KASCADE-Grande

In the view of the post-LHC hadronic
Interaction models
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The physics of the KASCADE facility
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KASCADE 10%5-107eV: Origin of the knee?
KASCADE-Grande 1016-1018eV: Iron knee (rigidity)?
Transition galactic-eg CR?
LOPES 1016.7-1018eV: New detection technique!
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Galactic cosmic rays
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energy ?

mass ?

arrival directions ?
interaction mechanism ?
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Measurement of Cherenkov
light with telescopes
or wide angle pmts

SCi

al

Measurement with radio emission

\—

Measurement Technjques of Air Showers

First interaction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
fluorescence light

l

N
\“\ .
N\

Some of the particles
reach the ground

Measurement of

ntillation counters

/R

Measurement of particles with
tracking detectors or calorimeters

.

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
muons deep underground

-
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KASCADE timeline

« 55 collaborative papers in o

reviewed journals (4-5 still in queue, EAS GHz emission

short author list papers not included) ]

- 56 PhD thesis light ankle

» 86 diploma/master thesis heavy knee CROME CROME X

Karlsruhe Air Shower
Test Facility

muon production height

proof-of-principle radio detection Cosmic Revelation

CORSIKA

Proposal

\.
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KASCADE
KArlsruhe Shower Core and Array DEtector

\ \\ t\ ”
e Energy range 100TeV — 80PeV
e.Since 1995 -~ R
‘e Large numper of observables: electrons, muons@4 threshelds, hadrons
N T.Antoni et al. NIM A513 (2003) 490
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KASCADE : energy spectra of single mass groups

2 "F KASCADE data
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Searched:
E and A of the Cosmic Ray Particles

Given:
N, and N, for each single event
=» solve the inverse problem

dJ too dJy

... 2 (pa(lg N, lgN'| 1g E)dlgE
il N, dig N XA:/_OO d]ngA(g JgN, | 1gE) dlg

- 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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KASCADE: the rigidity knee

- same unfolding but based on different hadronic interaction models
embedded in CORSIKA
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- all-particle spectrum similar

- general structure similar: knee by light component

-relative abundances very 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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KASCADE : sensitivity to hadronic interaction models

E, > 50 GeV

hadronic energy sum XE, [GeV]

J B e KASCADE

—A—a— DPMJET 2.55

p Fe
et QGSJIET 01
cipmiems SIBYLL 2.1

4.5 5 ir
number of muons Ig(N,)

correlation of observables:
no hadronic interaction model describes data consistently !

— lonisation chambers (Top cluster Irom,

Trigger plane Lead shieldr'ng—‘

20
Muon chambers Concrete

| e

Streamer tubes

=

Example:
hadrons vs. muons

=» tests and tuning of hadronic interaction models !
=>» close co-operation with theoreticians (CORSIKA including interaction models)

= e.qg.

*EPOS 1.6 is not compatible with KASCADE measurements
*QGSJET 01and SIBYLL 2.1still most compatible models

_KASCADE collaboration, J Phys G (3 papers: 25(1999)2161; 34(2007)2581; (2009)035201)
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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!

h ISVHECRI, Moscow, August 2016 Andreas Haungs, KASCADE-Grande 11 ﬂ(IT




LOPES: Proof of principle 1. KASCADE measurement

cfy-detector, run 004702 cvent 0294563

. L e Ry 230
2. Radio data analysis
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Composition measurements by LOPES

— o LOPES (LDF method)
— = LOPES (Wavefront method)
750 o Auger (ICRC 2011)
[ x Hires-MIA (Phys.Rev.Lett.2000)
— 700 a4 Tunka (NIMA56079 2013)
= — = Yakutsk (small array)
S - :
S, 650 o Yakutsk (big array)
x _
= — 11
< 600 -
~ — QGSJetll.03-p
500{— LDF method uncertainty
- | | | Wavefront me’fhod uncertainty

1016 1017 108
energy (eV)
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Xmax / Composition by Radio

A lot of (promising) progress in Xmax determination by radio Experiments

= Syst. | | | | s * published already by
- LOPES
PhysRevD 90(2014)062001
Tunka-Rex
JCAP 01(2016)052
LOFAR
Nature 531(2016)70

