.

GZK-like suppression
definitely seen (>200)

log, E>J/(m? s'sr!eV?)

TA (ICRC 2015)
—e— Auger (ICRC 2015 preliminary)
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€10)10J0J0)
(>0.37EeV) + 10,000 hym Vents
(>1 EeV);

» Exposure = 50,00

GZK-like suppression
definitely seen (>200)

25y

Differences between Auger and TA can
be (mostly) accommodated within a

systematic energy shift...

.. but not easily at the highest energies.

log, E>J/(m? s'sr!eV?)

TA (ICRC 2015)
—e— Auger (ICRC 2015 preliminary)

18 18.5 19 19.5
Iogw(E/eV)
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A NoMoyth‘dlfference?

I. Valino et al., Proc. of 34t ICRC, The Hague (2015)

covering 71% of the

No evidence for sp I
dependence on source location.

® —00.0° <4 < —49.3°

B —49.3° < < —29.5°
v —29.5° <4 < —10.0°
A —10.0° <4 < 24.8°

S
8

What is the nature of the spectral suppression?
e GZK propagation effects (attenuation due to CMB interactions)?
e Intrinsic difficulty of producing 10%° eV particles in astrophysical sources?

1) Study mass composition and air shower development (UHE physics);

2) look for sources in arrival direction distribution. 9
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Height a.s.l. (m)
1200010000 8000 6000 4000 2000

— proton, E=10" eV

e Auger shower

Number of particles

Number of charged particles (x1 09)

800 900 1000

Slant depth (g/cm?)

> Depth in the
atmosphere

Xmax ~ 780 g/cm?

Xay ~ 680 g/cm?

p-induced showers develop deeper than Fe-induced ones

10
and have greater fluctuations
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Clean hybrid
events (strong
anti-bias cuts);

detector-
— 1 independent
g ST I wal  measurements.
: Hadronic
T o interaction MCs
T rosme sl tuned to 7 TeV
- Sibyll2.1 e __,_,___.,-..,-.,.-‘.'.—.A.-_,*_—.'—...—.f—_:.:,.-_,,'———7-‘-7 _____ | L HC data.

18.5 19.0 19.5 20.0 17.0 17.5 18.0 185
log,(E/eV) log,(E/eV)
Middle Drum Hybrid

TA distribution is g ek |
not detector W e "
independent; | s
instrumental [

effects folded into RS

MC. = -

Dashed = QGSJETI—04

18.2 18.4 18.6 18.8 19 19.219.4 19.6 19.8 20 20.2

log(E(eV))
1.P. Lundquist et al., Proc. of 34th ICRC, The Hague (2015) 11
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Clean hybrid
events (strong
anti-bias cuts);
detector-

- 134 independent
3 BT RN Rl Measurements.

Hadronic
—— EPOS-LHC interaction MCs

- - - QGSJetll-04

T qostemds cselr oo tuned to 7 TeV
o s LHC data.

\uger, Preliminary | ] = 20/——m 7 el

185 190 195 | 200
logo(E/eV)

Middle Drum Hybrid

+ TA MD 2014 preliminary
TA d|Str|but|0n |S ' _“_:i:y:rid Data FOId Auger )_(max + Auger 2014 ® TA MD
not detector e distribution into TA |3
independent; | MC algorithm... >
instrumental T A excellent x
effects folded into agreement!
MC e g Solid = QGSJETI-03 18.2 18.4 18.6 18.8 19 19.2 194 19.6 19.8 20

Dashed —> QGSJETII—04 lg(E/eV)

18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 llg(gs(Ez(%\/%’(: M' Unger et al'l Proc' Of 34th ICRCI The Hague (2015)

1.P. Lundquist et al., Proc. of 34th ICRC, The Hague (2015) 12



5,
Com@@ﬁg Kemy and spectrum

Homogeneous distribution of identical sources of p, He, N and Fe nuclei;

125 dataspoints, 6 fit parameters: injection flux norm. and spec. index v, cutoff rigidity R,
p/He/N/Fe fractions;

best fit with very hard injection spectra (y<1).

-

OBSERVATORY

A. di Matteo et al., Proc. of 34t ICRC, The Hague (2015)

total Maximum
source
+ energy

¥=0.94+0.1
D/n=178.5/119

logw('E/eV‘S
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COMBIAING Xeay and spectrum
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Homogeneous distribution of identical sources of p, He, N and Fe nuclei;
125 dataipoints, 6 fit parameters: injection flux norm. and spec. index v, cutoff rigidity R,
p/He/N/Fe fractions;

best fit with very hard injection spectra (y<1).
Rich phenomenology !

