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1. Introduction in HEAP
e source-acceleration-transport
 short history of cosmic ray research
e extensive air showers

2. High-Energy Cosmic Rays
« KASCADE, KASCADE-Grande and LOPES

3. Extreme Energy Cosmic Rays
* Pierre Auger Observatory, JEM-EUSO

4. TeV-Gamma-rays & High-energy Neutrinos
e TeV gamma rays
H.E.S.S., MAGIC, CTA

* high-energy neutrinos
IceCube and KM3Net
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Cosmic Rays around the knee(s)

High-Energy Cosmic Ray Investigations with

KASCADE, KASCADE-Grande, .« LOPES

Andreas Haungs Karisru Incthuse of Bcholagy



Cosmic Rays around the knee(s) =» galactic origin of CR

Equivalent c.m. energy \Epp (GeV)
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What is the orlglr!q qf tbg glrst) knee?

iffs |

Escape from our

Scaled flux E 2 J(E) (m “sec !

Reach of maximum

various theories:

Interaction

Unknown effects of

Galaxy by diffusion energy at the interactions at the air-

E(knee) ~ Z acceleration shower development
E(knee) ~Z E(knee) ~ A
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.............................



KASCADE-Grande
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KASCADE-Grande
= KArisruhe 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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K : CADE investigating the knee by

|@arameter measurements
-\
'\\ =
Neh \ Ny - energy range 100 TeV — 80 PeV
F R - up to 2003: 4-107 EAS triggers
M- -~ -large number of observables:
=> electrons
\\ S .muons (@ 4 threshold energies)
e “‘E‘*: " 4 ‘hadrons
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nucleus-nucleus
interactions

KASCADE - methodics

Particle-Particle
Collisions

AIr shower w b
simulations 3

Detector
simulations

Multi-parameter analyses
of the various observables
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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
J

— 10
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« KNEE CAUSED BY DECREASING FLUX OF LIGHT ELEMENTS
Do we need hadronic interaction models?
= yes, for normalization of absolute energy and mass scale!!

T.Antoni et al. Astroparticle Physics 16 (2002) w
ST
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KASCADE : energy spectra of single mass groups

> 8; KASCADE data " pE L Measurement:
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KASCADE Unfolding procedure

dJ -5 /+O° dJ 4
dlgN.dlgN! 4 ) dIgE

pa(lg N, lg Nf| lgFE) dlgE

- kernel function obtained by Monte Carlo simulations (CORSIKA)
- contains: shower fluctuations, efficiencies, reconstruction resolution

hydrogen
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no. of simulated showers

=== exponential decrease
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KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25, astro-ph/0505413
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KASCADE results

same unfolding but based on different interaction models:

« SIBYLL 2.1 and QGSJETO01 (both with GHEISHA 2002) all embedded in CORSIKA

also for different low energy interaction models: FLUKA and GHEISHA
also for different zenith angular ranges
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KA

SCADE collaboration, Astroparticle Physics 24 (2005) 1-25, astro-ph/0505413
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KASCADE: sensitivity to hadronic interaction models

z 8 |
o =sniproton QGSJlet 01 10*
75— =i proton SIBYLL v2.1 =
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: RS i
¥ 4 Al
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lg N!t_f
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
3 AT
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Validity of Hadronic Interaction Models

ob First, high energy interaction: LHC
L .
R multiparameter measurements EAS
'y
® . Secondary interactions:
& \\\ . .+* Fix target experiments

+ multiparameter measurements EAS

particle flow energy flow

‘éﬁ;::icl S

eutral

All

ATLAS/CMS ‘| 'H
“ 7 CASTOR "
| | -
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KASCADE set-up Multi-Detector-Setup !
Aim: measure as much as possible

observables of the air-shower !

—— lonisation Chambers  — Top Cluster
r Lead Shielding

AT
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hadrons in air shower cores

Unaccompanied hadron

lonisation Chambers  — Top Cluster

— Trigger Layer — Lead Shielding
fron —

spatial resolution: angular resolution: energy resolution:
g, ~10-12cm G, ~ 1°-3° o(E 250
X (=] ( ) ['%]] _
E JVE/GeV
E, ~ 6 PeV

Number of reconstructed hadrons N, = 143

Streamer Tubes

J. Engler et al., Nucl. Instr. Meth. A 427 (1999) 528 T Mayh202848

N4l
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KASCADE : sensitivity to hadronic interaction models

= New models are welcome for cross-tests with KASCADE data

E, > 50 GeV

i
o
l
|

hadronic energy sum XZE, [GeV]

% e KASCADE

.
-
"
o

p Fe
ra— VT

—— lonisation chambers Top cluster Iron
—— Trigger plane Lead shielding-

—A—a— DPMJET 2.55

4.5 5 tr
number of muons Ig(Nu)

