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Cosmic Rays around the knee(s)

Equivalent c.m. e

Astrophysical questions for this energy range:

nergy \Epp (GeV)

e (15Y) knee
— Knee position
— Composition at the knee

— Anisotropy around the knee

— Structure of spectrum

(below, around, and above the knee)

e 2nd knee (dip, ankle) ?

— Transition to extragalactic CR?

— The iron knee?

— Anisotropies, Point Sources?
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Experiment: KASCADE-Grande
= KArlsruhe Shower Core and Array DEtector + Grande and LOPES

Measurements of air showers in the energy range E, =100 TeV - 1 EeV
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KASCADE :
multi-parameter measurements

- energy range 100 TeV - 80 PeV
- up to 2003: 4-107 EAS triggers
- large number of observables:
=>» electrons
=» MUONS (@ 4 threshold energies)
=» hadrons
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Suggestion A.Watson
(Summary ISVHECRI 2006):
basic observable analysis first
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KASCADE : Astroparticle Physics 16 373 2002

« KNEE CAUSED BY DECREASING FLUX OF LIGHT ELEMENTS
Do we need hadronic interaction models?
= yes, for normalization of absolute energy and mass scale!!
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KASCADE

. energy spectra of single mass groups
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Measurement:

240 cm

Searched:

KASCADE array data
900 days;

0-18° zenith angle
0-91m core distance
lg N, > 4.8;

Ilg N," > 3.6

= 685868 events

E and A of the Cosmic Ray Particles

N.and N, for each single event

=» solve the inverse problem

g(y) = f K (3 2)p(w)de

with y=(Ng,N ) and x=(E,A)
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KASCADE results

- same unfolding but based on two different interaction models:
- SIBYLL 2.1 and QGSJETO01 (both with GHEISHA 2002) all embedded in
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KASCADE collaboration, Astropartlcle Physics 24 (2005) 1-25, astro-ph/0505413
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KASCADE results: confirmation

- same unfolding but based on two different low energy interaction

models and different zenith angle ranges:
- GHEISHA 2002 and FLUKA (both with QGSJETO01)
- 0-18°, 18-25.9°, 25.9-32.3° (all with QGSJETO01/FLUKA)
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- Less dependence for unfolding based on different low energy
hadronic interaction models

- Weak dependence on zenith angular binning (not significant)

H.Ulrich, XIV ISVHECRI, Weihai, China 2006
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KASCADE result: sensitivity to
hadronic interaction models
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Main results keep stable independent of method or model:
-) knee in data structure

-) knee caused by light primaries

-) positions of knee vary with primary elemental group

-) no (interaction) model can describe the data consistently

KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25, astro-ph/0505413 F
9
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KASCADE analysis: muon production height

good angular resolution ) )
allows to determine the  ——-> triangulation
relative angles betwee_n muon production height
muons and shower axis

Ne

Z 70 0-18deg Ru=40-140m

6.0

Sensitivity to
composition & models !

5.0040

4.0

Paul Doll et al. - KASCADE-Grande coll., ICRC (2007)

April 2007 — Aspen workshop on cosmic ray physics Andreas Haungs



KASCADE result: analyses of anisotropies
large scale, point sources, photon limit
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-no large scale anisotropy observed
-no positive signal from point sources
-no positive gamma signal observed
best limits for the diffuse flux

KASCADE collaboration

Astrophysical Journal 604 (2004) 687
Astrophysical Journal 608 (2004) 865
paper in preparation, F.FeRler, ICRC 2003
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Summary KASCADE Results (first knee):
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-) Analysis: Correlation studies are required (= multiparameter measurements needed)

(Analyzing mean values of data and simulations appears inadequate)

-) Knee is due to decrease in flux in light primaries! (model independent; most experiments)

-) How precise are the models ? (no new physics needed, compare proton spectrum)

-) Distinguishing between astrophysical models (investigation of Anisotropy for different primaries)

-) Knee position dependence: o« Z or «c A ?
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Motivation for measurements 100 — 1000 PeV

