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Features of CR spectrum
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Potential Sources of 102° eV particles

N\ GRB? ]
K E_ . ~B.zBL
1012 B Net:t\ron Stars max ~ PsZ -

p— : Y :
& i —
g L white dwarfts ]
% 106 |
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=) -LHC
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)
= |
% |
s 1
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- - Interplanetary
w |
= Space \
g |

106

= r Galact.
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Size

Realistic constraints more severe

e small acceleration efficiency
* synchrotron & adiabatic losses

* interactions in source region
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Radio Images of Cosmic Accelerators

Accreting
Supernova Remnants Supermassive Black Holes
Cas A E < 1016 ey Cygnus A
(3.4 kpc) (250 Mpc)
E~ 100 eV ?

NRAO/AUI

1.4,5, & 8.4 GHz

Fornax A (20 Mpc)

Karl-Heinz Kampert - University Wuppertal ) DESY Hamburg and Zeuthen, June 24 & 25, 2014



Key Questions ahout
Ultra High-Energy Cosmic Rays

e Where do they come from?

e What are they made of ?

e How do their accelerators work?

e Is there a maximum limit to their energy ?

e What can can they tell us about
fundamental and particle physics?

i p University Wuppertal /. DESYHamburg and Zeuthen, June 24 & 25 , 2014



Hybrid Observation of Extensive Air Showers

(Fully operational since 06/2008)

Fluorescence light Particle-density and

Also: -composition at ground
Detection of Radio- & Mlcrowave-SlgnaIs

Karl-Heinz Kampert - University Wuppertal DESY Hamburg and Zeuthen, June 24 & 25, 2014



Pierre Auger Observatory

HEAT

Coihueco

Karl-Heinz Kampert - Unive

CLF

XLF

BLS

~63 km

Los
Morados

Province Mendoza, Argentina

.
| 660 detector
stations

27 fluores.
telescopes
at periphery

| 30 radio

on |.5 km grid

antennas y

~N

DESY Hamburg and Zeuthen, June 24 & 25, 2014



ARGENTINA

[]
SANTIAGO

G Pampa Amarilla
\ Province of Mendoza
1400 m a.s.l.
35° South, 69° West

3000 km?
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Auger Hybrid Observatory

3000 km? area, Argentina

27 fluorescence telescopes plus
...1660 Water Cherenkov tanks

Karl-Heinz Kampert - University Wuppertal 11 DESY Hamburg and Zeuthen, June 24 & 25, 2014
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Argentina
Australia

Brasil

Czech Republic

Aachen
France Bonn MPR
Hamburg
Germany Karlsruhe
Italy Siegen
Wuppertal
MeXxico
8 Netherlands
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Pierre Auger Collaboration
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Romania AUGER
Slovenia Bolivia*
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Event Example in Auger Observatory

PIERRE
AUGER

OBSERVATORY
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Event Example in Auger Observatory

Cross Correlation

PIERRE
AUGER

OBSERVATORY

. . (o
calorimetric meas.| A
: . : Aol
_Longitudinal Profile ™
160 |- E =68 EeV -(\66
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M+e measurement
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Systematics of Energy Scale

Systematic uncertainties on the energy scale

Absolute fluorescence yield
Fluor. spectrum and quenching param.
Sub total (Fluorescence yield - sec. 2)

3.4%
1.1%
3.6 %

Aerosol optical depth
Aerosol phase function
Wavelength depend. of aerosol scatt.
Atmospheric density profile
Sub total (Atmosphere - sec. 3)

3%-+-6%
1%
0.5%
1%
3.4% 6.2 %

Absolute FD calibration
Nightly relative calibration
Optical efficiency
Sub total (FD calibration - sec. 4)

9%
2%
3.5%
9.9 %

Folding with point spread function
Multiple scattering model
Simulation bias
Constraints 1n the Gaisser-Hillas fit
Sub total (FD profile rec. - sec. 5)

5%

1%

2%
3.5% + 1%
6.5% +-5.6%

Invisible energy (sec. 6)

3% +1.5%

Stat. error of the SD calib. fit (sec. 7)

0.7% 1.8 %

Stability of the energy scale (sec. 7)

Total

Karl-Heinz Kampert - University Wuppertal

paper t.b.subm. soon

Based on AirFly data

Based on Atmosph.
Monitoring data

Better optical tools

Better understanding
of FD data

Based on golden hybrid

down from 22% before

16
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End of the CR-Spectrum

E [eV]

Y1=3.23£0.07

1037_

Eankle=5 - |0|8 eV

Y2=2.63+0.04

Eso% =
4.10'9 eV

E3J(E) {evzkm‘zsr‘1 yr‘q

s this the gZ K-effect... ?