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

Example:
hadrons vs. muons

= 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

KASCADE collaboration, J Phys G (3 papers: 25(1999)2161; 34(2007)2581; (2009)035“&
Andreas Haungs A IT
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SHINE (NA61) @ SPS/CERN

* had (and will have) dedicated cosmic ray runs
pp (13-158GeV), pC (31-158GeV), nC (158-350GeV)
» particle identification with TDC and ToF

0-60 mrad
FI_I B NAG61/SHINE
L 2007 pC @ 31 GeVic
-(:2 1L preliminary
S 10 CORSIKA simulation
8 — GHEISHA 2002
= — FLUKA 2008
— — UrQMD 1.3.1
Q.
9
© -2
310
- NA61 data
-0 - neg. hadrons
oo " dE/dx
" dE/dx+TOF Inclusive &~ - spectra
107 [ Isyst.<20% T.: I
|:III|III|III|III|III|III|III|III||

* (pilot run 2007)
0 2 4 6 8 10 12 14 16

C at 31 GeV/
p[Gevic] PTCACIEevE

M.Unger, ICHEP 2010
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LHCf @ LHC

L GEMBXW)

* Measures very forward ( n >8.4; including 0 degree)
* Measures neutral particles at LHC p-p (ion-ion) collisions
 Tungsten calorimeter with plastic scintillators

Gamma-ray like @Arm1 Hadron like @Arm1
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ALICE @ LHC

« Multiplicity distributions and dNch/d n
at 0.9, 2.36 and 7 TeV

=> significantly larger increase from
0.9to 7 TeV than in HEP- MCs

= CR- MCs seems to better agree

(=]
g
8 | T Pl _j N
S o0 g LoD T
% 6~ B s %@/ ~
- 5
s i pp - ht,\s=7.0 TeV
4_’_, -~ pp — h*\'s =7.0 TeV T 4—
r O CMS (NSD) ) - O CMS (NSD)
2/ S— PYTHIA 6.422 (Perugia-0) 2 -~ QGSJET 01
i — + = PYTHIA 8.130 (Tune-1) r — -+ QGSJET I
L N — EPOS 1.99
| — PHOJET 1.12 (+PYTHIA 6.11)
. . . | . . . | . . . | . . . | | 1 | 1 1 1 | | | | | 1 1 1
% 2 0 2 4 % 2 0 D 4
1 M

nner Biisching for the ALICE collab., ISVHECRI 2010 // David D‘Enterria et al, arXiv:1101.5596 ‘(IT
2K
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KASCADE Summary

4 —
B "_.-':-':' L %&?‘f
0% proton spectra g?@-{nj] f‘i
O AMS EAS measurements
¥r BESS KASCADE SH ***
A Caprice Grapes QGSJet
% Ryan Grapes SIBYLL

all-particle spectra
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AA:'il
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&
2
B QGSJet01/GHEISHA 10 5_ ® Hegra A Tibet QGSJet (HD)
10 C ¥ Sokol2 ¥ Tibet SIBYLL(HD)
- @ QGSJet01/FLUKA " o Jace ® KASCADE OGSJet
- A EPOS/FLUKA A - [ RUMJOB B KASCADESIBYLL
i 10 F ATIC2 Yr KASCADE EPOS
_I L 1 1 1 1 L1l I 1 1 1 1 | 11 I E ||JJ||| | | ||||l| IJIIIIII 1 ] ||J|||| | ||l|I||| 1 IJIIJIII - | | IIIIIIl
10° 107 1 10 10° 10° 10" 10° 10° 107

10°
primary energy [GeV] kin.energy [GeV]

-) knee caused by light primaries = composition gets heavier across knee
-) positions of knee vary with primary elemental group

-) relative abundancies depend strongly on high energy interaction model
-) no (interaction) model can describe the data consistently

-) all-particle spectra agree inside uncertainties (EP0s1.6 a bit lower)

-) proton spectra agree with direct measurements (not for EPOS1.6)

AT
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KASCADE = KASCADE-Grande

19
10 E
= * PROTON ®  KASCADE (QGSJET 01)
B KASCADE H
-0 * RUNJOB KASCADE He
Ao 10 E . « KASCADE heavy
= - mm  direct data O KASCADE (SIBYLL 2.1)
= = 7 KASCADEH
- ) KASCADE He
5 med ium KASCADE heavy >
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o : of
v -
~  light
£ = RUNJOB
g & JACEE
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Ll — KASCADE-single h i
N \
= 14
w 10 E ‘
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KASCADE-Grande :
multi-parameter measure

ents

- AL 2 -
o .u il i _"_ L' A _.'.
gy _‘ = M“- » ~. g Y o

"KASCADE + Grande
=»energy range:

100 TeV -1 EeV
=>large area: 0.5 km?
=>Grande: 37x10 m2 scintillators
=>Piccolo: trigger array

Andreas Haungs -"\"\“(IT
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Reconstruction

