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KASCADE -timeline

» 53 collaborative papers in Xmax by radio

reviewed journals (8 still in queue,
short author list papers not included)

* 55 PhD thesis EAS GHz emission
» 86 diploma/master thesis
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muon production height

Konzeptstudie fiir ein Detektorsystem
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KASCADE
KArlsruhe Shower Core and Array DEtector

T.Antoni et al. NIM A513 (2003) 490
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E and A of the Cosmic Ray Particles

N, and N, for each single event

=» solve the inverse problem
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kernel function obtained by Monte Carlo simulations (CORSIKA)

contains: shower fluctuations, efficiencies, reconstruction resolution

KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25
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hadronic energy sum XZE, [GeV]

KASCADE : sensitivity to hadronic interaction models

E, >50 GeV —— lonisation chambers Top cluster Irom,

Lead shie!dr’nr‘

Trigger plane
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Example:
hadrons vs. muons

Muon chambers

e —

Streamer tubes

L

....... m------- KASCADE
p Fe
@@ QGSJIET 01
—rsfemememipm SIBYLL 2.1
—A—a— DPMJET 2.55

S

4.5 5 ir
number of muons Ig(Nu)

correlation of observables: no hadronic interaction model describes data consistently !
=>» tests and tuning of hadronic interaction models !

=> close co-operation with theoreticians (CORSIKA including interaction models)
= e.g. *EPOS 1.6 is not compatible with KASCADE measurements

*QGSJET 01and SIBYLL 2.1still most compatible models

*EPOS 1.99 is providing unphysical results

epost-LHC models QGSJET-II-04, EPOS-LHC still needs to be tested

KASCADE collaboration, J Phys G (3 papers: 25(1999)2161; 34(2007)2581; (2009)035201)
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34°In osrmic Ray Conference

Result KASCADE = Motivation KASCADE-Grande
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LOPES

LOPES collaboration:
-) KASCADE-Grande
-) U Nijmegen, NL

-) MPIfR Bonn, D

-) Astron, NL

-) IPE, FZK, D

=>Development of a
new detection
technique!

."*? ICRC
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2. Radio data analysis
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LOPES:
Proof of principle

3. Skymapping
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1. KASCADE measurement

log {radic pulse height)

cnergy deposit [I‘—'IC\"J"]J.I;‘] particle arrival time [ns]

-1

-0.8 —-0.6 —0.4

ciy-detector, run 004702 cvent 0294563

4. Many events
meanwhile >500 events

2.6 2.8 6

log {muon number)

LOPES collaboration, Nature 425 (2005) 313

Andreas Haungs — KASCADE-Grande Collaboration
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Composition measurements by LOPES

— o LOPES (LDF method)
— m LOPES (Wavefront method)
750 o Auger (ICRC 2011)
[ x Hires-MIA (Phys.Rev.Lett.2000)
— 700 & Tunka (NIMA56079 2013)
c — = Yakutsk (small array)
S — o Yakutsk (big arra
:@ 650 (big array)
: - 11
= —
< 600 B
~ — QGSJetll.03 - p
500— LDF method uncertainty
~ | | | Wavefront me’fhod uncertainty
1070 1017 1078
K.Link (LOPES) PoS(ICRC2015)311 energy (eV)
.9 ICRCF-G-SChrﬁder (LOPES) PoS(ICRC2015)317 LOPES collaboration, ECRS Kiel, 2014
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KASCADE-Grande

——
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1 - i AL Mol
R =" e Energy range: 100TeV - 1EeV
;f" e Area: 0.5 km?
B = e Grande: 37x10 m? plastic
) scintillation detectors
e Nch + total muon number
. v

W.D.Apel et al, Nucl.Instr. and Meth. A620 (2010) 202

Andreas Haungs — KASCADE-Grande Collaboration 10



KASCADE-Grande
energy spectra of individual mass groups

1029 10'7eV 10"V
- KASCADE-Grande Anall-particle - .
i ® clectron-poor sample ] ° Steepenlng due 1o
Y clectron-rich sample | . .
- heavy primaries (3.50)
y=-2.95+0.05

y =-2.76+0.02

= 3242008 | * hardening at 101708 eV
(5.80) In light spectrum

dI/dE xE*” (m™sr”'s'eVv'")

