Extreme high energy Cosmic Rays
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Physics in Collisions: FAIR (CB) 2019
Au+Au, 25 A GeV
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Physics in Collisions: AGN (?)
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Extreme high energy Cosmic Rays
UHECR




The Flux of the Cosmic Rays

Fluxes of Cosmic Ravs

(1 particle per m'—second)
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The Flux of the Cosmic Rays

Equivalentc.m. energy Vs, (GeV)
10° 10° 10 10° 10®

0" a 1l:'19:_- T ”i PR Y RLAER A T 17T T T TTTTT] T T TTTII |
:':; . I_.I'. Fluxgs o Coqamic Rave "_} E_ A + l 1 .i :
; iy - HERA {y-p) Tevatron (p-p) 7 TeV 14 TeV v HiRes-MIA
e i (1 partiche per m—second) E 1{]1& = RHIC {p-p) LHLC: {p=p) i HiRes |
< -~ = 3 a HiRes
— fir P |
W'k 5 [ EWncla Ea e Auger ICRC 2013
= Bt 27 : : + TASD2013
— 10V E Pt “knee"”
LY = Drect measunemen 2
L [ satellites (AMS), High-alitude ground 1 particle m2y!
=L : = {= balioons [CREAM) array, ~0.01 ket Above LHC energy
1 stk i p = w qg'e - ARGO.YE), Tibel ASg —
= E
w e § H - Ground array = km? .
3 , e B Kascade.Grande, loelop
o =S | GroundHybnd amay
g B = 1'::'15 =8 i i Auger 3000 km*
. =) = | L T& 700 km?
'\ @ = ‘H‘“fiﬁ
'- m W i 1 *
i Y\ o E ankle . Iy
sl : U oMl * ATIC = KASCADE (SIBYLL 2.1) "3l 4
L Ankie ‘\ E PRUTON *  KASCADE-Grande 2012 AL
i (1 portici per km'-yeor) » RUNJOB *  Tibet ASg (SIBYLL 2.1) -r |
b 10" = leeTop ICRC 2003 v
i _ E 1 particle km2century
S e e e S e o r cnurtaﬁy of R. Engel : |
s SHE . v Eneriy [ 1 ssnn NIt MR R R SRR TTIT SRR TII M ERETIT marm L L LI

10" 10" 10" 10'® 10" 10" 10" 10°° 102!
Energy (eViparticle)




EAS: 15 km shower development




Province of Mendoza
1400 m a.s.l.
35%South, 69° Wes
3000 km?
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Surface Detector (SD)

\
P iy

1660 Detectors
1.5 km spacing
Triangular grid
Continuous data-taking
Infill on half gridsize




Surface Detector (SD) l

. "
E Communication 'Z?— GPS
antenna _ antenna

Electronics enclosure
40 MHz FADC, local Solar Panel

tri , 10 Watts L—
e S\y 1660 Detectors

=
L

1.5 km spacing
Triangular grid

Continuous data-taking

V| : Infill on half gridsize
A | Plastic tank
Battery - | with 12 tons
box of water







Fluorescence Detector (FD) |
[ Discrete spectrum, mainly UV }

[

4x6 Telescopes (+3) :

L

440 PMT camera . |
Uptime ca. 15% | I J' Jb ' l |
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Energy Calibration Pierre Auger Observatory

1000F

SD-750 _~~ SD-1500
469 events 'f",, 1731 events y"‘/ FD: dE/dx (EM)
o . ++ well understood,
— but attenuation in atmosphere
needs proper monitoring
SD: particles from hadronic interactions
— large uncertainties

Use Fluorescence Detector
to calibrate Surface Detector

-
o

3 835 [VEM] * ; Result: 15% energy uncertainty
1= . S, [VEM]
I - N19 l-‘

SD energy estimators
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Telescope Array Experiment

% Desert in Utah, USA
- 32.30°N, 112.91°W, 1400m a.s.l.