|

1018 1019 1020
| | | ||| I I I | I I I ||||| I
730 000 evewnts Auger 2013 preliminary
§l\© LN \O
\—Ln‘_ o =
SPORATRNW TSR~
00 B8R AR reny . . 23RBS,
X TN I8 n™ 0
NN RE °

1 036

17.5 18.0

combined from: infill+hybrid+vertical+inclined events

Karl-Heinz Kampert - University Wuppertal

18.5 19.0

19.5

log,,(E/eV )
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GZK-Effect: Energy losses in CMB

bhoto-pion production

_photo disintegration

A-l—’YCMB%(A—l)—I—

]

Greisen-Zatsepin-Kuz'min (1966)
threshold: E E, > (m,? - m,?)
— EGZKz 6'1019 eV

—> GZK-Horizon ~ 60 Mpc

Karl-Heinz Kampert - University Wuppertal

Energy Loss Pathlength (Mpc)

108 10'° 10%° 10! 1072
Ener eV
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Data compared to GZK-effect

E [eV]
10" 10" 10%°
(Phys. Rev. Lett, 2008, updated) S
- Simulations done with CRPropa 2.0 /
0% p-sources AEAE S
= o o™~
@ ® S o - B )
- - % e, e*e” pair prod. bhoto-pion
~ broduction
| .
E i ’ -7
R . bhoto-
N 37 -7 Fe-sources disintegratjon
= 10°" - e
2 L . -, ® v
" I
o . — Proton, E ., = 10%%° eV
LLl - —1Iron, E.t = 10%9° eV
1036 N B 1 1 1 AT B
17.5 18.0 18.5 19.0 19.5 20.0 20.5
log,,(E /eV)
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Limiting Energy of Sources (Emax~Z) + GZK

Model inspired by Allard, Astropart. Phys. 39-40, 2012

Simulations done with CRPropa 2.0

- 1038

-t

o
w
~

diff flux X E° [eV2 km™ sr1yr

18

In this case GZK-effect is
not responsible for cut-off! |

primary p

@ons Emax,p= 10189V

Karl-Heinz Kampert - University Wuppertal

19.5 20 ~20.5

g (E [eV
Q(T[ )

ron Enex, Fe = 26 Enxp = 1020@
20 7 & 25,2014




Longitudinal Shower Development — Primary Mass

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations

Example of a 3- 10'? eV EAS event in FD

c\T'; LN -o- Auger event

O 'l"l"].«]»_

— 40 — .

> T +++ QMS(XMM>

o L $ S R

; 30 — : +

S ¢

O 20l $

> ¢

o L ¢

e J5Xmax?
0%‘.‘.|...|...|...|...|...|..’W

200 400 600 800 1000 1200 1400 1600
slant depth [g/cm?]
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Xmax and RMS(Xmax) as a fct of E

840 90

“E - —— EPOS-LHC (\ C'\E' e Auger 2013 preliminary
Q P QGSJetll-04 B B S 2
/9\ 800 - ---- Sibyll2.1 —  F
é 780 | é 60; """"""" * _____________________ proton
< o wEHr __}__._.._.._..}.._ _____________
- ©  s0f S
740 | *
! }H
_ 0 1O|18 I1I(;19 10%°
E [eV] E [eV]
using post LHC interaction models:
Auger data show a smooth change
to a heavier composition above 5 EeV |
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Composition compared with astrophys. scenarios

NE ~ Auger ICRC2013 Proton T Auger ICRC2013
o B § 10%
3’ 850 I -
—_ proton source a
A - e
g 800 y
5¢ . E 10
V' 750F w L
@ *><
B =
700 —ron source £ 18 185 19 195 20 20,
: ° I9(E [eV])
650 :_ ‘l|-:| 10% E Auger ICRC2013
B 1—> Lo ° 1
Lo Lo b by L 1| L 1| [ L 11 L 11 L 11 L1 | | c}la X all Z,,=1226  $ *
& -Auger ICRC2013 E
£ - N
Q 70— + 2,
2  H i [ [ proton source Proton -
—_— 60 N - x
s r — =
£ - ' E
5 50; % + } ‘ } ? C 48 185 19 05 20 705
© s ¢ {} + | 19 (E [eV])
30N P Limiting energy of
20— Sources
- Iron :
tol describes
_I cao vy b b b b b b by b by b ComP05|tlon data best
q8 18.2 184 186 188 19 19.2 194 196 19.8 20 20.2 L
Ig(E [eV]) T ——
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Implications of a heavy composition

o Physics 5% 48 (20

Astroparticle Physics 39-40 (2012) 33-43
Astroparticle Physics Astropart'\c\ P
Astropamc\e pPhys1cs
iournal homepage: www.elsevier.com/locate/astropart (ropart
journal h mepagde WWW.e\seV'\er com/locat / I

Extragalactic propagation of ultrahigh energy cosmic-rays ‘*

Denis Allard
ité Paris 7/CNRS, 10 rue A. Domon et L. Duquet, 75205 Paris Cedex 13, France

Laboratoire Astroparticule et Cosmologie (APC), Universi

. ...+ gY COSMIC rays:

im ' .