[
(=
[—
=1
|

t Y=-3.24+0.05

|

y=-3.25+0.05

* slope change from
y=-3.25t0 y=-2.79!

| PRD 87(2013)081101 |
PRL 107(2011)171104 y=-2.79+0.08 Phys.Rev.Lett. 107 (2011) 171104
b b b b e b b s 1 Phys.Rev.D (R) 87 (2013) 081101
16 16.5 17 17.5 18
log ,, (E/eV) M.Bertaina (KASCADE-Grande) PoS(ICRC2015)???
. |CRC J.C. Arteaga (KASCADE-Grande) PoS(ICRC2015)314
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KASCADE-Grande: Next

« KASCADE + KASCADE-Grande
finally closed end 2012
now dismantled
detectors (partly) are used elsewhere

 combined analysis o7

for coherent spectrum and
composition 1014-10'8 eV

ey

o
P
o

 detailed data analysis (20y high-quality data)
testing hadronic interaction models
search for gamma rays
anisotropy studies

ey

o
-
o

diff. flux dJ/dE *E>°/ (m? sr''seV'?)
1 Illlllq*"?llllllllgl IIIIIII|

radio (LOPES and CROME)

« KCDC
KASCADE Cosmic ray Data Centre

“Interna Ray Conference

%s b s Andreas Haungs — KASCADE-Grande Collaboration
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34 tional Cosmic
Jul

13

Karlsruhe Inslitute of Technalogy



https://kcdc.ikp.kit.edu/

« KCDC = publishing research data
from the KASCADE experiment

« Motivation and Idea of Open Data:

general public has to be able to access and
use the data Frontend Portal | Admin | Monitor
erver Web Framework DJANGO
the data has to be preserved for future ) :

- Communication i Mﬂg MO
generations 7 H

Data Processing |

Storage

* Web portal:

providing a modern software solution
for publishing KASCADE data
for a general audience

In a second step: release the software
as Open Source for free use by
other experiments

nnnnnnnnnnnn

e Data access:

1.6-108 EAS events of first data release is now R~ g
available S.Schoo (KASCADE-Grande) K.Ug“gh’jfs BT
. ICRC PoS(ICRC2015)262 , R
Qoo
2: ot s Andreas Haungs — KASCADE-Grande Collaboration 14 N(IT


https://kcdc.ikp.kit.edu/

Synergy with Neutrino and Gamma-ray astronomy

e . CASA-MIA (Chantell et al. 1997)
— v EAS-TOP (Aglietta et al. 1996)
B O HEGRA (Aharonian et al. 2002)
B e HEGRA (Karle et al. 1995)
10 UMC (Cassiday et al. 1991)
= | i GRAPES3 (Minamino et al. 2009) . . .
= e  MSU (Fomin etal. 2013) - limits on diffuse Gamma-ray flux
. B KASCADE, Ref. [10] ' ) .
PN +  KASCADE-Grande, this work v constrain the origin of
107E Tt ! IceCube-neutrinos
o [ v :
%10-35— € Reject the model of IceCube excess
— E | ! coming from <20kpc in the galaxy
B LT
10 Ly ”jT ' € Reject the positive Gamma-ray signal
- 2 ’ : from MSU at 1017 eV
10° ' T ?
E D.Kang (KASCADE-Grande) PoS(ICRC2015)785
10—6 L1l L1l L o1rrrnl Lol RN Z.Feng (KASCADE-Grande) PoS(ICRC2015)823
10 102 1%3 \}04 10° 108 D. Kang (KASCADE-Grande) PoS(ICRC2015)788
. (TeV)
e
CIE