* Auger/AERA promising
— EPOS-LHC .
- QGSIeflL-04 - Higher energy

-------- Sibyl12.1 - More accurate EAS

oo Auger @ ICRC 2015 - Calibration
17.0 17.5 18.0 18.5 19.0 19.5 20.0 )
log,,(E/eV) - Various methods

=> Interpretation debatable: “Unless, contrary to current expectations, the
extragalactic component of cosmic rays contributes substantially to the total flux
below 107> eV, our measurements indicate the existence of an additional galactic
component to account for the light composition we measured.....” (LOFAR@Nature)
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KASCADE-Grande

| e Energy range: 100TeV — 1EeV
e Area: 0.5 km?
e Grande: 37x10 m2 plastic
scintillation detectors
e Nch + total muon number

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

\.
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muon number Iogm(NM

=» determination of primary energy
=>» separation in “electron-rich” and “electron-poor” event

109,0(E) = [a, + (are-ap)-K] 109 14(Ncp) + by +(bpe-bp)-K

k = (Ioglo(Nch/Nu) B loglo(Nch/Np)p)/ (Ioglo(Nch/Nu)Fe B Ioglo(Nch/Np)p)
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10VeV
1020 . Ie

KASCADE-Grande

energy spectra of
mass groups

» steepening due to

10"V

- KASCADE-Grande

y=-295+0.05

y=-2.76+0.02

dI/dE xE*” (m™sr”'s"eV'7)

[

=]
-
-]

y=-3.25+0.05

| PRD 87(2013)081101
PRL 107(2011)171104

Anall-particle
® clectron-poor sample |
¥V electron-rich sample |

y=-3.2440.08

Y=-3.2440.05

y=-2.79+0.08
|\I\\|\I\\|III

16 16.5 17

\-

18
log ,, (E/eV)

17.5

heavy primaries (3.50)

* hardening at 101708 eV
(5.80) in light spectrum

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

Phys.Rev.Lett. 107 (2011) 171104

Phys.Rev.D (R) 87 (2013) 081101
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KASCADE-Grande: model dependence
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- 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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30 March 2009 — incial closure ceremon
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Light and Heavy Knees, Ankles, and Transition

11
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light particles
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KASCADE, KASCADE-Grande
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1014

KASCADE: knee of light primaries at ~3-10%°eV 1
Hardening at 10%%eV due to knee of medium component o
KASCADE-Grande: knee of heavy primaries at ~9-1016 eV . 009

- : XM
heavy knee less distinct compared to light knee 05\
mixed composition for 10 to ~ 8-1017 eV Q
light ankle at 1-2-1017 eV \l&e

2
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KASCADE-Grande: Next

« KASCADE + KASCADE-Grande
finally closed end 2012
now fully dismantled

 combined analysis
for coherent spectrum and
composition 1014-1018 eV

-
CA
N

1 IIIIIIII

$ ol

 detailed data analysis (20y high-quality data)
testing hadronic interaction models .A
anisotropy studies W
radio (LOPES and CROME)

diff. flux dJ/dE *E>®/ (m? sr's'eV'?)

1 IIIIIIII—

« KCDC
KASCADE Cosmic ray Data Centre

\n
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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
the data has to be preserved for
future generations

* 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

 Data access:
1.6-108 EAS events of first data release
IS now available

Frontend Portal Admin  Monitor
A A

Server Web Framework DJANGO FTP

Communication

Data Processing

Storage DATA

nnnnnnnn

aaaaaaa

e

 KASCADE
Kerlsruhe Shower Core s
ond Array Defector

onENBETA - VERSIOW: WoLF389.01

Paper in preparation

& ISVHECRI, Moscow, August 2016
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https://kcdc.ikp.kit.edu/

KASCADE-Grande: Mission Accomplished !

open access to research data
https://kcdc.ikp.kit.edu
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KASCADE-Grande: Mission Accomplished !

open access to research data
https://kcdc.ikp kit.edu
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Ratio of diffuse Gamma-ray Flux
to cosmic ray flux
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CASA-MIA (Chantell et al. 1997)
EAS-TOP (Aglietta et al. 1996)
HEGRA (Aharonian et al. 2002)
HEGRA (Karle et al. 1995)

UMC (Cassiday et al. 1991)
GRAPES3 (Minamino et al. 2009)
MSU (Fomin et al. 2013)
KASCADE, this work
KASCADE-Grande, this work
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Paper in preparation
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Limits on diffuse Gamma-ray Flux