- (but needs enhanced composition sensitivity)

q'z 850E EPOS-LHC Mge A. di Matteo et al., Proc. of 34t ICRC, The Hague (2015)
=10% - =10" ¢ :
E A total Prop. + | = L, total Maximum
B L *T%ee,, photodis.| = [ °* ®ee, source
:é I L A= ' “GZK" § [ g A=5-22\¢ , energy
0 A5522 z
w107 2107

[y=2.03 A=27-5 I

| D/n=235.0/119 °\ I

A=2-4
- = n= . 9
Co 1 « v 1 ¢ v v o1 ¢ v v s N v v o | N Ny —/,,,,M
18 18.5 19 19.5 20 20.5 18 135
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V55191V Commposition

A. Yushkov et al., Proc. of 34t ICRC, The Hague (2015)

Ig(EfeV)=18.5-19.0

preliminary

80 90 100 80 90 100
S7(1000), VEM S(1000), VEM

Significant negative correlation: r; = -0.125+0.024

=» mixed composition at log(E) = 18.5 — 19.0 2



V) sicowu  WEERRE
’ " None seen so far.
y

NEUtraMUNEGRS?

» \Neutrnosgihionzontal showers Withr EM
ACLIVILY; sﬂ’glpe Ol feetprint, SPitime structure.

® PHoOLORSY. IOWERSIWIth IoW i content;
shape off LDESSDItime structure.

Cosmogenic v models
I

Neutrino single flavour limits (90% C.L.) b, Fermi-LAT bestfit (Ahlers 10)

10° - p, Fermi-LAT 99% CL band (Ahlers '10) [ ol
== ceCube 2013 (x 1/3) % p, FRIl & SFR (Kampert '12) First v limits
* Fe, FRII & SFR (Kampert '12)
_ m—— Auger (2013) 3 p or mixed, SFR & GRB (Kotera '10) from EAS array
L 10k mimin ANITA-12010 (x 173) ",, Waxman-Bahcall '01
K . below WB
) “
°
)
2
S
Y 10°
pd
o~
. 107
Top-down
models
Sugelale]
C. Bleve et al., Proc. of 34t ICRC, The Hague (2015) ofi fanO?‘led
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Horizontal show

2012 May 31
Event 201215200221
Vey = (0.997+-0.022) ¢

SD traces compatible with pu's.
0 20
Easting (km)

v: A. Aab et al., PRD 91, 092008 (2015)
v: A. Aab et al., ApJ 789, 160 (2014)

Photon limits 95% C.L.
GZK p (Gelmini '08) = SHDM

[ GZK p (Kampert '12) ===: SHDM'
1 GZK Fe (Kampert '12) —— TD

B A i S i
vis ¥

SD 2015

(preliminary.
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g
OteRypes off UHECRs?

n: P. Abreu et al., ApJ 760, 148 (2012)
» \Eutronsg ~EeViair showersishowingiGalactic anisotropies; A Aabetal., Ap] 789, L34 (2014)

n decaydgngth ~(OL2E) kpe, about Sun’siGalactic radius; E 2L EeV
NO SIGNIHCANHEXCESSHNIING searchior stacked search;
nfluxdlimitstarerbelowitherdetected eV gamma ray fluxes.

e Magnetic monopoleszalltra-relativistic monopoles (masses
1011 — 1020 eV/c?) depositta’comparable dE/dx in air to
UHECRSs (pair: production, photonuclear interactions).

Galactic

No candidate;
first limit from
AN
experiment;

E 7 ‘ A lowest limit for
200 400 600 800 100012001400 1600 v>10°.

Slant depth (g/cm?)

T. Fujii et al., Proc. of 34t ICRC, The Hague (2015)

Energy deposit (PeV/(g/cm?))

Flux Upper Bound [(cm2 ssr)]




PIERRE

A. Aab et al., Ap] 804, 15 (2015)

- %. | AUGER
Anisotiopy searches “

231 Auger events with E = 52 EeV and 6<80°;
o |ook esses, autocorrelations (scan AR .
in circles 1-30°, With' Eg; e, from 40 to 80 EeV); e
e compare with catalogs ofi AGNs and other ¢ i -

objects. .| RN

Li-Ma significance map in 12° circles;
largest excess 4.30, E, ., = 54 E€V,
18° from CenA;

post-trial probability 69%, so compatible
with isotropy.

Note: 2007 69% AGN correlation has
weakened to 28%, only 20 above isotropy.




PIERRE
AUGER

OBSERVATORY

Largest excess of pai r Swift AGNs with
Eirec, = 58 E€V, 18 s, L > 10% erg/s, closer
than 130 Mpc; post-trial probability 1.3%.

Challenges hope for anisotropies and source
identification.