! gllcatlons of Auger data for source
pectra and chemical composition

Subm. to JCAP 2013

R. Aloisio!? i
oisio!?, V. Berezinsky?? and P. Blasi'?

Karl-Heinz Kam i
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Cosmogenic Neutrinos and Photons

— a guaranteed signal in presence of GZK -

p+yomB — A —

-~
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— P+ T VRev
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e
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Diffuse Photon Limits

- — | | | | | | 1 | | | | | | | 1 | 1—
> — . . — o |
- upper limits 95% C.L. SHDM
Bl -~ SHDM' i
o EN S S o e D E
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ISR SCETN T~el GZK i
"y = enbyb 2009 T~ o }
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Photon upper limits rule out Top-Down Models
and get close to expected GZK-fluxes
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Directional Limits of EeV Photons

A&A in Eress]

Y flux

" leV-sources seen

E-2
.
N
N
.
* .
£~
>

TeV EeV

Energy flux of 0.25 eV/cm?s would yield a 50 excess (assuming E=* spectr.)
Note, some Galactic TeV sources exceed | eV/cm?s !

|

R —————————————————————————————E I ———————————————————————————

Karl-Heinz Kampert - University Wuppertal
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InCIinEd Showers Top of the atmosphere proton or nucl\eL
& UHE neutrinos

* Protons & nuclei initiate showers
high in the atmosphere.

— Shower front at ground:

hadronic
component

* mainly composed of muons

* electromagnetic component

absorbed in atmosphere.
hadronic

* Neutrinos can initiate “deep” component
showers close to ground.

— Shower front at ground:
electromagnetic + muonic
components

Searching for neutrinos = V.
searching for inclined showers

with electromagnetic component 6
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Sensitivity to all v flavors and channels

Charged Current Neutral Current
\)\e \)“ \)\T
high energy \
e\\electron || & \\Nigh energy ..
hadronig‘ hadroni& ~~~~~~~~~ M hadrorﬁ tau hadroni& ~~~~~~~~~ Vy
" Eﬁ et E ~~~~ N Jet % Jet % “““““ N\
muonic component of the shower

1) regular shower

2) i ; E-M component of the shower

st 8
. first interaction
3) up-going shower "
iniiated by v
T decay

Three selection criteria

Down-going low angle (2 and 4) —— DGL (602 - 759)
Down-going high angle (2, 4 and 5)— DGH (752 - 909)
Earth-skimming (3) ——> ES (909 - 959)

Karl-Heinz Kampert - University Wuppertal 31 DESY Hamburg and Zeuthen, June 24 & 25, 2014



v identification: Earth Skimming

3 v candidate if - Search data up to 31 Dec 12
-fé-’ 10° E T cpop> > 1.83
0 - I v Monte Carlo
Lﬁ — —
10° £ =
: Definition of Area-over-Peak (AoP) :
10 E:: AREA _
g PEAK  OF

No events above cuts

1 1.5 2 2.5 3 3.5 4 4.t
Area over Peak (AoP) in signal trace

10

18
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Differential diffuse v flux limits

Single flavour (90% CL) Cosmogenic
1 0-4 — I I T T TT1 II I I T T TT1 II I I T T 11 == p, FermI-LAT bound
= | limits Fe, FRII & SFR evol.
[ == == Full IceCube (2 yr) p & mixed
—1 0° Auger (6 yr) Astrophysical sources
a E =umnmin ANITA-II (28.5 days) AGN
) B Waxman-Bahcal
D10 K E
D = ‘e, . =
= — ‘o, Pierre Auger =
) N ”/' — PRELIMINARY_
E-lo-?g_ ’—’ II.I/.“.”.“.”-H-‘\-“-‘ =
— —— a
L 81 _ s> " -, |
E 1 0 § L 2 ’ ‘ " - - ~ ~ §
% - o" N =
~ | ’O // ’~ _
-, W
: U\ &K S
N7 ., .
10‘10 _" | /V//V/I//I//I/J/IV/ //I/ // //I//ﬂl/,rt /I/ J/ /I/(( | 1 1 ||||| la L 1 11111
10" 10" 10"° 10%° 107
E, [eV]

All limits converted to single flavour and given per half a decade of energy

in preparation for PRD
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Integral diffuse v flux limits