19
10 E
= + PROTON [ ] KASCADE (QGSJET 01) o Akeno
B W  KASCADEH :
i AL KASCADE He 4 HiRes|
S 100 w direct data x  KASCADE heavy ¢ HiResll
N S O  KASCADE (SIBYLL 2.1) o AGASA
% : 7 KASCADEH ® AUGER 2005
- KASCADE He
— L KASCADE h
s 10 E ; = - Iron knee ?
o B - second knee ?7?
o o L G, - transition galactic-
e = s e extragalactic CR ??
— - JACEE liﬁl .
w s ATIC 'I'Llr'_fllI y ‘
— Iyt . _ !
I 10 3 L | pr |EU »2.0.,%50 000
o~ — SOKOL [I] y .MA'?‘- N © 0o 4
(NN - KASCADE-single h W
5 Wl o
T 10 N
B KASCADE-’ -Grande Pierre A§ger Observatory
10]3 || || |||I|I| ] | |||||I| | ||||||| | | IIIIII| | | ||||I|| | | IIIII|| | | lIII||| R |
1013 1014 1015 1016 1017 1018 1019 1020 1021

Energy (eV/particle)

April 2007 — Aspen workshop on cosmic ray physics Andreas Haungs



log [E?* J(E) (GeV'/(m?s sr))]

Motlvatlon for KASCADE-Grande
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e.g. Berezinsky et al
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KASCADE-Grande :
multi-parameter measurements

KASCADE + Grande
=»energy range:

100 TeV — 1 EeV
=>large area: 0.5 km?2
=>Grande: 37x10 m2scintillators
=>Piccolo: trigger array
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KASCADE-Grande :
Single event measurement

lateral distribution of a single event
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KASCADE-Grande :
Efficiency

e Common events

9 (all detector components)
@ .
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KASCADE-Grande :
Reconstruction

1) core position and angle-of-incidence

from Grande array data o gz
2a) shower size (charged particles)
from Grande array data
2b) muon number
from KASCADE muon detectors . - I

ITENTEN AT NS N N
-600 -500 -400 -300 -200 -100 0 100
X- coordinate[m]

3) electron number

from Grande by subtraction of muon content
>

4) two dimensional size spectrum
for the analysis
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KASCADE-Grande :

@ protons ® iron O incl. electronic effects ReCO n Stru Ct| O n
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KASCADE-Grande :
lateral distributions

charged particle lateral distribution

muon lateral distribution
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dIi/dN, [m s sr ]

KASCADE-Grande : first analyses

electron size spectra
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-stable data taking since 2004

-performance of array looks promising
-reconstruction gives reasonable spectra
-careful checks of systematic effects in work

Fabiana Cossavella et al. - KASCADE-Grande coll., ICRC (2007)
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KASCADE-Grande : first analyses
muon size spectra
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-stable data taking since 2004

-performance of array looks promising
-reconstruction gives reasonable spectra
-careful checks of systematic effects in work

Fabiana Cossavella et al. - KASCADE-Grande coll., ICRC (2007)
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KASCADE-Grande : first analyses
muon reconstruction at inclined showers
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=>Increasing of KASCADE-Grande statistics b 4
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Juan Carlos Arteaga et al. - KASCADE-Grande coll., ICRC (2007) | o)
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KASCADE-Grande : first analyses
muon density investigations

= data

—_

0-40°,E >230MeV
QGSJET-II / Fluka

Muon Density at 400 m (KASCADE)

simulations iron-proton 1-sigma band
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-muon density reconstruction possible for different distances
-muon density reconstruction possible by direct measurement or via LDF
=>»composition sensitivity

=»model tests

Jurriaan van Buren, Vitor de Souza et al. - KASCADE-Grande coll., ICRC (2007)
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electron number [Log(Ne)]
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KASCADE-Grande : first analyses

i Unfolding of
19 2-dimensional shower
Size spectrum possible
= energy & composition
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Myon number estimate and 1-dim unfolding
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KASCADE-Grande: first analyses: point sources

Until now no hint
for point source
(very preliminary)

: | | Sven Over et al. —
T3 2 a9 o0 1 2 3 a1 s KASCADE-Grande CO”., ICRC (2007)

significance [sigma]
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HE Muon Measurements at KASCADE-Grande
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KASCADE-Grande : Summary

*knee physics needs (still) air-shower investigations
esophisticated experiments and analyses needed
*knee Is caused by light primary elements
ecOSMIc rays are isotropic around the knee
econsistency of data is not given if
compared to Monte Carlo predictions
sinteraction models have to be further improved
*knee physics do not need "new’ particle physics
KASCADE-Grande will cover whole ,,knee* range
=» promising status and first data !
eradio detection as new technique (LOPES)?

Still a Vital Field of Research
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