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ASTROPHYSICS AROUND THE ’KNEF’

Forschungszentrum Karlsruhe, Germany

OF PRIMARY COSMIC RAYS

Andreas Haungs

ISMD Krakow, September 2003
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KASCADE-Grande collaboration
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‘Cosmic raysl

Source >  Acceleration > Transport

Injection

Stellar matter Spallation

& balin/Faszac t'_i-:::-ff .-'E‘-:allt-;'.-.-:::l'.- :

Experiments
Supernovae
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\The Problem |
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What is the origin of the ’KNEE”?

® change of the cosmic ray
sources ? (source, acceleration,
composition)

® effect of transport mechanism ?
(leaking from Galaxy)

® effect of interaction of CRs in the
atmosphere ?

10"

Energy per nucleus E (GeV)
Experimental access:

all-particle (single mass group) cosmic ray energy spectrum

—> knee position(s): x Z or x A ??

investigations of the hadronic interaction mechanisms/!

elemental composition around the "knee”’!

anisotropy of cosmic rays around the knee”!
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primary particle —»

shower axis

zenith angle

= = = =

detector array central detector / N

Primary Particle

nuclear interaction

KK’ <7 with air molecule J/&
Y o
T, niﬁ, K —:Hn"LLH
- Y Y
hadronic ¢¢/ ¢ N ¢ N
cascade e e e e e e
Cerenkov
radiation
+ + — - +,7F + - + -
Wopoveov,ou p, n, 7w, K, € Yyeyye vy e
nuclear fragments
muonic component, hadronic electromagnetic
neutrinos component component

schematic views of EAS

Extensive Air Shower — EAS

«— First interaction (usually several 10 km high)

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

Measurement of Cherenkov
light with telescopes
or wide angle pmts

ATA

Some of the particles Measurement of
reach the ground fluorescence light

l

Measurement with
scintillation counters

—1 [ ||

—
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

detection of EAS
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‘The all-particle energy spectrum I

2 10'f

°

(O] % Yakutsk A Tibet
T O Norikura
‘_cn R * HEGRA
'm xA A A @
o 5P, o 0 ) .

! o) il Bt el O 8, ¥ & Casa-Mia
£ Sl _fffggM/A

10 © O YR 0P hi,

o T 0 ) 0 g HAA

=) ro:7 0 9% gy

w Val 0y Ui

©.03| AE =15%° ¢¢"?‘m

wi 10 O , el A N
) A KASCADE (QGSJET;NN) ’u}+ "
) ® KASCADE (VENUS;NN) o ot
x + KASCADE (QGSJET;fit) o
= o
g | . . . R

©

10° 10"

primary energy E, [GeV]

Average values from 14 measurements = variance:

Erp = (3.24+1.2)-10'% ev

slope below knee: v; = —(2.68 3 0.06)

slope above knee: 72 = —(3.06 £ 0.08)

flux at1 PeV: (2.73 £ 0.70) - 109 m—2s~1gr—1Tev—1
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‘The elemental composition I

huge spread of results — why ? e which observables ?
e which Monte Carlo model ?
mean logarithmic mass e which method of analyses ?
A e sensitivity of the measurable ?
< ® KASCADE: Core Structure Investigations . n
= 4| Y KASCADE: Multivariate Approach (QGSJET) —Fe o caICUIatlon_ Of n_“ean mass -«
Y A KASCADE: Multivariate Approach (VENUS) e energy estimation ?
¢ KASCADE: Shower Size Ratios
3.5}F
Mg depth of shower maximum
3t — 700
£ L % YAKUTSK
2.5} N % L v BLANCA
) erso | A HEGRA B DICE
e : |
2 > 600 |
1,5;' 550 |
—He
= 500 |
1 I “~? I
* HEGRA-Airobicc: : I
0.5 % Chacaltaya 450 ¢ — QGSJET 01
* MSU Y DICE :
% HEGRA-CRT O BLANCA B
Ig (E,/GeV) primary enerdy S

——> challenge for the experiments
——> motivation for the theory
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‘Origin of the knee ?? I

Eknee,A x Z X Eknee,p Eknee,A x A X Eknee,p

Maximum of acceleration Escape from our Galaxy: New channel in

process: high-energetic interactions:

e.g. magnetic rigidity
EmaX < Z X (L X B) Corre.sponding to On? e_g. Production of new
By < 7 - 1015 v crossing of the galactic heavy particle
disc relates to or
e.g. in Supernova Emax < Z -3 -10'° eV  Transformation of energy in

Remnants gravitational energy
. or
Interaction of primary with
relic neutrino
or ...