1) core position and angle-of-incidence

from Grande array data 3 RASCIDE Aoy
> _ | 7
2a) shower size (charged particles) - : o
g ™% . . M cD
from Grande array data X " e
B uE Piccolo Cluster
2b) muon number oo "
from KASCADE muon detectors o o
z Grande stations
> o
3) electron number -5001; . trigger-cluster #17 (of 18)
from Grande . 'm_%tl)o' 500400 300 200 400 0100
by subtraction of muon content x coordinate [m]

>
4a) two dimensional size spectrum
for the composition analyses
4b) high-energy muons / muon tracking
for hadronic interaction tests

Andreas Haungs



Y (Meters)

200 G

TT

o (nS) . -
s Single event reconstruction

1oof—
=
100 a single event measured by KASCADE-Grande:
200 core (-155,-401) m
300 log,,(N,,) =7.0
E log,4(N,) = 5.7
o No saturation
500/ Zenith: 24.2°
600 — Azimuth: 284°
_mE_ . Recorded on 8 July 2005 at 12:11 (UTC)
E...|....|....|.,..|....r....|....|....!..I5594
-700 -600 -500 -400 -300 -200 -100 O 100
X (Meters)
10° Lateral Distribution S RaceaGende)

Log( Particles /m?)

4 L (KASCADE)
_— NKG (L + e
| agutin {p)

| |

1 1 L L L L I 1 1 1 L I L L L 1 I 1 1 L I L L L L I 1 L L L L L 1 1
100 200 300 400 500 600 700
Distance From Core (Meters)
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size spectra muon number spectra
(charged particles) (N,; E,>230MeV)

| 11,
1 ol il * ? ? % KASCADE-Grande data  —=-0-17 °
' 0 m 17°-24 8. = 17-24 °
12 ® A 24°-30° § §
¢ s 2 v 30°-35° ! * A +24-30 °
I T a % o 35°-40° I & +30-35 °
: ie. . L . +35-40 °
| Tet e ; : &
treshold v ’ e F!Lbh(ﬂfi_. ) ¥ -
(full efficiency) Ya%e GHRSSi ey ¥y,
v E e _ ¥ 5 3 luncertain
gi S luncertain { § "
YI!@?Q“‘-’ ¥|é 1]
’ ‘ %é | 5 :
KASCADE-Grande data ";T ? ;
1 I L 1 L L I L 'l 1 il I 1 1 L L I L L Ll L l Il L L I| l l I I I l
6 65 7 %5 8 - B 55 6 65 . 7 75
number of charged particles [Logw(Nch)] muon number [Log. (N )]
100 M

-stable data taking since 2004, c. 1200 days effective DAQ time
-performance of reconstruction (and detector) is stable

Andreas Haungs ﬂ(IT
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KASCADE-Grande: constant intensity cut method CIC
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107 o S asey 11 12 13 14 15 16 17 18
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Shower size spectra

. 1010 -
w 1882, 5 e 0.00°<6<16.71
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All-particle energy spectrum
via combination of N, and N,

k = (109;0(Ngy/N,) - 10g10(N,/N.) )/ (1og10(N /N, )z, - log10(N_,/N,).)

‘;]-5"[ T T T T ...,..,...- — _IIIiIT LI ITTT]TIII].T‘T.lll|T|I:T||IIT1T]l"_
SF o 4~ F' QGSJET Il hadronic interaction model
Z 14fF ¢ > including correction to reconstruction
g : - (unfolding)
= 13 - 4 7 v
x ] T ° R
£ 2r ] 7
M I R Ly
N N T T 1 1 - i
EVERT T T : = i :

o 'HJ” “ T I %% 'l l
L +++ +++ + + ® |||| : L : : , I [ :
L E | o | I 4
0.9: + I ] u><-l i ® 0<16.7 ¢ |. ]
- ] T [ m167°<0<24.0° ]
07:- QGSJet-11 3 -Zc; [ 4 240°<0<29.9° ‘
o mixed ] v 299°<6<35.1° ¢ ®
0.6 - ® Proton + Helium EPOS 1.99 ] (]
e Iron + Silicon * mixed 10 15__ * 35.1°<0<40.0° ’ +
057777925 75 775 8 825 85 875 9 PN ISR (SRS ISR BTIPI B VR APS S W
log,, (E/GeV) 7 725 75 775 8 825 85 875 9

