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Questions to the knee-to-ankle energy range

'Tm air shower measurements
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Questions to the knee-to-ankle energy range

air shower measurements
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Questions to the knee-to-ankle energy range

'T: g air shower measurements
o100
VI L]
o  F
E - .
=10 — N
= L1 o
LI.Io 3 .I ...
u-lcﬂO — .‘- ....
E = — . o..
=10 — e
B C o ..
= 7 ®e
[ 10 == . ..
direct measurements % °s
< . ®e
-9 | o. °.
10 - b\\‘ . o...
1 — i ,»(\ ° °,
10 — .o. .0.
: ¢ .
-13 = "“ 'b(\\b .. ....
10 — B direct measurements (protong '.. °e
s F ® direct measurements (all partifles) kﬂu} ., . .
10" £ 4 airshower data (all particies) N Fine-structures in spectrum?
— ' °
10-1? Cvd o] ol ol 1 T %
[ ]
102 103 104 105 106 1 d l(.'!El 109 10 h 10” .. Iron knee?
Enerdy E , [GeV] ",
[ ] -
I s i ki ” End of Galactic Spectrum?
0" g -
' AT e KASCHDE(QGSIET O1) HiRes-MLA ...
- KASCADE (SIBYLL 2.1) HiRes 1
W S bocpamet b ~. Second knee?
L[]
10 B °

&
el
=]
w
@
]
£
1Ty
=
-
~
w
x
>
=
=
&
]
&)
wy

LY ay
= HERA | !-p) HE (g LS
10 RHIC {p-p) Tevatron (p-p) L
10" " T 10" 107 107

Energy  (eV/particle)

°'-..Transition galactic — xgalactic?

10" 10%

Engel, Blumer, Horandel:
Progress in Particle and Nuclear Physics 63 (2009) 293

Astroteilchenphysik

Deutschland

20-21/09/12, Zeuthen

AT

Andreas Haungs 4



Measurement Technjques of Air Showers

energy ?

mass ?

arrival directions ?
Interaction mechanism ?

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

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

M t of Cherenk Measurement of
ealf:ULemf-:‘nh G’| ones Some of the particles fluorescence light
o Emt el reach the ground
or wide angle pmts

Measurement of Sy
Measurement with radio emission

scintillation counters l \ \“\

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

. —

troteilchenphysik = \‘(IT
Deutschland: W 50-21/09/12, Zeuthen Andreas Haungs 5 =\




Present Main Experiments 1016-1018eV

' KASCADE-Grande L IceTop (IceCube)

KIT, Wuppertal, Siegen . DESY, Aachen, Bochum, Bonnti o
Dortnwnd Mamz ‘Munich, Wuppertal*‘-"
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el B 50 5 1/00/12, Zeuthen Andreas Haungs 6 N\



IceTop

Tunka

Measurement of Cherenkov
light with telescopes
or wide angle pmts

Measurement of particles with
tracking detectors or calorimeters

Astroteilchenphysik

Measurement Technigues of Air Showers

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

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

Some of the particles
reach the ground l

Measurement of Sy
Measurement with radio emission

scintillation counters \ \“\

\}\\
/ NN S

| —

Measurement of
fluorescence light

W _gvleasurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
muons deep underground
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KASCADE-Grande
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® « Energy range:
e Area: 0.5 km?
e Grande: 37x10 m? plastic
scintillation detectors -
e Nch + total muon number e e, X
. .D.Apel et al, Nucl.Instr. and Meth. A620 (2010) 202

" mn e g ——

in Deutschland
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KASCADE-Grande: the data

~ 9 = /)
zf’ - KASCADE-Grande data .- o
\—r‘c_ 8.5 E_ 0°- 40° ‘\0“‘\639 ‘.“10 g:-‘:.:{ : - | g
o gE¢ 1.5-10°events 0% i —10* 5
S — 0° B
& 75K -
rT) — Q
= 7E 10° 2
- = &
S = =,
2 65 c
8 =

o 6 = 10?

