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Cosmic Rays around the knee(s)
Equivalent c.m. energy \Epp (GeV)
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What is the orlgm of the (flrst) knee?

Equivalent cm. energy Vs (GeV)
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Interaction

Development of cosmic-ray air showers
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Differences in the shower
development give hints to
primary energy and mass
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Measurement Techniques of Air Showers

energy ?
mass ?
direction ?
interaction ?

«—— First interaction (usually several 10 km high)

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

7

=> large /7,

number of
Observables fCh K Measurement of
Meas.ureme‘nt of Cherenkov Some of the particles fluorescence light
light with telescopes reach the ground l
9 mu Itl - LIl Measurement of \
Measurement with radio emission
detector —

/ \ /S scintillation counters | ~

system 4 / %

< S Y,
/7 =

Measurement of low energy muons
with scintillation or tracking detectors

tracking detectors or calorimeters
Measurement of high energy
A—
muons deep underground
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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

.....
il
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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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KASCADE set-up

Multi-Detector-Setup !
Aim: measure as much as possible
observables of the air-shower!

Muon Tracking Detector Central Detector
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Array Cluster Detector Hut
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KASCADE - event example

Array

Electrons
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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
Trigger Layer ~ Lead Shielding
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HE Muon Measurements at KASCADE

| /F or
< 20m >

~ Muon chambers l'

Streamer tubes
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tral Desector
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DETECTO
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CENTRAL ]
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200 m

» Central Detector muon facility
E thresh = 2400 MeV

= Muon Density measurements pu2-4GeV
=»Lateral distributions

= Model tests (muon energy spectrum)
R 24/0.23 = p 2.4GeV /p 0.23GeV
p p p

« Muon Tracking Detector
E thresh = 800 MeV

=>Measurement of radial and tangential
angles Pt

= Muon production height

=» Lateral distributions

=»Model tests (pseudorapidity)

n, =-In(&/2) ¢=pdp, =sart(p?+1?)

b ..
ARRAY IEEEREEE
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first: analysis of basic observable

- Total muon number and electron number = mass estimator
- high-energy local muon density = energy estimator

=
3

,’."r - <R>=455m # Tall” EAS
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g i O " electron-poor ** EAS
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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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Experiment Simulation

Primary Energy E
Primary Particle A

Concept KASCADE

primary particle —

Y
4mmx Disententanglement of the threefold CORSIKA
problem: E, A, interaction DPMUET
SVBILL'
) Measure shower parameters == - RS
as mUCh as pOSSibIe - shower disk : ~ |‘1‘T‘;:;:{H‘ Y
CRES
=) Multi-detector system ; Detector-
. . Data Acquisition Response
to get redundant information
\ L
KRETA

Reconstruction of EAS-Observables
e.g. N, N, , N, , Lateral Distributions, ...

\

Comparisons
of the distributions
Neural Nets, Bayes Classifier

» A

E est Aest Tests of
High-Energy

Y
Energy Spectra
Interaction Models

Chemical Composition
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KASCADE : energy spectra of single mass groups
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KASCADE Unfolding procedure

dJ - /+00 dJ 4
dlgN. dlg N < J-x dIgE

pa(lg N, 1gN,/| 1gE) dlgE

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

hydrogen 3
10~ 3

- carbon = -
7 > B
6.5 < 10F
= ot =
61 S
b5 - k=Y / E : used parameterization
- : S - ;
;' 3 PeV Monte Carlo S JMl === exponential decrease
5 R el wesvesss wugipe
C coo oo by by oy by oy gy ) : cutoff
4 4.5 55 6 6.5 10 "= u

Ig Nf{

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

[«F]
yd 8
O su01 proton QGSJet

75 s111 proton SIBYLL

nn jron QGSJet
snnijron SIBYLL
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KASCADE: sensitivity to hadronic interaction models
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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 QGSJET01)

- 0-18°, 18-25.9°, 25.9-32.3° (all with QGSJET01/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)

KASCADE collaboration, Astroparticle Physics (2009), accepted
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Hadronic Interactions: Problems

« Extrapolation of cross-sections to ultra-high energies
* Secondary particle multiplicity in high-energy interactions
» Extrapolation of kinematics to the extreme forward region (diffractive part of X-sections)

Equlvalent c.m. energy \s,, [GeVl
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Hadrons in EAS!