Single flavour (90% CL) Cosmogenic v models
10 e p, Fermi-LAT bound (Ahlers AP34 2010)
= v limits ] Fe, FRIlI & SFR evol. (sarkarIcRc11)
| o e lceCube 2013 P & mixed (Kotera JCAP10)
|
—10° ¢ Auger 1 Jan 04 - 20 Jun 13 Astrophysical sources
= - AGN v
m — I | IEE .
PR B RICE 2012 —=—=— Waxman-Bahcall
o 10'6 E_ BINEE R ANITA_” 2010 _E
- — —]
O B |
} I | Il N N S DD DS S O D e Em |
0107 = =
(D 0 E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;
% 108;_------0--- -;--- Q;- ----- o _;
Z = — =
o N o ~.. Pierre Auger 7
‘“I*_'u B 7 ) n._PF{ELINIINAF{YL
10° & 7 : =
— i \\ —
S \ =
| - - ‘\ —
10-10‘3‘!_:* \\\\ n Ll [ RN RN
E, [eV] in preparation for PRD

dN/dE=kE? — k’<6.3 %X 10° GeVcm2?stsri@90%C.L [10'7 eV <E<10% eV]
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p-Air Cross-Section from Xmax distribution

top of atmosphere

>

i Xj: point of st interaction

AX,

Data: 108 eV <E < |0!8> gV

i ;ﬂﬁ*ﬁ}iﬂ A; = 55.8 12 glem?
A)(maxz AXI 10 = #i
- t
i }H w1 Nint
1 = l}
107 b | | | L
500 600 700 800 900 _ 1000 _ 1100 _ 1200
Xmax [0/cM?]
Difficulties: _ mair)
* mass composition can alter A\ Up—Azr o -
) : it
e fluctuations in Xmax
« experimental resolution ~ 20 g/cm? In practice: Op-air by tuning models

to describe A seen in data
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p-Air and pp Cross section @ Vs=57 TeV

Equivalent c.m. energy\'s,, [TeV]
107 1 10 102
B I I IIIIII| I I IIIII| I I IIIII|‘ I I IIIIII| I I T
- P
700— 0.9TeV 236TeV  7TeV 14TeV
'_g' B O Nametal 1975 LHC
= — A Siohan et al. 1978
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® B ® Mielke et al. 1994
c - 4 Honda et al. 1999 1
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(505 2250 ( )SYS ) mb = o ¥ UA5 /{“ff“)” .
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Could protons dominate up to the highest energy ?

NS

Something would need to be wrong with the
hadronic interaction models ....
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Xmax and RMS(Xmax) could be described by protons

with a rapidly rising cross section above +/s~60 TeV

Op-air VS. Energy

Post-LHC models
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Interaction Models underestimate Muon-numbers

~

‘ Measured event

with matching p and Fe-simulations

2 papers submitted to PRD

Same measured Event
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Major Achievements
In the first 6 years of operation

e Clear observation of flux suppression

e Strongest existing bounds on EeV v and v

e Strongest existing bounds on large scale anisotropies

e First hints on directional correlations to nearby matter
e Increasingly heavier composition above ankle

e pp cross section at ~|0*E_Hc, LIV-bounds, ...

e muon deficit in models at highest energies

e gseophysics (elves, solar physics, aerosols...)
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Science Goals of Auger Upgrade

1. Elucidate the origin of the flux suppression,

i.e. GZK vs. maximum energy scenario MmMeasure COI’I’IPOSitiOI’] into
- fundamental constraints on UHECR sources o o
- galactic vs extragalactic origin Aux 5UPPP355|O|'| region...

- reliable prediction of GZK v- and -y fluxes

2. Search for a flux contribution of protons upto <. and do so 6V6nt—by—

the highest energies at a level of ~ 10% .
- proton astronomy up to highest energies 6V6nt = COmposlthn
enhanced anisotropies

- prospects of future UHECR experiments

3. Study of extensive air showers and hadronic
multiparticle production above Vs=70 TeV

- particle physics beyond man-made accelerators
- derivation of constraints on new physics phenomena

do good muon counting

w_/

improve muon counting in surface

detector array:
factor of 10 in event statistics
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Muons may even outperform Xmax
at highest energies! |
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Two Upgrade Options under Study

Improve on em/mu separation in EAS
over full Array

Two different realisations for a full array upgrade
under test in the field
e segmented tank e scintillators on top

EM signals

EM signals

muonic signals
muonic signals

Final Selection will be done in November
based on performance, reliability, readiness, cost, risk
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LSD (segmented tanks)

<«—— EM signals

<—— muonic signals

Simulation
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UHECR

Boost in understanding UHECRs

Auger data = change of paradigm at GZK energies:
seem to see maximum energy of cosmic accelerator(s)

Precise data and modelling required!
UHECR < LHC: mutual benefits

The True High-Energy Frontier of Physics

most stringent tests on LIV, Space-Time Structure...

D 4

Upgrades of present observatories
and
Preparation for Next Generation Observatories in Space and at Ground
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