Andreas Haungs — KASCADE-Grande Collaboration
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Coherently reconstructed energy spectrum
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® KASCADE-Combined (QGSJetll4, 2015, raw)
® KASCADE-Combined (light, QGSJetII4, 2015, raw)
® KASCADE-Combined (heavy, QGSJetIl4, 2015, raw)
1015 1616 l{l}l'? 1618 1019

E/eV

S.Schoo (KASCADE-Grande)
PoS(ICRC2015)263

- all-particle, light and heavy spectra from KASCADE-Grande (QGSJet-11-04)

34" International Cosmic Ray Conference
uly

Andreas Haungs — KASCADE-Grande Collaboration
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Coherently reconstructed energy spectrum

* K 4k AUGER (ICRC 2013)

IeeTop (ICRC 2013)

**
[ JP O.%égggl | l* TA (ICRC 2013)

Tunka-133 (NIM A, 756, 2014)

Preliminary (KASCADE-Combined)

No corrections applied

% KASCADE (QGSJet],2005)

A KASCADE-Crande (QCSJet 11,2012) @ KASCADE-Combined (QCSJetlIl4, 2015, raw)

A KASCADE-Grande (Epos-LHC, 2015) @ KASCADE-Combined (light, QGSJetll4, 2015, raw)
A KASCADE-Grande (QGSJetll4, 2015) @ KASCADE-Combined (heavy, QGSJetll4, 2015, raw)

% HiResII (PRL100(2008)101101)

1015 1016 1017 1018 1019

E/eV

S.Schoo (KASCADE-Grande)
PoS(ICRC2015)263

- all-particle, light and heavy spectra from KASCADE-Grande (QGSJet-11-04)

Andreas Haungs — KASCADE-Grande Collaboration
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The Confer|
34 ay Conf

Helmholtz Alliance for Astroparticle Physics

Program Committee:

Denis Allard, Doug Bergmann, Pasquale Blasi,
Ralph Engel, Francis Halzen, Andreas Haungs,
Johannes Knapp, Daniel Kuempel, Sergej
Ostapchenko, Sven Schoo

Local Organisation:
Sabine Bucher, Andreas Haungs, Sven Schoo
EeE

[ct https://indico.scc‘kit.edu/indico/e/composition2015

Karlsruhe Institute of Technology

ﬁ HELMHOLTZ

| ASSOCIATION

lance www.hap-astroparticle.org
i
" FTINPtye

Alliance for Astroparticle Physics

http://www.hap-astroparticle.orq/

click: calendar (upcoming events)

Topics:

« Spectrum, Anisotropy and Elemental
Composition of Cosmic Rays in the
PeV-EeV range

 Systematics due to Hadronic
Interaction Models

« Astrophysical Interpretation of the data
and galactic-extragalactic transition
models

Karlsruhe Inslitute of Technalogy

Andreas Haungs — KASCADE-Grande Collaboration


http://www.hap-astroparticle.org/

Lessons learned
from the >25-years KASCADE facility

It iIs essential to provide:

» spectra of individual mass groups!!

» multi-parameter EAS measurements to validate hadronic interaction
models

» multi-messenger detection (need muons!!?)

» high statistics in a large energy range
(mainly for composition dependent anisotropy studies)

» theright observation altitude
» room for R&D studies for future, improved technologies

» outreach and public data access

A.Haungs (KASCADE-Grande) PoS(ICRC2015)278

34~ International Cosmic Ray Conference
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KASCADE-Grande: Mission Accomplished !

open access to research data
https://kedc.ikp.kit.edu

Andreas Haungs — KASCADE-Grande Collaboration 20 N(IT



KASCADE-Grande
Collaboration

Universitat Siegen

Experimentelle Teilchenphysik
C.Grupen

Universitat Wuppertal

Fachbereich Physik
D. Fuhrmann,

R. Glasstetter, K-H. Kampert

University Trondheim, Norway ga

S. Ostapchenko

IFSI, INAF
and University of Torino
M. Bertaina, E. Cantoni,
A. Chiavassa, F. Di Pierro,
C. Morello, G. Trinchero