Hadronic interaction models and

Energy flow in collider experiments LHC (E.,,;=17 TeV)
E,.,~ 1017 eV
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€ Direct access by hadrons
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hadrons in air shower cores

P Unaccompanied hadron

counters

lead absorber
(5cm)

scintillation-
counters
Ep > 490 MeV

liquid
ionization
chambers

iron absorber

concrete absorber (77 cm)

multiwire proportional
chambers

FeeFie] S = spatial resolution: angular resolution: energy resolution:
6, ~10-12cm Gy ~ 1°-3° ng
En>2.4GeV EEEs * ° S(E) [%]~ — 250
E VE/GeV
. E, ~ 6 PeV
320 m2 x 9 layers calorimeter 0
EH >20 GeV; 11 ) Number of reconstructed hadrons N, = 143

LIqUId ionization chamber preamplifier housing ceramic signal feed-through

Tetramethylsilane (TMS)
Tetramethylpentane (TMP)

filoing nozle

stainless steel housing 50 x50 x 1 cm® 4 electrodes 25 x 25 cm2

J. Engler et al., Nucl. Instr. Meth. A 427 (1999) 528 —_ May 7%, 2002 6:45
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hadrons in air shower cores:
test of hadronic interaction models

KASCADE observables per individual EAS:

from detector array: general shower parameters

from calorimeter:

* number of reconstructed hadrons (E,>100GeV) N,

* sum of the reconstructed hadronic energy XE,

« energy of the leading hadron E, ™

» parameters of the spatial hadron distributions

measurement

>

Ayeoe.

measurement

>

QCD workshop, Trieste-Italy, May 09 Andreas Haungs
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KASCADE data analyses:
shower observable correlations

- —— lonisation chambers — Top cluster Irom
= - Eh > 50 GeV *::.‘.'?:? —— Trigger plane Lead shielding
wn Rt _—— = = >
c - oo _
S P
<= 10 RO
© u b
) _ O P
_CE: i X .r"
2 i -.. ...-.
.t o, 1 ]
I i knee
%. ."-.'.: .
10 . ..-" .* l_-' ....... KASCADE Example.
o o Fe hadrons vs. muons
Rt Fr - DPMJET 2.5
P S N S AT T T T S AU TR T SN N ST S N M BN
3 3.5 4 4.5 5

Number of muons Ig Ny,

Investigated many correlation of observables of all three
particle components

Electromagnetic Muonic Hadronic
By using full simulations (including detector response)
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KASCADE data analyses:

shower observable correlations

E, > 50 GeV

-
o
e
I

-
o
1

hadronic energy sum ZE, [GeV]

-
o
oo
1

ceeeeeellee KASCADE
p Fe

e QGSJET 01

-etffpemememp=- SIBYLL 2.1

—A—a— DPMJET 2.55

4 4.5 5

number of muons Ig(NH)

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

——— lonisation chambers

— Top cluster Iron

~—— Trigger plane

Lead s'hia.‘diﬂg—l

Example:
hadrons vs. muons

=> tests and tuning of hadronic interaction models !
=>» close co-operation with theoreticians
(CORSIKA including QGSJET, SIBYLL, FLUKA, GHEISHA,....))

QCD workshop, Trieste-Italy, May 09
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relative deviation N,

QGSJET 01
Number of hadrons vs. number of muons
i CI)Eh > 100 GeV
_ © 0O 4 e
0 o—9©
o © & 9
° O
i O
i O
05 o
I i
® QGSJET 01
i p Fe
i O @ QGSJET 01
I 1 L L 1 1 I [ | 1 1 1 I L 1

Shower observable correlations:
Model tests with composition

45 5
Number of muons Ig (N)

dJ/dE E?5 [m2s'sriGeV'd
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Shower observable correlations:
SIBYLL 2.1 Model tests with composition