E ® CASA-MIA (Chantell et al. 1997)
B v EAS-TOP (Aglietta et al. 1996)
1 0_115_ o MSU (Fomin et al. 2013)
§ Pierre Auger (Settimo et al. 2013)
— o KASCADE, this work
0% * KASCADE-Grande, this work

L_ = L =————  IceCube excess model (Ahlers&Murase 2013)

(0] | - IceCube excess model, 8.5kpc (Ahlers&Murase 2013)
T, 1 0'13_? =——— = — |ceCube excess model, 20kpc (Ahlers&Murase 2013)
C\IU) § \ = : = |ceCube excess model, 30kpc (Ahlers&Murase 2013)
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- l[imits on diffuse Gamma-ray flux constrain the origin of lceCube-neutrinos
€ Reject the model of IceCube excess coming from <20kpc in the galaxy

>
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KASCADE-Grande: Combined Analysis
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» for KASCADE: additional stations at larger distances
=» higher energies
» for Grande: additional 252 stations

. =» higher accurac
, N Analysis by Sven Schoo 9 y
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KASCADE-Grande: Combined Analysis
resulting energy spectra
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KASCADE-Grande: Combined Analysis
resulting energy spectra
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KASCADE-Grande: Combined Analysis
resulting energy spectra
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KASCADE-Grande: Combined Analysis
resulting energy spectra based on two hadronic interaction models

\.

10% . .
— QGSJet-11.04 vs. EPOS-LHC
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:‘3 - All
— = C+5i+Fe } Daten, EposLHC
= - HiHe
102:'[3015 llj'm lljl? lljlg
E [eV]

Post LHC models

light primary interactions okay?

heavy primary interactions show differences
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KASCADE-Grande: combined analysis
Check Hadronic Interaction Models

102! | | H4a | | |
Color Code : HHe C 51 Fe 4 xascaDpE 100f
n # KASCADE — Grande
% Tunka — 133 0OF
— IeeTop 1 ] "TTETEEAT
I femm=-a — ' L]
1)) . Auger = —100f ! .
E. 10201 e N e TA 2" ' .
n aezfizll e el +
> --n SSRREN = —200}
O . Ty
— i
7 2 _a00| :
[ -
K} S
2 O —400}
=~
10" |
Lj — 500+
Q2
= — 600} . = ombined Ares : 284088 m? [
~ p [ MGrande Area : 152202 m®
% —7ook o KASCADE Area : 25446 m” |
1018 | Y L , —700—600—500—400—300—200—100 0 100
10'° 106 107 10'* 10" 0% X — Coordinate[m]

E [eV]
e assume a composition model: H4a by Tom Gaisser

e two selections: core located in KASCADE, core located in Grande
= we measure “different” muons
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KASCADE-Grande: Combined Analysis QGSJet-11.04
Test of models

10% : : : 10%

¢ K-KG (RAW, MC(Hda}, C1Si 1 Fe, Ink, QGSITA)

¢ KKG (RAW. C18i+Fe, InK, QCSIT4}
§ K-KG (RAW., MC(H1a}, H+He, InKG, QGSIT1}

T T

3 2

T ¢ T
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8 .’.”‘,..*t* T g o."’++ +* 4
N> ..00. ¢ (] + i N:> LWy o ne®® +
@ ;:,' = & Y .o:::=! RERRAEYTI LA
CT1024 Y'f ‘. | C\Ill()hl' o N .:--.II.

] EITY El ity

§ b |

8 4 R

* + *

Lﬂ ¥ K-KG (RAW, MC({114a}, L1+1le, InkK, QGSIL4) Lﬂ l’ K-KG (RAW. 1T Tle, InK, QGSIIH)

4 =

e~ ~

3 i~

¥ K KG (RAW, TT-Tle, InKQ, QGSTI4)

§ K-KG (RAW, MC(I14a), C+Si+Fe, InKG, QGSH4) $ K KG {RAW, C+Si+Fe, InKC, QGSI4)
1023 ; g ; 1023 ; - i
1015 1016 107 108 1015 1016 10Y7 108
E[eV] E [eV]
« One model, but two selections:
Simulations okay, but for the data strong differences
=» Muon component not sufficiently described
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KASCADE-Grande: Combined Analysis