Development of cosmic-ray ait showers

@ - Primary particle
@ ‘ (e.g. iron nucleus)
MN \qi first interaction
/5%-( \XJ o
30
PN

wy T piondecays

b

18 : 9.
7 o : rloa
I/ 1 i % .
st MN e ) second interaction
) £
e
)
. ®
@

T
.
s
K
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‘Origin of the knee ?? I

example: knee by reaching maximum of acceleration

PL.Biermann et al. 2003, preprint astro-ph/0302201

two component supernova acceleration
-) supernovae in interstellar medium

=- cutoff in the 100 TeV range
= low energy protons

-) supernovae into their own stellar wind

= cutoff at Z - 10'° eV |
=- source composition heavier

— final cutoffat Z - 3 - 1017 eV

E*"*dF/dE (m'zsec'lster'lTeV”S)
(=)
ek

Eknee,A x 4 X Eknee,p

p—
TT

JACEE RUNJOB

B - Proton

B - Helium

W -Al

+ CASA-MIA

A DICE

O BLANCA

O KASCADE_01
g KASCADE_02

X AKENO

v HIRES

% FLYS EYE
Stereo

10’

10

3

10° 10°
Primary energy E, (TeV)
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‘ Source of galactic cosmic rays: SNR’s ?? I

hints by: TeV ~y-ray astronomy
H.J.Vélk, 2003, highlight ICRC 2003, Tsukuba, Japan
E.G.Berezhko et al., 2002, A&A, preprint astro-ph/0204085

TeV ~-production by inverse compton ef-  at source electron and
fect of electrons which produce also syn- Proton acceleration !?

N - 0
chrotron emission. TeV ~-production by 7“-decay.
T = T T T T T T T T T T T T -
W E—pas —t——————— EGRET — . - . - . - .
| upper limit— e [l oR BRI = - ok i
oy I | 1] % EGR CANGAROO
IK ' CANGARQO T ﬁ"
10— g ' N | T - - :
A == E—"ph 'e T -
| B e e el e e B i I S -
; H. s i s wao B /, — — \ 7
[ 0 N
7] 10 — ) k — i o7 i . | L
2 — — : — 1 B— L Inverse f;'(, : lk NU
S A 1 Comptan’ 4| i
“w T TN T T T T T AT [B=4u6{ 4 F 1 o
5 Sj,rnchmtrqn ff !
& S - & decay —|—|—7
= —— —— /— || parent proton— |~ 1~
5 7 [ spectrum |
L ¥l a=22 | H L
| / Emu=5e15 :
— — _ : No*Efo=2.5 — 1 S B
S ) e S e | e OOy o 1 o 1
107 10’ 10° 10" 10'° :FA Haungs ISMD 2003, Krakow — p.9/31

photon energy € [eV]



‘Origin of the knee ?? I

example: knee by change of the efficiency of cosmic ray confinement in the

Galaxy

J.Candia et al. 2003, JCAF, preprint astro-ph/0302082

Diffusion/drift model of cosmic rays in-

side the Galaxy

-) constant source spectrum according

to direct measurements at 1 TeV
-) account for a regular magnetic field

-) account for a random turbulent field

= FE < Z- Eknee,p:

dN/dE o E—P—0-33

= FE > Z- Eknee,p:

dN/dE < E~P—1.0

Eknee,A x 4 X Eknee,p

10'

10°

10°

10*

O0AKENO 1km> O AGASA amee r=3 kpc
& CASABLANCA m STEREO FLY’S EYE rs=6 kpc
A DICE AHAVERAH PARK  emsm 1 =3-6 kpc
% KASCADE v YAKUTSK am extragalactic
T + PROTON
510 &> TIBET
- 17,
o
E
>
2,
e
=
=
>
=
N
10
OHillas

@ Fichtel & Linsley
r=3 kpc
r =6 kpc
r=36 kpc

10‘15 1016

I
1017
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‘Origin of the knee ?? I

example: Cosmic Ray particles transform energy in gravitational energy

D.Kazanas, A.Nicolaidis 2001, preprint hep-ph/0109247

Graviton production in pp collisions

initial galactic and extragalactic components

-) free parameters: fundamental scale of gravity M, in 4 + § dimensions

)
-) probability of graviton production
)

)

-) the graviton is unseen in air-shower
= to fit measured CR spectrum: M; = 8TeV, § =4

Eknee A X A X Eknee,p

Flux*EA3 [eV*2/(m”2 s s1)]

1e+26

1e+25

1e+24 [

1e+23

Observed Spectrum ——
Incident Galactic -
Incident Extragalactlc rrrrrrrr
sa Blanca ©
. Tibet +
Fly’s Eye ~s—

AGASA ——

14

15

16

17

18 19
Log Energy (eV)

20

21

22

23
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Measuring extensive air showers |

<— disentangle 3-fold problem:
E, A, interactions !