Auger/TA joint spherical harmonic analysis: Equatorial Goordinates - 60° smoothing
17,000 Auger and 2500 TA events > 10 EeV;
Dipole of amplitude (6.5£1.9)% (p=5x10-3),

pointing to (a,d) = (93°+£24°, -46°+18°). f’:‘f’” ﬂm

C’ e,
Challenges expectation of isotropy at these “low” -.r
energies.

O. Deligny et al., Proc. of 34t ICRC, The Hague (2015)
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L. Collica et al., Proc. of 34t ICRC, The Hague (2015)

Equivalent c.m. energy Vs, [TeV]
1 10

Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al.1984
H. Mielke et al.1994
Honda et al.1999
Knurenko et al.1999
1. Aielli et al.2009
\V4 Telescope Array 2015
—W— Auger PRL2012
—@— This Work 2015

No. of muons

Average

—— EPOS-LHC

® Augerdata

--- EposLHC
QGSJET I1-04

- == QGSJETII-04

=+=SIBYLL-2.1

15 18

10° 10" 10
Energy [eV]

R. Ulrich et al., Proc. of 34t ICRC, The Hague (2015) FD Energy

10 10

LHC-tuned hadronic interaction
generators under produce the

muons by 30% to 80%... %
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l ‘_\S-r) ;\
i Ir\J ger Engineering
O 3-4 stations IR
@ = 5 stations

134 events

Graded array of antennas (LPDA);
153 stations, 17 km?

World’s largest radio detector,
1017 eV threshold

Radio energy

In frequency range 30-80 MHz:

16 MeV in E_, for 1018 eV CR

1.98 + 0.04

E..qi0 Fesolution: 17% (=5 stations)

Good prospects with 100% duty cycle

(FD is ~13% for clear moonless nights)
21

Surface detector energy

C. Glaser et al., Proc. of 34t ICRC, The Hague (2015),
submitted to PRL
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CONGIUSIGNS -
.
I UXSSUPPRESSIONIabDOVE >4 Ee\/, GZKE Effect? sa urce exhaustion?
UK E SOURCESIEORPPED Lo DE EXtiddalaCliC;
Large-scale dipoleniarivalldistribution above 10 EeV;

L]

FIUXIS .Ijsa,),urun le ISOLEPIC above 40 EeV, particle astronomy is hard'!
w
- Magnetic fields(Galdelic;, extriagalactic) play a huge role;

Xmax (@nd its RMS) evelutionwith energy suggest mass becomes heavier at the highest
energies;

Important limits "rs fluxeinos, photons, neutrons, magnetic monopoles;
Highest-energy physics: | asonablre 0, 4 Cross-section, but inconsistency in muon data;
Hadronic interaction issues? see falk by Lorenzo Cazon.
Improved knowledge of mass composition is needed:

Radio techniques can give enhanced X..., data; see talk by Frank Schroder.

“AugerPrime” upgrade planned, with added scintillators above water-Cherenkov
tanks; see talk by Claudio Di Giulio. 22
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10°

E > 1020 eV,
Vs > 400 TeV!
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galactic origin <— E [eV] —> extragalactic

20

balloon, satellite measurements «— | — indirect measurements
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HE

Ls C ection:

U EraHiGRIEREIGYACOSHIC RaySHWHEEGRS) are rare and can only be detected

threUGhHEIFatmMESPHERCISECONAARIES (@I Showers);

- 1025 eVAViel HRparticlestat maximum. '
‘electromagnetic
1\ energy deposit ]

» Shower: front panti@an e directly
detected on the ground

(e.g., AGASA 1,600 km=srVid);

e Showers excite nitrogen fluoerescence, |
detectable on dark nights (10% duty) — R\  Water-Cherenkov
(e.g., HiRes 5,000 km? sr yr mono); ! |

Detectors

e Can detect both
(e.g., Auger 50,000 km? sr yr so far

TA 9’500 km? sr yr so far); geomagnetic radio |f S
emissions
e Plus radio emissions... muon + e'EthOmagne“C‘
energy deposit J
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*o-located hardware comparisons and
cross-calibrations

Joint anisotropy searches (TA North,
Auger South):

Galactic Coordinates

A. Aab et al., Ap] 794, 172 (2014)

IceCube / Auger / TA joint study

27
G. Golup et al., Proc. of 34t ICRC, The Hague (2015)

x: lceCube tracks, +: IceCube cascades, o: Auger,



» Hadronic interaction models
developed by the cosmic-ray
community fitted to LHC data:

-

D. d’Enterria et al., Astropart. Phys. 35, 98 (2011)
900 GeV 2.36 TeV

n
pp > ht,\s = 900 GeV pp - h,\s = 2,36 TeV
O CMS (NSD) O CMS (NSD)
A ALICE (NSD) A ALICE (NSD)

Cosmic-ray models o s

pp—h*\Ns=7.0TeV

O CMS (NSD)

——SIBYLL 2.1 —-SIBYLL 2.1 ——SIBYLL 2.1
QGSJET 01 QGSJET 01 QGSJET 01
— - QGSJETII — - QGSJETII — - QGSJETII
— EPOS 1.99 — EPOS 1.99
— EPOS 1.99

Fig. 3. Pseudorapidity distributions of charged hadrons, h* = (h* + h™), measured in NSD p — p events at the LHC (0.9, 2.36 and 7 TeV) by ALICE [36,37] and CMS [38,39] (and
by UA5 [42] in p — p at 900 GeV) compared to the predictions of qcser 01 and 11, sevi, and eos. The dashed band is the systematic uncertainty of the CMS experiment which is
similar to those of the two other measurements.