N.-N, analysis

Number of hadrons vs. number of muons £ O e
8 i
e 11035—l‘==‘=111“
pa " . Ep>500 GeV ;ﬁ e ‘;.,T:ﬂ;;:,-?,
205 [ s q:: f“’zé‘ i ffiia‘éf RS
< i E:}:I E¢J E¢: T @ proton J'Il l' ] A
—_ - w | ®helium l
QO ° 10; A CNO ®
Pl L 3 - * Sjgrou
o + * [ ‘Fegi;roupp T ]l
0 ¥ = + * = T T T
L + primary energy E [GeV]
- + v2distribution
- - * 8f = .Ll()?a :-_%
o _+ .I ;f;,r}z i
- + SIBYLL 2.1
: p Fe i.‘}.o;_«i
. o 4 SIBYLL 2.1 N
-1 i
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 0.005
4 4.5 5 .
|g(NJ-L) 2 : 6.5 v
Inconsistencies at the level of 10% to 20% lgNy
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KASCADE : test of new hadronic interaction models
EPOS 1.61

sini proton QGSJet
seni proton SIBYLL
mmm proton EPOS

¥ o)

IIIIIIIIIIIIIIIIIIII

N mnm jron QGSJet
snnijron SIBYLL
mmm ron EPOS

QCD workshop, Trieste-Italy, May 09 Andreas Haungs 28 ﬂ(IT



KASCADE: new hadronic interaction model: EPOS
- unfolding based EPOS 1.61 and FLUKA (with CORSIKA 6.6)

— 10*
— ® proton M helium
= A carbon =3 imi
O o0 0o °o 10" 3 preliminary
O 3 ®o0 % = SSEREERRIR N
!T 10 :_ u : p I o .“‘..:' - %& I
Z .?5‘15 12 % %‘?ﬁﬁ I, B,
~ A A A Al AT AN — 10°¢= proton spectra @tpj] ok
(7, A A é é A = | ? | A bl - AMS EAS measurements i ¢
o~ ] A 1 [ " F ﬁ%
' 107 - l - A = - ¥ BESS m KASCADESH %
E [ | u L A ® [ — | A Caprice or Grapes QGSJet | T
[— - r w ]0) % Ryan { Grapes SIBYLL
- ™~ — "
3 o il WE L v measeien
! Emgm P X -
L 1] [ ] L L ® JACEE ® KASCADE QGSlet
> 10 3 ‘ ® o - [ RUNJOB B KASCADESIBYLL
L - T b *ATc2 Jr KASCADE EPOS
E II]III| Ll IlIIILl 1 I]IIIllI Ll II]III| L III.IIII| L I]II]III | lIIlIII[
-D 2 3 4 5 G 7
% - EPOS prellmlnary 1 10 10 10 10 10 10 10
14 . I ! T PR P kin.energy [GeV]
6 7 8
10 10 10

primary energy [GeV]

-) very proton dominant, but knee caused by light primaries
-) no iron needed
= EPOS predict too many muons or too less electrons (for KASCADE)

KASCADE collaboration, ICRC 2007; J.Phys G (2008), in print
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KASCADE - Test of EPOS 1.6 with hadrons

E 02; E, > 100 GeV Eoos
2F O - _
N e L e = m A o
Ao T et @ a
k=] C ,.Ef o 0
q 0 — ﬁ. ------- ﬁ ----- "_;T,? _ _ 'q
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EPOS delivers not enough
hadronic energy to the ground
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- ~f3-— - QGSJET 01 (FLUKA)
:I 11 ‘ L1 | [ | Ll | [ | [ | L1 | I | | | [
0O 025 05 075 1 125 15 175 2 225 25

I9(N},)

-> energy per hadron too small

- EPOS 1.6 is NOT CONSISTENT
with KASCADE observations!
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Shower observable correlations: Model tests