——> measure as much as possible
redundant EAS informations !

——> multidetector system to get
information from different EAS par-
ticle components !

Primary Particle

V

nuclear interaction

KJ-', K’ = with air molecule ¢&
+, TE— +

£ 0
T <K,K— 1’

NV A

T

u Y Y
hadronic L/‘l’ ¢ N ¢ \J
cascade e e e e e e
Cerenkov
radiation
+ + — - TKJ—' + - + -
Wwopooveovou p, N, T, K, e Yyeyye Yy e
nuclear fragments
muonic component, hadronic electromagnetic
neutrinos Component component

KASCADE-Experiment Monte-Carlo Simulation

Primary Energy E
Primary Particle A

f

shower axes CORSIKA

primary particle —,

DPMJET
QGSJET
SYBILL
VENUS

zenith angle

‘e 4

shower disk: ~1m '/".,'." {

; CRES

Detector-
IDataAcquisition | Response

/ f

KRETA

Reconstruction of EAS-Observables

e.g. N, Nh, Ny, Lateral Distributions, ...

'

Comparisons

of the distributions

Neural Nets, Bayes Classifier, ...

PN

E. s A o Tests of

Energy Spectra High-Energy

Chemical Composition Inter=~tion Models
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KArisruhe Shower Core and Array DEtector
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KASCADE I

Muon Tracking Detector Central Detector

B - B mmmmmmm
I | — lonisation chambers Top cluster Iron
g
T .5, N — Trigger plane ’7 Lead shielding —‘
=~ —
7
Z Z Z
o Z Z &
7
g a a a (5] Z
4 = = [mm] = N\
u [=] =] [= =] a =] =] = a a
j=)
&
Bf +B

\B B &8 g
( [=] = = N ]
=] =] a a [= =] =] 2
Muon chambers Concrete
[=] =]

[sssissslieenlseed e

[ ]
( B = o h = m© o t a o j Streamer tubes

| L e i g
P

} 200 m y J /

/ / \ Electronic Station % ( 1 ot ——or f

o o
“... Ty

] a a

]

=] =}

o o

Array Cluster Detector Hut

!

0 10m 20m

KASCADE Array KASCADE Central Detector
® glectron detectors ® hadron calorimeter

® muon detectors (E,, > 230 MeV) (En > 50 GeV)

® tri lane (E 490 MeV

® muon tracking detector rigger plane (£, > ev)
(= 200D R
[y
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‘ High-Energetic Hadronic Interactions I

The problem

® extrapolation of cross-sections to
‘'unknown’ energies

@ multiplicity of secondary particles
in high-energetic interactions

® extrapolation in extreme forward

direction
e diffractive part of cross-sections

—> see talk Ralph Engel
—> see talk Jens Milke

CORSIKA cross-sections

= F

& 650 o Mielke et al.
~ E o Yodhetal
P00 |- A Aglietta et al.

550 [~ ¢ Baltrusaitis et al. ] rescaled by
[ * Honda et al. Block et al.
500 |
I — Block et al.
450 [ e Frichter et al.

— DPMJET IL55
350 S Cia
++ ---- QGSJETO1
300 [u]
G OL®
250
| | | | l vl | | | l
1011 1012 1013 1014 1015 1016 1017 1018 1019 1020
E,, (eV)

dN/dy

dE /dy (GeV)

s88BB88888

N
TTTTTT

-
TT

_Rapidity (in pp - collisions)

[ particle production,

energy production

Multiplicity (in pp - collisions

’
’
’

— DPMJET 2.5

--- QGSJET 01

A UAL/UAS
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‘ Energy and Mass Reconstruction I

ccccccc
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Measurement:
KASCADE Array data
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Examples

Array

Electrons

[,w/ASI

]

usodoap ABisua

Run 3226, File 2, leve 65041, Ymd 10215, Hms 225810, Neds 250, Npds 138

= (36.7,228.6), log10(Ne)=6.14, log10(Lmuo)=4.66

(-45.4,-51.0), (Ze,Phi)

(Xe,Yc)

:FA. Haungs - p.6/28



Unfolding Methods at KASCADE |

searched: .
E and A of the Cosmic Rays £
given: &
Ne and N[T for each single event £
= 5
——> solve the inverse problem o
é 4.5
4
3.5
3
- —_ tr - 4 5 6 7 8
with = (Ne’ NN ) and x = (E’ A) electron number Ig(N )
Gold-Algorithm Bayesian-Approach

— dJa(lg E) Monte-Carlo Simulations:
aien =2 “fpe paleN[1gB)-dlgB 50 T e ™ L (g a))
with p A by Monte-Carlo simulations. y= R _ ?