% Surface Detector (SD)
- 3m? Scintillation Detector
- 507 det. with 1.2km spacing
- Distributed across 700km?
- Operating since 2008

% Fluorescence Detector (FD)

- 12 telescopes [ station

- 3 stations /

K. Kawata

~ ICRC 2015
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Complementary in declination
Exposure: Auger ca. 8x TA

10°

— Auger

= = Auger vertical
=+* Auger inclined
= = Auger infill

— TA
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4 data sets combined: : , FD (hybrid),
=~ 200 000 euents ~ 5[][][][1 km? sr yr exposure, FOV: —QD ,+¥20In0

N

A= (3.14 20.20 £ 0.40)
Einkle = (4.8 £0.1 £0.8) EeV
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E° J(E) [eV* km™® sriyr]

Discrepancy between Auger and TA
Energy-scale? Fluorescence yield?
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Auger: desclination independant !
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log,p Distance (Mpe)
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End of the spectrum?
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Greisen Zatsepin Kuz'min effect (1966):

Interaction with the cosmic microwave background

(CMB)

protons:

P+veMBe = pte +e
.I+‘-'1,,lg—-_"'.i—-J'-i—rl:I
gl P E2T10%ev
pP+venup AT —=n4+w

nuclei: photo-disintegration and
pair production on CMB (RB IR)

“horizon” (p and nuclei) ~ 100 Mpc (~10%° eV )
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Testing the hadronic models

For hybrid inclined shower (em absorbed) measure nuber of muons

Too many muons and tension with <X >
<#muons> vs <X__> at 10 EeV

<#muons> vs energy
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Composition:

Average of X
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Maximize statistics Minimize bias
Measured <Xmax> Unfolded <Xmax>

Simulation incl. Detector Simulation as generated




Composition: <X

X

>

+ TAMD 2014

preliminary

¢ Auger2014 ® TAMD

arXiv:1503.07540

UHECR Working-Group
resolved discrepancy
between TA and Auger:

Auger data folded with
TA Detector accepance
agrees well

18.2

18.4 18.6

18.8 19 19.2 19.4 19.6 19.8

g(E/eV)

20



http://arxiv.org/abs/1503.07540

Auger: PHYSICAL REVIEW D 90, 122006 (2014)
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Propagation simulation

Fit results of propagation simulations (SimProp, CRPropa)
to Auger measurements (Spectrum, <X__>, o(X_..))

Varying spectral index and cut-off energy of source while
Assuming source distribution and extra galactic magnetic field model
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Anisotropy

Astrophysical Journal, 804:15, 2015
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1/1/2004 - 31/3/2014

231 events, zenith < 80°
black(white) vertical (inclined)

No significant excesses were
found around the Galactic Center,
the Galactic Plane, or the Super-
Galactic Plane.

No significant correlations with
source from several catalogs



Sky survey with Auger and TA

E = 57 Ee¥

Auger and TA, ICRC 2015
TA

7 years, 109 Events (> 57 EeV)

Northern Hemisphere: hot spot seen by
TA (3.4 o) near the Ursa Major cluster

=2 == kK 3 & LN

Auger

10 years 157 events (> 57 EeV)

Southern Hemisphere: hot spot seen by
Auger (post-trial prob 1.4%) near to Cen A
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The sky around Cen A
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Large Scale anisotropy at the highest energies

Rayleigh analysis in right ascension and azimuth

Sky map of the CR flux E > 8 EeV
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Auger (7.3 £ 1.5)% (p=6.4 10®)

Indication of
transition from
galactic to
extragalactic
cosmic rays

Equatorial Dipole

Dipole Amplitude
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Neutrino and Photon limits

1 i 2 enik Cosmoganic v modak @,
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Select ,,young" showers in inclined or Select photons by timing characteristics
earth-skimming events and lateral distribution
First limits from EAS into WB-bound Strongly disfavours Top-Down models

ICRC2015#1103




EAS radio-detection at the Pierre Auger Observatory

 Emission well understood

« Optimal EM detector for inclined shower
* No attenuation in atmosphere

« Coposition sensitivity promissing
* High potential for absolute e-scale "1 Arxiv 1508.04267 g

Resolution: 17% /
“ G i




Summary:

1_S_'pectrum and Xmax at very high precision
. Constraints on astro-physical scenarios

pp cross-section at highest energies

Tension (missing muons) in hadronic models
Strong Neutrino and Photon limits
Cosmic rays remarkable isotrop

Large scale dipole indicates: -
ansmon galac;tlc —> extra galactlc



Auger Prime

Increase composission
sensitivty at E >10 EeV
by adding on top
4m® x 1cm Scintillator
for better em/mu ratio

Datataking 2018-2023

Faster electronics
Dynamic range extension
Part. muon detector
4, FD duty-cycle extension /§




TA upgrade

Extend the SD area by a factor 4
700 — 2800 km?

Additional few-PMT FDs?




p-astronomy with sources

Global, few sites, N+S

ca. 90,000 km?® (x30 Auger)
FD with SiPMs?

No FD at all?

Optimal detector for
composition-sensitivity?

Far-Future: GCOS
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