log, ,(E/GeV)
-different zenith angle bins

-no composition dependence Astroparticle Physics 36 (2012) 183

% ST
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KAS CADE_ f ' v EAS-TOP (Astrop.Phys.10(1999)1)
2 e S e E
Grande PO = < S TUNKA (uclphysBroc Sup 165(2007)74) =
. _V) : KASCADE-Grande (QGSJET II), this analysis :
all-particle = L _
energy E ok .
spectrum 2 F =
o =~ o Akeno (J.Phys.G18(1992)423) .
= - ©  AGASA (ICRC 2003) 7
Astroparticle PhySiCS ; A HiResl (PRL100(2008)101101) o g o
15 ¢ HiResll (PRL100(2008)101101) Q
36 (2012) 183 E 10 - A Yakutsk (NewJ.Phys11(2008)065008) EUE
= - O AUGER (ICRC 2009) A QE
u | | | 00
1 1 1 L III]I‘{'I6 1 1 1 L1 III1017 1 1 1 L1 II‘lI()ls 1 1 [ L1 1.1
= [ Energy (eV/particle)
@041 KASCADE-Grande
8 - . QGSJET I .
o e e spectrum not a single
< [ - ° R .
B S e A power law
E 0 e ¢
02 ¢t g % R .
- o H  hardening of the
04— ",
5 spectrum above 10'%V
os— ~15% systematic uncertainty ™. .
Co. . '*.\ Y i
o5 in flux (energy independent) } steepenlng close to

-
L= .
o

o l']lolw ‘ -' R ']'Oirsv] 1017eV (210’)
primary energy [e
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Elemental composition : model independent way

—~ 9O . o

zf’ - KASCADE-Grande data .- o

~5 8.5 — 0°- 40° ‘0“‘\633 .“*10 ;:_ :.:‘: = g
s = ! AW o .~ - : ==

81 g ¢- 1.5-10°events S s = 10* &

— — 0° B

& 75K -

rT) — o

£ 7F 10° 2

— = &

= = =

2 6.5 =

8 =

O 6~ = 102

L = =

o 5.5 =

= -

o 5— . _ 10

B — X s ., salso line of

o ~ %, 107eV s efficiency

0 4.5 [ 5 %

= = ' 10%ev

: 4 L1 I L1 1 1 I L1 1 1 | L1 1 | 1 1 1 | L1 1 1 | 11 1 1 | | | I 1 1 1 | L1 1 1 1

= 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

muon number Iogw(Nu)

- 2-dimensional shower size distribution
=> separation in “electron-rich” and “electron-poor” events
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Composition via shower size ratio :

log,o(E) = [a, + (ag.-a,)-K] -10g4(Np,) + by, +(be-b)-k
k = (logo(Ncy/Ny) -10g10(N.,/N,),) / (10g10(N.,/N)ee - l0gT10(N.,/N,),)

-

14

1.2

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

l T Ll LE Ll l Ll Ll Ll
L oFe oSi AC
i QGSJet-11.03

L

» H

e
m Data

[ - selection criterium electron-poor ]

B N (PSS [ el

Z 75 8 8.5 9
log, (E/GeV)

- k-parameter =
normalized shower size ratio

=>» composition sensitive

=> separation in
electron-rich (light)
electron-poor (heavy)
event samples!
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o~

dI/dE x E*” (mZsr'stev!”

Spectra of individual mass groups :

20
10 LI I B | ! LI B I | I LI B B | I LI B B | I L [ LI B I | ] L B N I LI B B | I LI |

' KASCADE-Grande A all-particle
I ® electron-poor sample
= electron-rich sample
y = 2.95+0.05
v = 3.24+0.08
Y = 3.24+0.05
10 :
% |
\
¢ electron-poor sample if the selection line is
shifted by +0.2 (fig.3)
L L L L I L 1 L L I L L L L I L L L L | L L L L L L L L | L L L L L L Il L | L L Il
7 7.5 8 8.5 9

log, (E/GeV)

Phys.Rev.Lett. 107 (2011) 171104

- spectra of individual
mass groups:

=> steepening close to
1077eV (2.10) in all-particle
spectrum

=> steepening due to
heavy primaries (3.50)

=> light+medium primaries
show steeper spectrum,
=> fit by power law okay
=> possibility for
hardening above 10'7eV

=> spectrum of more
enhanced heavy sample
has harder spectrum
before break.
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Hadronic Interaction Model

all-particle spectrum light-heavy spectra
- [T e —
;’_" = electron-poor
w [ QGSetll 1 3 T * QGSJET-II-2
< e SIBYLL 2.1 i A AEPOS 1.99
= e EPOS 1.99 1 . o g I a SIBYLL 2.1
06 - . s Ry
I I Tm]o’*:-'A "o.::u
~ [84, ., L
04 | 'R + 1 E 'Eédi““‘ .:'1*,“--
e . _— o @ + + ® : o o g g & N A i x } ; ?
L L L. o O A 4 * [
02 o © * ~ _ o3 g4, I
I ¢ ¢+ + L B ol 3 A 4 u]
o ® + + o . e 9 s %
of o4 °® d = electron-rich $ # g
¢e® ..%% ; + ! 1 10°F  0QGSJET-I2
. °° ¢ + ¢ [ AEPOS 1.99
02 | o + i - OSIBYLL 2.1
M ‘. “: 1 I L 1 L 1 I L 1 L L I L 1 [ L I L IQI L I
04 - (no unfolding + - 7 7.5 8 8.5 9
ey g ol pgeionns i o o et Tos Vg o eal ] primary energy [log(E/GeV)]
7 7.25 75 7.75 8 8.25 8.5 8.75 9
log,,(E/GeV) . . .
- individual spectra by Y.
- all-partIC|e spectrum (NM-NCh) Y¢c=log N“CIC I log NchCIc : E by N, only
by different models based on different models
=» Structures similar = Structures similar
=> total flux shifted (10-20%) = total flux shifted
> results confirmed!! = results confirmed!!
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Unfolding of 2-dim shower size distribution :