E = = M2

c il Nl

o 5.5 = N

b =

o 51— . ) 10

- — « also line of

(<)) — full efficiency

Q 45 "

- - ' 10%ev

: 4 _I L1 1 I L1 11 I L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 | L1 11 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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KASCADE-Grande: reconstruction of
energy spectrum and composition

l0g4(E) = [a, + (are-ap)-K] -10915(Ngp) + b, +(De-bp)-K
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- composition sensitivity
- light/heavy separation

- N0 composition dependence
- AE/E ~ 20%
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KASCADE- ¢,
Grande =7 PR, g

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

TIBET-Ill (ApJ678(2008)1165)

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

TUNKA (Nucl.Phys.B,Proc.5up.165(2007)74)
KASCADE-Grande (QGSJET II), this analysis
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KASCADE-Grande: Spectra of individual mass groups
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Phys.Rev.Lett. 107 (2011) 171104

Astroteilchenphysik

9
log (E/GeV)

- spectra of individual
mass groups:

=>» steepening close to
1017eV (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 1017eV

and \
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Astroteilchenphysik
in Deutschland

-

20-21/09/12, Zeuthen
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e Energy range: 100TeV — 1EeV
e Area: >1 km?; 675m asl

e Cherenkov-experiment: LDF
e 2011: Tunka-133 is extended

by 6 distant external clusters

Andreas Haungs



Tunka-133: reconstruction of
energy spectrum and composition

Experimental data fitted with LDF light flux at core distance 200 m
3 :

Q(R) = F(R, p) Qao ~ ENETGY
_ o ' steepness of LDF

P :Q(]_OO)/Q(ZOO) > XmaX
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Tunka-133: all-particle energy spectrum

O ®- Tunka—25 Y1—3 24 £0. 01 - :
X ; - all- particle spectrum:
TL o5| ®-Tunka- 133(450m) YZ_ 2.97 £0. 01
10— ¥5=34-£0.14 .. |
O :ﬁﬁﬁﬁiﬁ;ﬁ}LLi;;;ﬁiﬁiﬁﬁﬁéé&ﬁ;iﬁIIﬁﬁﬁﬁiﬁfﬁ:ﬁﬁfﬁﬁfiﬁIﬁ;ﬁﬁZiﬁﬁ:ﬁﬁﬁﬁZfﬁﬁﬁﬁfﬁﬁ:ﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁ;ﬁﬁ:ﬁﬁfﬁﬁfﬁfﬁﬁﬁ =>» hardening clearly
T I N I visible
f - --°’_-_@%=‘-_@% S -> steepening visible (little
e P R s .U#H above 10'7eV) with outer
- | | * l clusters
* 1
. | =>»calibration by Monte Carlo;
1024 Comblned energy. spectrum composition assumption
1900 events > 1017 eV _____ﬁ'_f'ﬁﬁiﬁ""""ﬁﬁf_ﬁ:jf_ﬁ
1.5 1 6 1 7 18 .
Ig(Eo/eV) Kuzmichev, ECRS 2012, Moscow
os(E) = 8% at E=6 10" eV from QUEST experiment
SyS(E) = 15% at 108 eV uncertainty in calibration factor
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Tunka-133: all-particle energy spectrum

y1—324+001

BT vz 297 0,01 - all- particle spectrum:

g25| i Y5=344014 _
g ;éé'i'éisb ..... el TR => hardening clearly

visible

=>» steepening visible (little
above 10%7eV) with outer
clusters

*E,", (M~ "*sec™ *ster™ xeV’)

=>»calibration by Monte Carlo;
composition assumption

| ..Combined energy spectrum . 1
ﬁﬁﬁ_'ﬁ'_ﬁﬁﬁ_'ﬁ'_1_'9_ﬁQ'_Q_'ﬁﬁéﬁ\ﬁlﬁéﬁﬁtéﬁﬁﬁ%ﬁ'_leﬁ?Tﬁﬁéﬁé_\ﬁj/_ﬁﬁﬁjﬁﬁﬁﬁIﬁﬁﬁﬁﬁ_'ﬁﬁ'_ﬁﬁ_'ﬁﬁ'_ﬁﬁﬁﬁﬁ'_ﬁﬁﬁﬁﬁéﬁﬁﬁﬁjﬁ (-
| | |
15 16 17 18
I9(Eo/eV)
os S(E)=8% at E=6 10" eV from QUEST experiment
(E) = 15% at 108 eV uncertainty in calibration factor
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Tunka-133: all-particle energy spectrum

