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Spectrum of Cosmic Rays
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Cosmic Accelerators
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Clear, then Hazy and Foggy

p_I_’)’cmb_)A—i__)p"no

energy loss through

inelastic scattering on CMB

Greisen, PRL 16 (1966) 748.
Zatsepin, Kuz'min, JETP Lett. 4 (1966) 78.
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GZK Horizon

11h

GZK horizon:
~75 Mpc

~250 Mly
~0.02 redshift
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Pierre Auger Collaboration

16 countries, ~90 institutions, ~500 authors

Argentina
Australia
Brasil

Colombia*
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

USA

—

Pierre Auger
Observatory

*associated
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B Full members
Associate members
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Pierre Auger Observatory

Loma
Amarilla just east of Andes

Province of Mendoza, Argentina
area 3000 km? (4x Berlin)

2000: Engineering Array
2004: start...
2008: end of construction
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Detecto

' Loma Amarilla
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1.5 km spacing, 1660 SD stations; 27 FD telescopes
lidars, cloud monitoring, weather stations
<h>=1450m ass.l.,, X . =860 g/cm?
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surface detector (SD)
water-Cherenkov technique
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Shower Observableﬁ\s

20, time structure

Detector signal (arb. units)
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Auger PRD 90 (2014) 122005

850 I data + Ogtat
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_ E>57EeV

strong Flux suppression

surprising composition change
at 108> eV

large number of muons

remarkably isotropic sky

south: Auger

R - ~7% dipole
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Two Suppression Scenarios

Scenario 1

T IIbIII

IIIIIII|
~
~
s
~
S
.
N
N
N
s
N
O A

Allard, JCAP 0810 (2008) 033

1\ | L 1 ] | ] T N

| 19.5 ] 20 20.5
log 10(E/eV)

sources accelerate to maximum
rigidity (“tired” sources)

energies shifted up by Z

heavy injection Si-Fe

-1

EJ[eV km sr yr |

—

]
[
®

10

36
10

Scenario 2

I IIbIII

Hooper, ApP 33 (2010) 151
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(mostly) photo-disintegration )
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light elements come from heavy

CR astronomy still possible

+ p-dominated “dip” scenario
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Composition Fits to X

X

Pierre Auger Collaboration, Phys. Rev. D90 (2014) 122006 :

proton fraction at highest energies?
X __ from FD!

new particle physics?
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Enhancements
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E’ E small PMT
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new electronics currently 3 large PMTs station closest to core

40-120 MHz sampling +small PMT
more channels, CPU

7 buried scintillators
measure N, directly
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Increased Composition Sensitivity

with SD
main goal!

X__ and muons
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Complementary Response
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Universality

primary particle

essential shower
components

ete ey
electromagnetic
component

muons

muon decay
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Different Consequences

<X >
max
“Z 840[ - p. EPOS-LHC _
O i
= [ ---Fe, EPOS-LHC
= 8200
Aé i * +
£800
ol :
7801 * ‘
i " '
7600 . ..t "
:’ c
740
720 } ) -®-Scenario 1
i ‘|' & Scenario 2
700 ==

19192 194 196 198 20
1g(E/eV)

Darko Veberic

30

20

P

o

X

max)

- p, EPOS-LHC

II!‘\\\\‘\\\\ll][lllllllll\\WIII[\\\\

T L1 | | | —— | 11

----Fe, EPOS-LHC

-®- Scenario 1

& Scenario 2

88 19 19.2 194 19.6 19.8 20

La Thuile 2016

1g(E/eV)

A 0.25
©0.2
3.

R&0.15

0.1
0.05

-0.05
-0.1
-0.15
-0.2
-0.25

muons
- --p, EPOS-LHC
- --—Fe, EPOS-LHC
E LIt |
a . ® |
. °
o 2 = » ’
o . +
E ®- Scenario 1
= & Scenario 2
C_1 | 1 1 1 ‘ 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I

19 192 194 196 198 20
1g(E/eV)

19728 AT



Composition Enhanced Anisotropy
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Timeline

July 2016: Engineering Array, 12 stations equipped with scintillators - SSD

end of 2016: evaluation

2017-2018: deployment of 1600 SSD

until 2025: data-taking

Darko Veberic
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SSD Design
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wavelength-shifting fibers
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Right Module

3.8 m?

PMT

SiPM
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Muon Track Reconstruction
track

planes: single points
Klted streamer tubes /

track: 3 points
/ / 3-point track
/ resolution ~ 1cm

/
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Signal
properties
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Muon Tomography

6h statistics, 1cm x 1cm binning
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Summary

* extend Observatory operation 2018-2025
* equip 1600 stations with scintillators

* increase FD duty cycle

* doubling of event statistic

* but now with primary mass information
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Steven Saffi 2014

Thank you!
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Empty

Darko Veberic La Thuile 2016 30/28 AT



Darko Veberic
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GZK Energy Loss

proton,E =10 2%'~eV

II[ [

512 Mpc
128 Mpc

0
107 32 Mpc 8 Mpc ]

E,,, dN/dE,,,

10" | -
2 Mpc
102 + .
-3 i s | il P | T W i i | B
10
10'° 10%° 102 1022

arrival energy E_,,, eV

Darko Veberic La Thuile 2016 32/28 AT



Matrix formalism

Sscin | _ a b S%ei Signals are in
Written plainly: Implied sums:
e
Sscin = CLS%Gi + bSp,i S’)‘ et — Sscm chd
Swed = (L —a)S, .« +(1—0)5,,+ _ QM
e ( ) e ( ) H SJUJ chm + chd
where:
S et Fraction of total
a = e -~ P electromagnetic signal
Ssein T Owed measured by scintillator
Sé‘cm Fraction of total muonic
b= S” 4 gH signa_ll measured by
scin wcd scintillator
By means of inversion:
1
Sp,i — 0 b((a — ]-)Sscin + a'SWCd) and S'ucd - (]. b)S

D. Schmidt, D. Veberic, M. Roth
Institute for Nuclear Physics (IKP)
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Why Muons Matter!

* CR composition measurement - origin of flux suppression (sources), proton fraction
(pair-production “dip”, future of astronomy with CR, predict gamma & nu flux)
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 muons probe for models of hadronic interactions
* AugerPrime: upgrade - shower-to-shower determination of primary mass

Darko Veberic
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R vs. X
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Change in EM Transfer

» Baryon-antibaryon pair production:

Grieder, ICRC 1973; Pierog & Werner, PRL 101 (2008) 171101

* Leading particle effect for pions:
Drescher 2007, Ostapchenko

Engel, HAP Composition 2015
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Muon Production Depth
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Muon Production Depth
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Pierog 2015

Darko Veberic

Current Level of Accuracy
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