Searched: E and A of the Cosmic Ray Particles Like in KASCADE!
Given: N, and N, for each single event
=» solve the inverse problem - kernel function obtained by

Monte Carlo simulations (CORSIKA)
- contains: shower fluctuations,
efficiencies, reconstruction resolution

dJ < /+oo dJ 4
dlgN. dlig N}~ 4 J- dIgE

pa(lg No,1g N,/ | 1g E)

=
~ ~ r * sum spectrum
) 3 s
g I ‘ 10° &) 103 —
102 E N
N -
£ }
log, (EGeV) bin: | 3 10 o
N |
W 10— A
”6’“‘5.5""7‘;09“0({,’5 1 5 E *?E
= — k)
T | e W
x L
. .. E: " =
= knee’ in - ; =
T — 3
Fe-component 10 E [ I TR R T sle lsfat;maf; ) E
only!! -l_— ! ! | 1 1 1 I ! (] ! | 1 1 1 | | | 1 | ! 1 ! | 1 ! ! | 1 1 1 I 1 1 I 1

7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6
primary energy in log_ (E/GeV)
. D.Fuhrmann et al - KASCADE-Grande, ICRC 2011 10
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Unfolding results
KASCADE €->KASCADE-Grande

QGSJET Il hadronic interaction model -

‘B
% 107 - =
b = = - spectra of individual mass
0 - 1 groups:
o
E 1o . proton
o - : : medium (He+C+Si)
L = P A .
™ - do. 1 iron
5 10° =
S U B => all spectra overlap and
- ’H he® 5 agree well!
10™[-8  Grande GOSIETI. yirogo (s work) AP
£ e | e - wewaice o =3 all three show a knee-like
= A KASCADE QGSJETII, all-particle (this work) HiRes I1, a;l-pe;l'llit::le; :
[ 9 asoane conn rescra e - towame | featurell
O KASCADE QGSJETII, iron (this work)
1013 Il l!IIJJIl | llIllIl] L L1l l| | IlILlII[ | Illlllll |
10" 10 10" 10" 10" 10" 10%
energy (eV/particle)

M.Finger, KASCADE-Grande, PhD thesis, June 2011
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Light and Heavy Knees

knee position oc Z

A\ 4 EAS-TOP (Astrop.Phys.10(1999)1)
KASCADE (Astrop.Phys.24(2005)1)

17
10 .
) m‘w KASCADE H
e B | KASCADE He

—~
p—

* KASCADE heavy
TIBET-IIl (ApJ678(2008)1165)

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

light ' __ TUNKA (Nucl.Phys.B,Proc.Sup.165(2007)74)
| A KASCADE-Grande (QGSJET Il) Nch-Nu —
heavy QR * KASCADE-Grande heavy

KASCADE-Grande light+medium

o 16
h 10 I —
ETE -
L _ —
= - _
0 L —_
(Y]
L - OAo ° .
b ¢ A, ©
- Akeno (J.Ph\S)G18(1992)423) o ©
LLI 1015 ¢ o]
o — 0 AGASA (ICRO\2003) v s A %3
= — A HiRes! (PRL10%2008)101101) | ON® a ?
© = 0 HiResl!l (PRL100(2008)101101) o) A 4
u A Yakutsk (NewJ.Phys11(2008)065008) O 000
— O AUGER (ICRC 2009)
| 1 | 1 1111 1 1 | | | | 1 | 1 1 111 | | 1 | 111
10 10" 10'®

Energy  (eV/particle) PRL, 107(2011)

= KASCADE: knee of light primaries at ~3-1015%eV
= KASCADE-Grande: knee of heavy primaries at ~9-1016 eV
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Implications

5-5 AL L] | LA | L |

5.25 - o Tibet O HaverahPk Tunka 102_5-:';“(3? v,=27 __

T % Akeno/AGASA KASCADE = Stereo Flyskye F "lﬁ‘} T E,=3-10°GeV 3
5 - All o 0 .50 ik HiRes [ ¢+++* 2 E=110°GeV ]

* 3 E,=210°GeV ]

C * **‘.k** ©

475 F
-

[ A-component N

10%E
u N i
b ve rigiditys
™ galactic

[
.

log, (E*”> x Flux /m™ssr'GeV'”)