ALICE p + p — chrg Inel>0

After LHC tuning

— EPOS LHC
--- EPOS 199
EPOS 1.99 no core

28

5 10
T. Pierog et al., arXiv 1306.0121 (2013) pseudorapidity 1)




J’

y PIERRE

gl eross Selate)

Attenuation length converted to g, 5, using
post LHC MC;

Iail el thERXEEe \dIStHBULIONSENSItVE to p-ail;
CrOSS-SECH0 anuclerhave arshallower:

Xnax)- | Rising cross-section with E, measured at
Vs ~ 39, 56 TeV.

1078 <E<10®eV

Equivalent c.m. energy \/Epp [TeV]
1 10

_ 2
A, =607+ 2.1g/cm

Nam et al. 1975
Siohan et al. 1978

40,000

C| ean Baltrusaitis et al.1984
- H. Mielke et al.1994

hYb rid Honda et al.1999

Knurenko et al.1999
V n 800 1000 1200 1400
_e ents - lafom?] 1. Aielli et al.2009
IN tWO s E <10 oy Telescope Array 2015
i + Auger PRL2012
bins

— EPOS-LHC

== QGSJETII-04

== SIBYLL-2.1

800 2 1000 1200 1400

16 18

10" 10 19

1 o20

10
Energy [eV]

10

R. Ulrich et al., Proc. of 34t ICRC, The Hague (2015)
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Jﬂuon LIGLION

F=0r; hlg%mclmed shewers (8>60°), SD signal is muon rich (EM component
largely; soﬁe| dz use 174 high-guality: hybrid showers with good FD energy
measure .

L. Collica et al., Prohﬁ34th ICRC, The Hague (2015)

Average Same effect seen in muon no.
No. of muons
VS <X x>
0 Epos LHC E=10¥eV 0 =67°
0 QGSJET 11-04
& QGSJET 11-03 —
v QGSJETO01
Auger
® Augerdata Lo ] data
--- EpPos LHC
QGSJET 11-04
LHC-tuned hadronic interaction FD Energy
generators under produce the 680 700 730 70 760 780 800

-2

muons by 30% to 80%... (Xmax) / gcm

OBSERVATORY



Astro hgsical Multimessenger
O scr\/atorg Network

httP:/ i amon.gravity.Psu.cdu

PUERNOW WItR' a// IMESSENJENS!
- MOUs being

gotiated (in various stages):

New initiative housed at
Penn State (+ friends);
coordinate subthreshold
signals (e.g., from
transient events) from
multiple signatory
observatories;

similar to previous efforts
to coordinate neutrino
(SNEWS), gamma-ray
burst (GCN), or
gravitational wave
detections;

« Triggering observatories [Swift, Fermi, LIGO, IceCube, Auger, HAWC,

Antares]; |

« Follow up observatories [HAT (Hungary), IUCAA (India), PTF (CA),

VERITAS (AZ), ROTSE];
 New members actively solicited!

« data sharing begun, first archival searches completing now.

31



In USA, thanks to

e

COHCJ USIOTNS See contribution by Claudio Di Giulio
-
FUX SUPPRESSIonIanove Pa0iEeV A GEZK effect? source exhaustion?

SOUNCESIUOIEPPEIRLO DE EXtradalacliGy

llargezscalerdipolenntanivalidistrbution above 10 EeV;
=lUX 1S diSappoIntingIVAISetiopIC above 4 ' IS he
UX IS AISAPPOINUNGIYASOUUPIC dl 0 EeV, particle astronomy is h e

v - etic fields)(Galaetic, extragalactic) play a huge role;

Xméx (and its RMS) evolution Witk energyggéest mass becomes heavi«;
energies; o a B
Important limits to fluxes ofineutinos, photons, neutrons, magnetic monopoles;
Highest-energy physics: reasonable cross-section, but inconsistency in muon data;
Hadronic interaction issues?
Improved knowledge of mass composition is needed:

radio techniques can give enhanced X, data;

“AugerPrime” upgrade planned, with added scintillators above water-Cherenkov »
tanks. .