QGSJET 98
VENUS- J. Phys. G: Nucl. Part. Phys. 25 (1999) 2161

SIBYEET.6

DPMJET I1.55 DPMJETTS

QGSJET 01
SIBYLL 2.1 J. Phys. G: Nucl. Part. Phys. 34 (2007) 2581

NEXESZ

EROSTE J. Phys. G: Nucl. Part. Phys. (2009) 035201
QGSJET I

*EPOS 1.6 is not compatible with KASCADE measurements

*QGSJET-Il has some deficiencies

*QGSJET 01and SIBYLL 2.1still most compatible models

= New models are welcome for cross - tests with KASCADE data
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Callbratlon of the KASCADE hadron calorimeter at
o the ERN SPS
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W|th _gdfons
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Calorimeter at CERN

a measurement
A simulation

o
ﬂ\ml\w DI\

KASCADE calorimeter

—m— measurement
- -A-- simulation
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Unusual events?
Hadrons measured in the calorimeter at an accelerator and in air showers
Fluctuations in shower development,

unusual events, long-flying component
€ In agreement with simulations

S =
= 104 = 104 simulated
c = S -
S =
‘D B ‘D Y A
Q 8 10
% - g 10 g—
2 103 > F
o - S
o 2 102
T - LI -
. B
10 = 10
- - -® mean values (measurement, 9 TeV)
: 1_III|III|III|III|III|III|I
| | | | | | 0 2 4 6 8 10 1
|11 1] | 11 |11 L 1 | | | | Depth [A-I]
0 2 4 6 8 10 1

Depth [A]
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primary proton flux from hadron measurements

i fl .
primary tiux primary proton flux

| ) D
lf}‘he " | ’ ﬁ Doar = (I)O-exp(—%)

WY CORSIKA/ | 5 o[ =
] —A— g
QGSJET | s
3 —k—A
N g "y
E0F * A
= A 2
w - —h—
S s
|:j ; 5 4o —A—
D - —a-A

hadr - - A KASCADE 2003 (no efy veto) ST
[0)] E — A—
- — = A
S 2] -
£ 10 FA KASCADE 1994 (prototype calorimeter) !
o r !
&) [ -
e - <= Fickle and Lamb 1979 :

E.> 50 GeV = (4% Cowan and Matthews 1971 | N | L

5 — 2 25 3 35 4 45
X log (E,.q,0n/ GEV)

hadron spectrum at sea level

Single hadron: EAS did not trigger array
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primary proton flux from hadron measurements

| | primary flux 21271
, : O _ O Proton
AN o - A lron
A o ﬁ S10[
LI, ) N
’ CORSIKA/ T :
QGSJET | S 6
5 i
| =
)
Dhadr o |
- CORSIKA/QGSJET
O-|||||||||||||||||||
E.> 50 GeV 2 3 4 5 6 7

log (E,/ GeV)

Average number of interactions when a single
hadron was detected at KASCADE (simulations).
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primary proton flux from hadron measurements

B KASCADE hadrons
> 10 @® protons
(ﬂﬁi A uncorrected
L — EAS-TOP
3 *
z b
o 10° i
= — < CAPRICE &
— — o HEAT -+ Papini
o ¢ Ichimura O RUNJOB
o | VIMAX % Ryan N\
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uP'Y E +MASS s Webber \
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g C ol ol ol bl bl 3
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Energy E, [GeV]
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Spatial distribution: test of transverse
momentum p; in hadronic interaction
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Hadron Attenuation Length

Method: measure hadronic o -
: § 240 sim QGSJet 01
energy sum at sea-level: < -
2 230
4"~:."u —
X £ 200
»Ey =FEpexp| ——— =
AR T 180
5 —
E 160 — meas
Divide data sample in light and 2 aoF * all
heavy generated showers £ F ® light
'ﬂ: -
120 — B heavy
Z ?5 :r ;103 'IU'D:""l""l""|""|”"|""|""
2 esp - = 5 55 6 65 7 75 8 85
§ °F ] . Energy Ig(E,) [GeV]
5 55 F =
3 = = "E 240 e
= 5 :_ ] E 220 :_ . LT g mOdIfled
= C = 10 & =
45 - heavy = g 200F . (e QGSJet 01:
4f—| L IIII| | | II|II | | |IIII : 1 ;g 130;_ +-)§2‘; meas P-air cross-
3 35 4 45 5 55 g 1F x all section: -5%
tmberofmuons g, 3 e e | Elasticity: +10%
n . . — eavy
Compare Wlth SImUIatlons dI(:',[:':l|||||III|IIII|IIII|IIII|IIII|IIII
5 5.5 (&) 6.5 7 7.5 8 8.5
Energy lg(E ) [GeV]
KASCADE coll, submitted to PRD => Hint for model builders??