L ) *k K extragal.p
r 5 o W 10
575 SN < = oV, 'x :
: S 0 pmA |
C \ *
35F \
- : 1
3960 0 0 o 0 |4 Ly AW [ T T 10° PR | PRI | ra sl . .
14 15 16 17 18 19 20 107 108 10° 10" 10"
log, (E/eV) E. GeV
A.M.Hillas, J. Phys. G: Nucl. Part. Phys. 31 (2005) R95 V.Berezinsky, astro-ph/0403477
KASCADE-Grande: light knee above 1015eV

spectrum concave at 10'6eV
heavy knee at 1017eV
mixed composition
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KASCADE-Grande Institut fiir Kernphysik & Institut fiir Experimentelle Kernphysik

. KIT - Karlsruhe Institute of Technolo
Collaboration ,_ o
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K.Daumiller, P.Doll, R.Engel, J.Engler, M.Finger, B.Fuchs,
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LOPES :
radio detection of air-showers

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

-) MPIfR Bonn, D

-) Astron, NL

-) IPE, FZK, D

= Development of a new detection technique!

AT
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Radio from Air Showers

Detection principle: ®B

-Geomagnetic deflection of -\
electrons and positrons
-Time-variation of number of
charged particles
-Time-variation of charge excess
radiation

-and possibly more (refraction
index)

=» lead to coherent emission in
atmospheric air showers
(initiated by UHECR)

- MHz frequency range !

- M\V/Im-range amplitude

- few ns duration

Andreas Haungs



Radio from Air Showers

~3-4000 cosmic ray events
unambiguously detected by

LOPES

CODALEMA

Radio Prototypes@Auger
AERA

TREND

ANITA

Tunka-Rex

(and of course the historical
experiments, partly re-analyzed:
MSU, Yakutsk, e.g.)

=»Now: do we understand
the signals?

Andreas Haungs



ANITA :

ANtarctic Impulsive Transient Antenna

A neutrino induced cascade

Cosmic ray geo-synchrotron also

produces a coherent radio
Cherenkov pulse.

~680km to horizon ->
1.5x10%km?3 mteractlon o

observed (HPOL)
T T 10.8
S ] e L 107
E 0.6
s oL s
ZO' 9
= 10.4
it {3
Refracted RF ..
(VPOL) e
1% Cherenkov Cone at 56°
M inice
Particle -2000  -1000 0 10 2000
Grid East, km

Cascade

Horn antennas 300MHz-1GHz
= 16 EAS candidates (Energy ~10"%eV)
=» No neutrino candidate

= 2012 next (CR optimized) flight

A.Romero-Wolf, ARENA 2010, Nantes

GPS antenna arrays

32 antennas over 2 layers
Lightweight aluminium

gondola
N

after

8 antennas deploy
s launch

S.Hoover et al. - Phys.Rev.Lett.105:151101,2010.

Andreas Haungs

&(IT

Ewhiuhe nglitute ol Te



LOPES

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

-) MPIfR Bonn, D

-) Astron, NL

-) IPE, FZK, D

=>Development of a
new detection
technique!

AT
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Evolution of LOPES

April 2003 February 2005 December 2006 February 2010
LOPES 10 LOPES 30 LOPES 30 pol

bq‘ & QO é\ - o T
Q’,\'\@ \bé\ .000 bo“‘ S ER0
& S &
;\‘:}'b éé(, &0\‘ ?70 C‘){O oL
(Q (g, 'b&\'
& & s ol *
 LOPES 10 Zgl.
gl
L - I »
,»proof of principle“ | . - C .
e LOPES 30 east-west e a0 0

calibration of signal

« LOPES 30 pol
polarization dependencies

« LOPES 3D
complete E-field-vector
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LOPES: Proof of principle

2. Radio data analysis

(1] Evenl1073867291-10101

Y + sum of
X[ electric
fields
]l
e
€
3
0
0,
L
N oxf
# N
K
o
Ov—-—-'--—-——o-‘ﬂ L'\J\ox,—

-;5 -II -III.S
Time (Seconds]
5. Publication

LOPES collaboration,
Nature 425 (2005) 313
&

-23 -2

ude

AZEL Latit

1. KASCADE measurement

ciyp-detector, run 004702 cvent 0294563

coeray deposit [Mc\'r’m’q]

particle arrival time [ns]

3. Skymapping
4. Many events

60°

52° oY 1':
. )
£
on

4° o i

6 L«
g T

66° m
5 L
o ©

68° e ?
=
2

70° =
o |
]

72° -

2.6 2.8 6

0° 5% 10° 15° 20° 25°
AZEL Longitude

6. Be happy @

340° 350°
log {muon number)

Andreas Haungs



LOPES 30 event example

-radio reconstruction inclusive ol Bpoa,, |
. n O r z 52 @ = .
calibration factors of antennas 1 a‘gf@?ﬁgﬁg;a% | Event:
& X . @ g 5‘@@ ap | — o — o
=>CC-beam value (per event) s | 05 figea a0, 200,20 | D 15°  9=306
. 2 888 BV ag 2 1core =in KASCADE
=>Field strength (per antenna) 1g(N,) ~ 7.4
2 1g(N,) ~ 6.0
T ] L {Ey~1.6:10"7 eV
1 ;\_1 :\r 4
cclt] = T | |= Z Z si[t]s;t] |

(degree of correlation = extract coherent pulse):

........................