With response matrix R 4 : Bayes-Theorem:
= A A =1 Yyl )-rolx
yi = )  Rfj-x;
J=1 —
—— iterative minimization of X2 iterative procedure to get spectra

Monte Carlo simulations using CORSIKA
with GHEISHA2002 and QGSJet2001 / SIBYLL 2.1
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‘Results: Unfolding KASCADE Datal

flux IE ;) - E*® [m2sr s Gev'?)

QGSJet SIBYLL
B sum of all B sumofall
. preliminary ® proton i~ [ preliminary ® proton
A helium S . u A helium
_....Il. carbon 8 L .....l. carbon
A u [ | V¥ silicon v » an V silicon
AAA, A, ._ : w .= :
A | B iron - Lk * r - . T gL iron
L A A T T T - 10 | i R & I JE N N -
C A Hlm T '|' | ® C AAa, - X T L E T
00 %e ¥ m] I I a izt 1w i
i °_ i 1l l' 5 -;¥Ti* lIIT 'll
- N = “ “ I T i A I T E Y u-, | ‘ . . x L . f I T +
. L Tl141 W L1lx T . L3
: ° i1t i . [tinnt Tl ::l 1141
l Y : .. [
gt i I
- v x - + 4
Et 3 Tl'e Y S L [ 0 T
SR A 1 S ¢ K
N v. .l | J L1 YT | Ny LI P A
10° 10’ 10° 10° 10’ 10°
primary energy E , [GeV] primary energy E , [GeV]

® knee caused by light elements
® Fynec(A) x Z seems probable

but

® strong model dependence for the relative dependencies of the various
mass groups
® both models do not describe the data distribution sufficient enough
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Influence of Interaction Models |

positions of maxima of Ilg N, — Ig Nﬁ’“ probability distribution

<5} SH w
z °F /’J 5
o0 C -~ p (j %
7.5 % <
= G
- (=]
7 :— g
65
p R * H, 0GSJet
= H SIBYLL 10
S5 o Fe, OGSJet
m Fe SIBYLL
1
5 Zl 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
4 45 5 5.5 6 6.5
lg Ntl‘
siBYLL
E 5
5 2
i NQ" =
=

I 0.005 I 0.005
0 0

6.5 4 4.5 5 5.5 6 6.5
Iz Ny o NI

position of xz-contributions in the data planeg "
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Sources of Uncertainties |

® high-energy interaction models
® low-energy interaction models

® selection cuts ?
® Monte-Carlo input

e unfolding procedures

flux IE ;) - E*® [m2srs? Gev'’]

Gold algorithm - QGSJet Bayesian approach - QGSJet
L(')r_| I I I I ‘ I I I I ‘ I I I I ‘ I I I I
. Dreliminary : ;L;;nt :’J:all ‘_-% OOOaﬁooo..'.... KASCADE Preliminary :
A helium
i SpEn L | - ?af’bon O 3 ."'..0..

A [ V' silicon A — .
_ addas, A, : oa & - ? ’ 88888888880000 P ....... ® Ir
- A m] i B
N | eesaetiety, e
[ _ T Ee g1, ill I } ol E .". %0000, **%oe® " ¥
R T L e

I Tt S 102 ’ #5:5_ %
_i v I 1 " w 10" o . é g §
T2 2R g | J x - %sta’nsncal uncertainty % E
_Ill v .|, IIJ'.| P A I;u_/ SR R R A R R SRR NN R N N N ;
10° 10’ 10° a 6 6.5 7 7.5 8
primary energy E , [GeV] lg(E/GeV)

® Knee caused by light elements
® Fynee(A) x Z seems probable
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‘ Comparisons I

all-particle energy spectrum
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@ ©
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‘ Muon Density Measurements I

Muon Density Spectra

Ratio of muon to electron
number is mass sensitive !:

/ /
po po 0 Ap )
N. = f(Ne, Xo, Ae, ©)
X =observation level,
A =attenuation length

::?0 sE g electron-rich <— : — electron-poor
= r N
S 03 |
2 Fe
St
P25 |

02 | data

015 |

01 |

0.05 [

t QGSJET .
o Lo 1 1 il

S0ss05 0%
Y =1g(N,"V1g(N,”)

= L
0.5 0.55 0.6 0.65 0.7 0.75 0.8

Knee caused by decreasing
flux of the light elements !