Test of models

1025

"TT‘
—~
n
-
I
n
g
- ]
. t
o ! AARE
|E 1024 '
= tr
B (a H ' 1 *r
*
Q) t K-KG (RAW, MC(H4a), H | He, InK, Kposl.HC)
3 ¢ K-KG (RAW, MC(H4a), C1Si1Fe, InK, FposLHC)
% § K-KG (RAW, MC(H4a), H 1 He, InKG, Eposl.HC)
$ K-KG (RAW, MC(H4a), C+SitTe, InKG, EposLHC)
1023 .
101° 1016 1017 108
E [eV]

\.

1023

1015

« One model, but two selections:
Simulations okay, but for the data strong differences

EPOS-LHC

¥ K-KCG (RAW, H+He, InK, EposLHC)

¢ K-KG (RAW, CSitle, InK, EposLHC)
§ K-KG (RAW, H | He, InKG, EposLHC)

§ K-KG (RAW, C18itFe, InKG, EposL.IIC)

o o

E [eV]

101

=» Muon component not sufficiently described
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KASCADE-Grande: Combined Analysis SIBYLL 2.3
Test of models

102° . i ) 1025
T'_| Tl_|
7 7
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| 102 Ted L, 107 » vEEEaTa,
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3 ' 3 b
& S
% *
& ¥ K-KG (RAW, MC(I4a). lI+1le, InK, Sibyll2.3) T % t iii (1:& iHilermh] ?11);111 -|51)~> R
3 § K-KG (RAW, MC(H4a), C 1 Sit Fe, InK, Sibyl12.3 = : K-K(: ( }:\\\f “\;“u lo,K (I.l‘\;ll?i\_l'.);o)
& ¥ KKG (RAW, MC(1a), 11+ 1le, InKG, Sibyll2 ;) = o (R"A\‘\;'(‘T:“r“ s ,l"‘n)) N
1 (RAW, C | Si| Fe, 1, Sibyll2.¢
} KKG (RAW, MC(H4a), C-+Si+Te, InKG, Sibyll2.3) - G Sl L b VEe)
1028 - : 10707 107 107 107
10" 107 107 10'8
E [eV] B [V

« One model, but two selections:
Simulations okay, but for the data strong differences

= Muon component not sufficiently described
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KASCADE-Grande: Combined Analysis
Test of models

102 . Datal: E'Iea_ﬁqrcd.. Eall'lh.: Q:GEJHI]I.J .
§ 004900 m
g R i
=— B § 262.0-3620 m
| - .
L s ¥ § EIFALE m
4 w 1077 g § 44055055 m ]
10 "N T 8 & 50856005 m
Lo
1 »
= ' s
3 L
5 § 10-9} g
= E P
7
lﬂn- 'H g i
™ I
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—10
£ 10 g E —
—
o8
i i
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0 100 200 300 400 EO0D 600 70D 50 52 54 56 5B 60 62 64
- . COTT
Distance to Station [m] log (V™)

Slope is parametrized with Ng, but fixed and too flat
Distance range covered by Muon detectors limited
If core within KASCADE — too many muons.

If core within Grande — too few muons.

Crosscheck using “Constant Intensity”
Sven Schoo

\n
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KASCADE-Grande: Combined Analysis

Test of models

6.6 F}ata: QGIE.]-Et]].d.ICalih.: [}ESJEH[.:II.
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Distance to shower core [m]

Number of muons relatively constant for simulations

Number of muons corresponding to same intensity drops

for measured data towards higher energies

Can be used to mitigate effect, however, more accurate MC needed

\n

Sven Schoo
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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) ]
& . 22001
§ 14001 s KG data (6 = 0° - 40°) OE - % "g: r04-128
> - 9_2000_— .
e : 2 ™ ¥ QGSJETH
< 12000 S
- 15““;_ & QGSJETI04
1000_— 1400 [ mc
i 1200
800 u
1000
600 300;—
600
400 400F-
E ol AP B B Lovalyyy A
QGSJETN EPOS1.99 SIBYLL QGSJETII04 200 220 240 260 280 300 320 340 360 380

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

KASCADE-Grande, ICRC 2013 #0772, paper in preparation Juan Carlos Arteaga
™,

-
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KASCADE-Grande: Muon Attenuation Length

total muon number : N, = N, ,exp[-X,sec(0)/ A,]