¥l ¥
= | 30individual antennas =
< F £ CC-beam
£ fot R
= I > gaussian fit
3 10~ =
= I £
£ 5
2 o
@]
S o v
wl
el
[7} N
2

-10

-1.9 -1.8 -1.7 -1.6 -2 -1.9 -1.8 -1.7 -1.6

“IT
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Lateral distribution

S 5027 £10.84
Ro 129.2 +£18.88

field strength e [uV/m/MHz]

W.D. Apel et al. (The

- Eg 2.92e+17 .
o 4591° LOPES Collaboration),
9 B I | | | | Astroparticle Physics
! 100 150 200 250 300 350 2010

distance R [m]

* Field strength of individual antennas

« Fit with exponential function &(R)=¢g, exp —(R/R,)
— 80% exponential with R;~100-200 m
— 20% total flat events or flat at small distances

Andreas Haungs
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field strength € [uV/m/MHZz]

102

10

Lateral distribution
Comparison of data with simulations

event A event B

I i‘
| L
J
i t L
v &,
®

102

10

field strength ¢ [LV/m/MHZz]

LOPES
REAS 2
REAS 3 - Fe

| I L 1 I 1 L L 1 | L 1 L L ] L L 2' | L o L e by by s by Lya o 1
0 50 100 150 200 0 20 40 60 80 100 120 140
distance R [m]

Simulation of measured events
REAS2 often too steep
REAS3 fits well, explains also most flat events

REAS3: Huege, Ludwig, Astroparticle Physics 2010
LOPES data: F.Schroder, PhD thesis, Feb 2011

A A,
160 180 200 220 240
distance R [m]
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LOPES

2008.06.02.18:05:18.083.event - 30 Antennen
T

Il -
| A 1
— 0L I (-
; al T 1
L \ X | & .‘l, ! 1
! i 1

-0.5 | .
i ]
-1.0: . . 1 . R 1 " . 1

0 2000 4000 6000
Zeit t [usec]

EAS Lightning

ADC Eingang [V]

" \

: Lightning vs. EAS

 Problem: how lightning
are initated?

 One solution: by EAS
= Radio good oportunity

to measure lightning
development

ne

zEBaY
saasgaasied

LOPES coll, accepted Advance Space Research (2011)

Cloud-to-cloud lightning ..
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Connection particle array — radio array:

Radio detection technique is still in developing phase
hardware, software, analysis, emission mechanism(s?), ... =
Calibration (understanding) radio emission

Dependencies of radio signal

Understanding emission mechanism(s)

Capability of the radio detection technique?
Sensitivity and resolution to
primary energy?
arrival direction?
composition ?

EAS radio detection for CR (and neutrino) measurements:
stand alone or hybrid technique?

Hybrid with particle arrays, not fluorescence technique (duty cycle).

% AT
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Primary Energy

uncertainties by radio signal fit only

LOPES ) » Radio-Emission seems coherent !
5 g * Energy sensitivity via electric field
FUa° o strength

log, (€, A/ (uV/m MHz))
: >

=)
@)
[T T
Gn-
—Ce=
O

] » Radio signal (electric field) scales
04 % ) with primary energy:
" ¢ gy ~ E0z1
0.0 F— 4 &
. i = Power of electric field scales
- Iy approximately quadratically with

EI \\ \+| I I ‘ I O primaryenergy!
16.5 17 17.5 18
log,,(E,/eV)
L . % s0f Width of distribution
- Sensitivity and resolution 2 S ASOADE svents
AEJE ~ 20-25% 5 = i G sens
- Particle array: 10-20% -
. . 15
=>» is energy resolution really worse? 2
10
Model dependence? i
Emission mechanism? 0 . -
Geometry of shower (polarization)? 0 ©0 =0 =20 0 20 40 60 80

(E e

L]
LOF’ES) / EKAECADE{—GmndeJ [%0]

N

|||||||||||||||||||||| @

KASCADE(-Grande)
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Arrival Direction

 sensitivity via pulse arrival time and phase

» systematic studies of direction resolution:

‘ KASCADE vs. LOPES

=» resolution better 1°

(by beam forming; Better with increasing
field strength, but number of antennas?)

o = ~1ns time resolution needed

AZEL Longitude

de

AZEL Latitu

LOPES direction
E 60 reconstruction with
@ ] spherical wavefront _ T IiV4]
j'_; 50 mean = (0.72 £ 0.02)° SenSIt“_"ty and
2 Fr=] conloal wavefront resolution
o mean = (0.65 + 0.02)° . .
E o(direction) << 1°
c

- M
o O

6 i

0 05 1.0 15 20 25

| direction,, ¢ oe crane - direction, .| [deg]

F.Schroder et al., NIM A 615 (2010) 277

A{
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Composition

=
E 35 ;I::osa ga-ramlett?r of r?dio L[:'F < LOPES ) . )
_g 0 . : simulations (for realistic events) ° Late ral d Istrl butlons
: - ] L]
& B Fe have composition
25

sensitivity!