Universidad Michoacana
Morelia, Mexico
J.C. Arteaga

http://www-ik.fzk.de/KASCADE-Grande/

Mediterranean Sea

Institut fir Kernphysik & Institut fiir Experimentelle Kernphysik
KIT - Karlsruhe Institute of Technology

W.D.Apel, K.Bekk, J.Blimer, H.Bozdog, F.Cossavella,
K.Daumiller, P.Doll, R.Engel, J.Engler, M.Finger, B.Fuchs,
H.J.Gils, A.Haungs, D.Heck, D.Huber, T.Huege, D.Kang,
H.O.Klages, K.Link, M.Ludwig, H.-J.Mathes, H.J.Mayer,
M.Melissas, J.Milke, J.Oehlschladger, N.Palmieri, T.Pierog,
H.Rebel, M.Roth, H.Schieler, S.Schoo, F.G.Schroéder,
H.Ulrich, A.Weindl, J.Wochele, M.\Wommer

Radboud University

DEN ESTONIA Nijmegen
RUSSIA

LATVIA J.R.Horandel
LITHUS

National Centre for

Nuclear Research, Lodz
P. Luczak, J. Zabierowski

Institute of Physics and Nuclear
Engeneering and University

Bucharest
.M. Brancus, B. Mitrica,

M. Petcu, O. Sima, G. Toma

Universidade Sao Paulo, Brasil
V. de Souza

email spokesperson: haungs@kit.edu

Karlsruhe Inslitute of Technalogy
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Model independent multi-parameter analysis

Use of three observables:
- high-energy local muon density = energy estimator
- Total muon number and electron number = mass estimator

7
— 10
of - <R>=455m ® Vall " EAS
I i A Velectron-rich ” EAS
E i 0O "electron-poor ” EAS
= W
1—|':':I B
.Eﬂ
Lo | i 8
l= _ﬁ ]
r"i i
H-r"-"\
#
A=
*;:;_ E:lh: 2.4 GeV KASCADE : Astroparticle Physics 16, 373 (2002)
Hf}-—" | | 1 | | | | 1 | | | | 1 | | | | I | | | | 1 |
' 0.9 0.8 0.7 0.6 0.5 -0.4
#*, -2
Ig(p“.fm )

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

16?- ICRC T.Antoni et al. Astroparticle Physics 16 (2002) 373
e mEEmem Andreas Haungs — KASCADE-Grande Collaboration 23 N(IT



KASCADE: the rigidity knee

- same unfolding but based on different hadronic interaction models embedded in CORSIKA

10

fluxI(E ) - E>° [m2sr s Gev ']

3
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- W sumofall ® proton | 7 o QGSJet W sumofall ® proton
| . >
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L un L .SIBYLL % carbon @ L “sEm LR g * carbon
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rimary energy E . [GeV ]
primary energy E , [GeV ] primary energy E , [Ge

- all-particle spectrum similar

- general structure similar: knee by light component

-relative abundances vVery different for different high-energy hadronic interaction models
but for many models: proton not the most dominant component!

KASCADE collaboration, Astrop.Phys. 24 (2005) 1, Astrop.Phys. 31 (2009) 86
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Unfolding results: KASCADE and KASCADE-Grande

1017 "Yvyvy v EAS-TOP (Astrop.Phys.10(1999)1)

% KASCADE, all-part., QGSJET Il (see Appendix A)

KASCADE, light (p), QGSJET Il (see Appendix A)

KASCADE, medium (He+C+Si), QGSJET Il.(see Appendix A)

KASCADE, heavy (Fe), QGSJET Il (see Appendix A)

KASCADE-Grande, all-part., QGSJET |l (this- work)
KASCADE-Grande, light (p), QGSJET Il (this work)

. KASCADE-Grande, medium (He+C+8Si), QGSJET Il (this work)
KASCADE-Grande, heavy (Fe), QGSJET Il {this work)
| | | L1 1 11:

' 1

QGSJET I

IR Al

o) Yy o N Tibet-Ill, QGSJET 01 (ApJ678(2008)1165) e
Wver @ GAMMA (ICRC 2011) -]
b :F'nl:ln Sé . a m IceTop (arXiv:1202.3030v1) .
i @) b TUNKA-133 (ICRC 2011)
> - Cl o Yakutsk (NewJ.Phys11(2008)065008) —
O 0 ('5-3' ] A KASCADE-Grande, QGSJET Il (Astrop Phys.36(2012)183) -
o o Akeno (J.Phys.G18(1992)423)
- o AGASA (ICRC 2003)
N A HiResl (PRL100(2008)101101)
- ¢ HiResll (PRL100(2008)101101) _|
A\ () AUGER (arXiv:1107:4809)
- 5 AUGER AMIGA infill (ICRC 2011)
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1015

spectra of indivi
proton medium

=» all spectra overlap and agree well!

10'®

dual mass groups:
(He+C+Si) iron

16”
primary energy E/eV

=» all three show a knee-like feature!!

1018

Astroparticle Physics 47 (2013) 54

Andreas Haungs — KASCADE-Grande Collaboration
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KASCADE-Grande: Muon Attenuation Length

total muon number local muon density

N, = N, exp[-X,sec(®)/ A,] pu(r) = puolr) expl - X, sec(0) / A (r) ]
& . 2200
£ | o & [ log, NG =7.04-7.28
s 1400 - o KGdata (6= 0° - 40°) Ezﬂﬂﬂi— Qo
— - =] - ¥ QGSJETH
< 12000 S
- 15““;_ = QGSJETI04
10001 1a00F "
B 1200
800 -
1000
600 300;—
600
400 400
2u0:lllllIIIIIIIIIIIIIIIIIIlIIIIIIIIIIII
QGSJETIl EPOS1.99 SIEYLL QGSJET Il 04 220 240 260 280 300 320 340 360 380

Fspelm]

attenuation length measured is different from the predictions of Monte Carlo
=» observed evolution of the muon content of EAS in the atmosphere is not
described by the hadronic interaction models

= influences absolute energy and mass scale, but not spectral features

..’ |CRC KASCADE-Grande, ICRC 2013 #0772, paper in preparation
| Andreas Haungs — KASCADE-Grande Collaboration 26 N(IT
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- Structures of all-particle spectra similar (in the level of 15%)
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All-particle spectra

— 1017
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S m  KASCADE-Grande (QGSJet 11,2012)
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10'® Confirmed by Tunka10'’

- Structures of all-particle spectra similar (in the level of 15%)

E/eV
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Synergy with Gamma-ray astronomy

- Do shell-type SNR accelerate protons? (via n-decay!)
- To which energy? (up to 10%eV?)
- Distinguishable from electron acceleration?

Expected gamma flux
(=° —=bump) for different
proton injections

- Fermi-Lat
- TeV y-ray Cherenkov
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Energy (eV)

Stefan Funk, TAUP 2013, Asilomar, CA, US
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Gamma-ray astronomy: Fermi

- 1IC 443 and W44 are the two brightest SNRs in the Fermi-LAT range

4 MAGIC [Albert &t al. 2D0E)

; ol ER Measured gamma-rays
3 E 1 £ and calculated proton
@ B ] =

i o 02 spectrum

g 10 E_ E 5

n0 \ 5

- | . =

o T [ Fattnd 7% decay model ", T 1 b . N

E Derived Proton spactrum i i[}] _E 1 UA E

E 1 02 O VERITAS (Acciari et al. 2000) “ | % - a
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Energy (eV)

Proton acceleration yes
but only up to TeV?
€ Dependent on age of SNR?