examples
7
— 10
b <R>=455m ® ”all” EAS
& I A ” electron-rich ” EAS
E O ” electron-poor ” EAS
= W
H(IJ L
& AAA A,
g
«
(o]
! ~ 0 O 6060060600060 Y™
< oY
o | EP=24GeV
x/.\« L | L L L | L L L | | L | | L
Z 0.9 0.8 0.7 0.6 -0.5 0.4
Ig(p/m™)
<R>=455m ® ”all” EAS

?l,)Z.O [m-ZS-lsr-l (m-Z)Z.O]

P (p

NG p

A ” electron-rich ” EAS
O ” electron-poor ” EAS

AN
Ommmmmmmﬁ)@@@@

I EE‘=490MeV
L

o oD
OO O O U UL

-0.9 -0.8

-0.4
Ig(pm™)

KASCADE (A.Haungs), Astrop.Phys. 16(20°2'373

A. Haungs ISMD 2003, Krakow — p.22/31



‘Where is the proton knee ? I

different interpretations of the data
direct measurements (good proton identification, pure statistics)
TIBET experiment (163 events ! , proton selection model dependent)
KASCADE experiment (good statistics, proton selection model dependent)

¥ T ||||r1! T T IIII'II! T T r|1||r] T i 1 L Ll
T R T T R L L JaLpl. |

- 10 Kawamura +

5 ‘RUNJOB ¥
o . SOKOL *

. . " USSR A
s

=

m ................. p—
. 10" :
=

o

& Il .

ﬁ':l Thet (205 ® - .

. KASCADE(2003)¢ . . % L 3 !
= 10 unaccompanied hadron < . :

EF\S—TQP : I
| ] 1 | ] 11 -I-r II 1 1 1 1 111 Ii 1 | 1 L1 111 | 1 1 1 L_L 1 81
10° 10* 10° 10" 10"
Primary Energy [eV]

<= conclusion not possible with the present precision of the measurements
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present situation of the knowledge:

<= conclusions not possible with
the present uncertainties of the
measurements

=> future: long flying balloons with
larger sensitive areas (detectors of
small weight)

Direct measurements? |

E,” dUdE, fm'sec’se ! (GeViparticle)' ]
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‘Origin of the knee ?? I

example: knee by different classes of Supernovae
L.G.Sveshnikova et al. 2003, preprint astro-ph/0303159

supernovae as source of cosmic rays
-) different classes of supernovae

-) different abundancies of the SN
= cutoffs at different energies
=- source composition changes with energy
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....this seems to be a reasonable supposition !

by Acceleration (max Energie at SNR) ??
or by Transport (escape from Milky Way) ??
or a mixture of both effects ??

<= conclusion not possible without knowledge of the ’right’ interaction model!

AN
< ,| —— Model: Berezhko (1999) —re
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‘ Anisotropy I

~ 103 events are analyzed to find anisotropies separately for all events,
enriched light and heavy samples, and for -y candidates (muon poor).

Large scale anisotropy:

Harmonic Analyses Autocorrelation
. of 1000 largest events
——> no anisotropy seen —
< 9 ——allevents 1 39 T ]
2 : 1 5 T i

D -0.5H electron rich 1 s
= |-~ electron poor el & B

1 ] '
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lines: point source analysis:
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(level of sensitivity) G.Maier (KASCADE), 28tP Ic. 2003
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Gamma search |

search for gamma induced EAS
e N, /N.-ratio
e slope parameter electrons

flux limits:
e smoothness of e-lateral

distribution
| | | | | | | |
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Motivation for KASCADE-Grande |

KASCADE sensitiv§ region

lron-Knee ?
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KASCADE-Grande |

£
= 100(— " a
— | ]
0 _— - .
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Grande Array:

37 x 10m?
scintillator stations

Piccolo: 8 x 10m?
trigger stations

+ original KASCADE

Detector areas:
® 965m? for e/

® 1070m? for
(4 thresholds)

® 300m? for hadrons
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‘ Summary (personal view) I

* knee is caused by light primary elements
e composition becomes heavier above the knee
* knee position most probable varying with charge Z

* interaction models have to be further improved

interaction models do not need "new” physics

* knee is by a mixture of
acceleration, reacceleration, and diffusion effects
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‘ Summary (personal view) I

* knee is caused by light primary elements

e composition becomes heavier above the knee

¢ knee nnsition most nrobabhle varvina with charae 7

YEAH, ALBERT.
| YoU DON'T MISS | —
/ ANYTHING WITH | &7
"\ THESE BABIES! /
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