« KG data (0 = 0° - 40°)

||I[]I|I[1I
-

—

400

QGSJET -2 EPOS 1.99 SIBYLL 21 EPOS LHC QGSJET Il 04

Post-LHC models are presently under investigation
EPOS-LHC looks a bit more promising Juan Carlos Arteaga

\u
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Conclusion combined analysis:

All particle, light and heavy spectra for

3 orders of magnitude

1020 | '

—

(=]
r
©

Preliminary (KASCADE-Combined)

No corrections applied

dI/dE x B*™(m%sr~1s~1eV')
2

* KASCADE (QGSJetl,2005)
A KASCADE-Grande (QGSJet 11,2012)
A KASCADE-Grande (Epos-LHC, 2015)

@O AUGER (ICRC 2013)
(1 HiResII (PRL100(2008)101101)
A TeeTop (ICRC 2013)
X TA (ICRC 2013)

$ Tunka-133 (NIM A, 756, 2014)

@ KASCADE-Combined (QGSJetll4, 2015, raw)
@ KASCADE-Combined (light, QGSJetIl4, 2015, raw)
A KASCADE-Grande (QGSJetll4, 2015) @ KASCADE-Combined (heavy, QGSJetll4, 2015, raw)

1617

1015 1016
S.Schoo (KASCADE-Grande) E/eV

PoS(ICRC2015)263

Paper in preparation
Analysis by Sven Schoo

& =

1618

1010

>

>

Structures of spectra
confirmed

H4a model probably not
far away from real
composition

Models still do not
agree to each other and
to data

Light component seems
to agree better than
heavy

Problem probably in the
muons (known due to
special selection)

Around 10> eV still
(again) no clear picture
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Lessons learned from the >25-years
KASCADE facility

It Is 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

=

& ISVHECRI, Moscow, August 2016 Andreas Haungs, KASCADE-Grande 42 ﬂ("-




KASCADE-G rande Institut fir Kernphysik & Institut fiir Experimentelle Kernphysik

. KIT - Karlsruhe Institute of Technolo
Collaboration ) .
W.D.Apel, K.Bekk, J.Blimer, H.Bozdog, F.Cossavella,

K.Daumiller, P.Doll, R.Engel, J.Engler, M.Finger, B.Fuchs,

G Rl ae H.J.Gils, A.Haungs, D.Heck, D.Huber, T.Huege, D.Kang,

Experimentelle Teilchenphysik

C.Grupen 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,
Universitat Wuppertal H.Ulrich, A.Weindl, J.Wochele, M.\Wommer

Facg.blgailfmhaﬁ\w&k G Radboud University

R. Glasstetter, K-H. Kampert R DEN ESTONIA Nijmegen
aND

RUSSIA -
LATVIA J.R.Horandel

University Trondheim, Norway s iz

S. Ostapchenko ENGLA ¥ v National Centre for

BELGIUNK_GERMANY  POLAND Nuclear Research, Lodz
IFSI, INAF — ol P. Luczak, J. Zabierowski
and University of Torino FRANCE - '
M. Bertaina, E. Cantoni, SWITZERLAND HUNGARY Institute of Physics and Nuclear

i - " _ SLOVENIA o o .
A. Chiavassa, F. Di Pierro, croaTA  OMANQ Engeneering and University

C. Morello, G. Trinchero ' | Bucharest
.M. Brancus, B. Mitrica,

Universidad Michoacana Mediterranean Sea GREECE M. Petcu, O. Sima, G. Toma

Morelia, Mexico Universidade Sao Paulo, Brasil
J.C. Arteaga V. de Souza

http://WWW-i k.fzk.de/KASCADE-Grande/ 7 email spokesperson: haungs@kit.edu

h ISVHECRI, Moscow, August 2016 Andreas Haungs, KASCADE-Grande 43 A\‘(IT



KASCADE:
Contribution to most important question!

Cosmic Rays?
Nobody knows
where they
come from.

Still better understanding of
extensive air showers by improved
hadronic interaction models are
needed to answer this question

\/
X, %@ Hopefully not another
) 100 years (since V.Hess)
JJ or even 25 years (since KASCADE)
©Claus Grupen
L\"\,:j

needed to finally answer

this question
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