Stefan Funk, TAUP 2013, Asilomar, CA, US
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Gamma-ray astronomy: IACT

-problems: gas density for hadronic

magnetic fields for leptonic
' Measurement

Tycho Supernova Remnant _
also explainable

Type la SNR; 1572

135 .
| by hadronic and
13.0° :
_ leptonic models
= 12.5¢ | Suzaku Protons up to
T 20 500 TeV - N @ ]
12.0 ] 10”1 L 1° A §
= : il il BN FERMI WO @00° ]
— _ FermiLAT T ; 1 o™ 1
~ 11.5- } ? gzl \e® VERITAS
= T : 3 E
= o -
‘gc,"j] 11.0 - = VERITAS - o 13
- B _ s o~
10.5 - : . 1 =
[ thermal ,/ l. =107 -
10.0 Bremsstrahlung | E . T RN
ALY . Ll [ AR
.'f 'L ’fll 1g-1s L u
9-5 I__ A L | L L L I - - L 1 il 1 - F I I I I E
10 15 8 9 10 11 12 13
The unequivocal evidence of hadron acceleration in
Tycho’s Supernova Remmnant Log (v) [HZ] Atoyan & Dermer 2012 Log(E/eV)

G. Morlino'™, D, Caprioli't,
LINAF

eaernatorin Astrofeloe & Arveerd, Largo B Fermd, & 50088, Firenae, Jraly

€ Still no proof that SNR accelerate protons
up to the knee, but also no exclusion....

Gernot Maier, TAUP 2013, Asilomar, CA, US
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EAS-TOP (Astrop.Phys.10(1999)1)
KASCADE (Astrop.Phys.24(2005)1)

TIBET-IIl (ApJ678(2008)1165)

GAMMA (J.Phys.G35(2008)115201)

TUNKA (Nucl.Phys.B,Proc.Sup.165(2007)74)
KASCADE-Grande (QGSJET lI), this analysis

KASCADE-Grande
all-particle energy spectrum
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Akeno (J.Phys.G18(1992)423)

Astroparticle Physics 36 (2012) 183
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HiResl (PRL100(2008)101101) ¢ b S0
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: - A Yakutsk (NewJ.Phys11(2008)065008) OO0 /e ¢ :
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gi 04|~ QGSJET I KASCADE-Grande
gl % ) « spectrum not a single
< L e power law
= 0__.". """ ¢ §§ """"""""""""""""""
LE T RERFEY % * hardening of the
ot e by spectrum above 10'%eV
06 ~15% systematic uncertainty SLeepen Ing close to
os  influx (energy independent) } 10*eV (2-10)
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primary energy [eV]
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KASCADE-Grande: model dependence
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= - P PE o QGS"H . SP { = : e QGS2v4 0S -
_-u | _ﬂ..l' a-:-t:"--r%‘%ql“" _
_ _ _ ol S
E E " iy iy
o - o S N :
= = ek
g 105 ye 10 ¥
.; B : [ 4 All-particle
S | S| nziines
s | & M50 50.0 ._
| 1 =-3.00 £ 0.03 \
Y, =-2.79 £ 0.03 \
N £0.02 ¥, =-3.17 £ 0.05 ® eglectron-rich sampls
v *0.03 ¥=-324%008
W 005 1 =-3.1510.04
1013_— i 10 15__ f, =-3.19+0.04 :
I N S BRI S BN B P B e AP S I I I B B B B
16 1625 165 1675 17 17.25 17.5 17.75 18 16 1625 165 1675 17 17.25 175 17.75 18
log,,(E/eV) log,,(E/eV)
- Structures of all-particle, heavy and light spectra similar
=» knee by light component and heavy component; ankle by light component
- relative abundances different for different high-energy hadronic interaction models
Advances in Space Research 53 (2014) 1456
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Processing

Data A little Statistics
Run time 25.10.1996 14:19 - 15.1.2013 9:40 UTC
Number of Runs 7.082

Number of Files 54.910 Events analyzed in different selections
Number of Events 1.759.527.079 | KASCADE 428.596.253

Grande 90.551.699
LOPES 8.229.031
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EAS Radio detection in GHz range: CROME x

« core distances between 80m and 150m
=»ring structure hints towards Cherenkov cone

REAS3 simulations predict Iron primary

such aring structure in the
GHz- frequency range

Total field strength
Simulated with REAS3

I
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F.Werner - CROME; ARENA conf 2012
CROME: PRL accepted November 2014
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