20  model dependence?

15

T T T T T
1e-05 i 0 =60° 10%to 102% ev -

10

1e-06 |

llllllIII|IIII]i]II|IIII|II|1IElII|II

—
800 1000 1200 1e-07 £
scale parameter R0 [m]

o

1e-08

3210 64 MHz amplitude / E, [V m”" GV

1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Distance from shower centre [m]

- Sensitivity and resolution ?7?
- Particle array: unknown (large) uncertainty (FD better)
= by lateral sensitivity (pattern) ....seems possible
=» by longitudinal sensitivity:
pulse shape
wave front
frequency spectrum

= Xmax (shower maximum) sensitivity needed!!
KIT
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Composition Il

e wave front is

GT 1134525288 | o2 / pdlf 29.4/26
r o 3148° -
shower conical 2 0 143" PO 001642 - 00034 conical and has
axis wavefront < i/ ndf 3.992/26 o
£ 20? p sim [rad] 0.01858 + 0.00024 CompOSItlon
S T sensitivity!
T * model
HJL dependence?
0:‘ ‘ ‘2‘0‘ ‘ ‘4‘0‘ ‘ ‘6‘0‘ ‘ ‘8‘0‘ ‘ ‘1(‘)0‘ ‘ ‘12‘0‘ ‘ ‘g“to‘ ‘ ‘16‘(;[‘ ;E‘SO 1 distance
Cone parameter p, istance R [m o
geometrical delay 7., Conical wave front good dependence
lateral distance to shower axis R approximation in data and
simulations!

> X, .x (Shower maximum)

T T
= sensitivity Is given
R - Resolution:

in REAS3: 30g/cm?
in LOPES: 200g/cm?

700

650

600

S—_—
. |

T T S 2 T E Schréder. PhD thesis. Feb 2011

REAS p (corrected) [rad]
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EAS Radio detection

e as new CR detection technique established E,, ..., 107eV

e successful and sensitive to
e primary energy ¢ ~ E," (y~1) AE/E ~ 20-25%
e arrival direction beam forming resolution better 1°
« composition LDF-slope; wave front AA/A still unknown

o still many question open to emission mechanism(s)

—) svitable for hybrid measurements ? yes!!
As stand-alone technique? will see!

Next: AERA@Pierre Auger Observatory / LOFAR / Tunka-Rex /
ANITA-CR optimization / TREND / IceCube surface Radio Array = RASTA / Yakutsk

Andreas Haungs



Next steps in R&D

HOriZOntal >80°: sensitivity for neutrinos

sensitivity (for

NGUtrinOS) >70° 35% of the total solid angle:
larger rate for charged cosmic rays

Scalability of

stations to

hundreds of ==

antennas —

Embedded radio
detection in
surface particle

detectors

Work package of ASPERA
,AugerNext” innovative
R&D studies (second call)
= Start funding in 2012

Andreas Haungs e e Tecrnolog



Summary / Status
« KASCADE: knee by light primaries (maybe Helium dominant)

« KASCADE-Grande: high quality data at 1076 — 1078 eV to identify
the ,,iron“- knee and transition galactic—extragalactic cosmic rays!

e first results KASCADE-Grande:
energy spectrum :
=»no single power law (concave form at 1-2 1076 eV)
elemental composition
=>knee of heavy primaries at around 8-9 101¢eV
anisotropy studies
=»no anisotropy seen yet
interaction models
=>muon attenuation, muon production height, etc...

« 30/03/2009: KASCADE-Grande closure symposium
KASCADE-Grande = EAS test facility until 2012
= data analysis continued...

* new detection techniques:
= LOPES - radio detection of air showers in MHz
= support of GHz EAS detection (CROME)
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Discussion / Question / Exercise

o expectations on spectral features in transition region?

o ideal accelerator experiment for cosmic ray physics?

e why radio could be better than fluorescence?

Andreas Haungs



Discussion / Question / Exercise

o expectations on spectral features in transition region?
* should not be smooth
» galactic ends with iron; extragalactic starts with proton

e anisotropy

o ideal accelerator experiment for cosmic ray physics?
°p....Fe €= N beam
 forward detector

e cross-sections / multiplicities

e why radio could be better than fluorescence?
* 9590 duty cycle
» weather independent

o cheaper (larger area)
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