QCD workshop, Trieste-Italy, May 09 Andreas Haungs 38 ﬁ(IT



KASCADE Summary

N s _
[ 10 all-particle spectra
v
W)
s . ..
m AlAA.'i
v A #
o™~
£ 1 *ig +£ u
N~
N._u B QGSJet01/GHEISHA
4_
:j 10 @® QGSJet01/FLUKA
& A EPOS/FLUKA o
= A
o

_l Il Il IIIIII| Il Il IIIII|
7

6

10 10

primary energy 1[OGeV]

-) 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
-) result only weakly dependent on low energy interaction model

-) result consistent for different data sets

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

-) all-particle spectra agree inside uncertainties (EPOS a bit lower)

-) proton spectra agree with direct measurements (not for EPOS)
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AorZ?

5~107
% QGSJET 01 /FLUKA preliminary
O - X2
v% , 8 é Q @ @ ﬁ @ x4
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: ]
- O 18-25.9 deg.
- A 25.9-32.3deg.
1 I 1 1 1 1 L1 1.1 I 1 1 1 1 1 1
10° 10’ 10°

energy E [GeV]

Data: KASCADE, H.Ulrich, XIV ISVHECRI, Weihai, China 2006
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Motivation for measurements 100 — 1000 PeV
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KASCADE-Grande :
multi-parameter measurements

100 TeV — 1 EeV
=>large area: 0.5 km?

= Grande: 37x10 m?2 scintillators
=>Piccolo: trigger array
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KASCADE-Grande: Reconstruction

1) core position and angle-of-incidence
from Grande array data

Eoor KASCADE Array |

b 2 ?‘g A3 Grande stations pEm
2a) shower size (charged particles)

from Grande array data
2b) muon number £ e

from KASCADE muon detectors = . . 7770
> :::slm b 350 S
3) electron number X-coordinate[m]

from Grande by subtraction of muon content
>

4) two dimensional size spectrum
for the unfolding analysis
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200; Grande Stations ‘L%%énﬂ KAS CAD E_G rande .
o Single event reconstruction
=100 —
= 0o a single event measured by KASCADE-Grande:
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Way to all-particle energy spectrum :
constant intensity cut method CIC (N )
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Way to all particle energy spectrum :
constant intensity cut method CIC (N )

107 KASCADE

dd/dE [m? s sr'GeV

1 1 I 11 1 | !i
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Present work: investigations of systematic uncertainties....

...... coming next: ICRC

QGSJET Il hadronic interaction model
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KASCADE-Grande : unfolding analysis

— 9 - 18

Zm85 =~ KASCADE-Grande data 107e -,

=577 E 0-40° S R

g 8 E_ preliminary 19”‘ ev\‘ -_‘\‘

=75 E -

3] = %

e |

E 6.5 E_

e “E

S 55

L =

< 3 c.4300 events
45 E v >10%eV
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Unfolding of 2-dimensional shower size spectrum possible

3 35 4 45 5 55 6 65 7 75
muon number [Logm(Nu)]

= energy & composition

=> still improvements in systematics needed

=> higher statistics
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Muon spectra

KG data vs MC

Discrepancy between MC
(QGSJET Il) and KG data

increases with zenith angle.

Discrepancy also found
when using EPOS
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Effect in Energy Spectrum?

— 107
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Discrepancy between energy spectra from vertical and
inclined showers
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Muon attenuation length

Difference between MC and KG muon attenuation lengths
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muon density investigations

T b T 10
é -g.- E ® Data
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- muon (local) density reconstruction possible for different distances
=» composition sensitivity
=> model tests
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KASCADE-Grande

+ model tests

+ PROTON
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