®- Tunka-25 | |
®. unka= 133 ( 450 m) ? - all- particle spectrum:
i A Tutka===- st

| ®_ Tunka-133(800m) = 0-QF. B =S _
N &-m Egjiii = 0:95-Eg =>» hardening clearly

Rt SR Fosssmssmoasor — visible

Q
N
n

K %§ﬂ3+ =>» steepening visible (little
*&%§¥*§*¢+* + above 107eV) with outer

t, |
+*,. clusters

=>»calibration by Monte Carlo;
composition assumption

*E,’, (M~ xsec™ *ster™ xeV?)

e COmbmed energy. SpeCtrum
..1900. events >0 eV e i

15 1 6 1 7 18 Kuzmichev, ECRS 2012, Moscow
Ig(Eo/evj

os(E) = 8% at E=6 10" eV from QUEST experiment
(E) =15% at 10'® eV uncertainty in calibration factor
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Tunka-133: composition

PRELIMINARY

2

~
N
]

—-2009 2011, R=450 m, old proton
® - 2009- 2012 R= 45Dm |
B —52011 2012, R= EBoom

- mean mass.

Xmam g*Cm-
~J
o
o

(o)}
€n
O

=>» tendency heavier at
hardening

- | =» tendency lighter at

steepening

EEEN Ilé'll"lllélll

550 s e

[ —- OGSJiET—OW =» absolute scaling

hafrdening Séteepeningj

.+ N B B BT R
s 7 75 8§ 85 9

10g10(Eo/ GeV)

Kuzmichev, ECRS 2012, Moscow
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/ 'Y J S S o Tank A
,f : o Tank B
2 - ® Holes
micL
poi
4 ,ni
" Y

\- A3 4 :c
b P e Energy range: PeV — 1EeV d/

e Area: 0.5 km?
e 2835m altitude (680 g/cm?)

e 79 ice cherenkov stations

e L DF + particle density at 125m
e in-ice high-energy muons

£
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lceTop: Shower Reconstruction

Run 116545 - E\:'Egt 58761981 - SubEvent 0

- =
E - - X 5 4w . S, = 21675+ 11.14
- s ® ® VT2 = - +
s00l— © ¥ o o 5 ® . 3 B = 3.17+0.06
- &8 . D [(emme=—
- ® 63 = ~ . 59 @ 10’ S125 I
&0 g 62 @ “ BT 58
200 - @ ?; 5 B @ av 20— 11 :
- y 5 4 365’ o w6l L] 10 :
L 42 @ B 3 e |
M ar — 1
0__® Gf)z@ 3 ¥ ® (f) @ 2 @2;8 g 108 1 :
L @ ’
- 7 2 5 @ ® @ ® — 106 : Tl
-200— ® e A ® @ é AN ' ppe ! i I I
- 13 “ 1 l
C & &L @9 | oa | 0 0 I
sl & d @ D | (f) . : 107 - Hth Gain@d =115 , ¢=330
R P ({_;3) & @ . & Ldw Gain 17 . l
B L 1 | L L L | L L | L | 1 1 | 1 1 1 | 1 10I2 1 1 1 I Ivl 1 1 E|:| 2.90 -I lOI 1 ev (IHI aw’mtlon)l 1 I 1 1 1 1
-400 -200 0 200 400 600 ", 100 200 300 400 500 600 700
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S;,5: signal at r = 125m
B : slope at r = 125m
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lceTop-26 All-Particle Spectrum 10%°-1017eV

% 10° =
T T Proton assumption
3 e
:Eu L
s L
as
®l= 0°<0<30° .
%10“_—%30"2&;40" g | Lo s
[ 400 <0< 46 10° [ = | 30°<8 <40
A R B R B R - [2]40°=8 <46
0 0.5 1 1.5 2 PR T AN TN N NN T A TN N N T AN T N N N AN TN NN NN NN N BN
log(E/PeV) 0 0.5 I 1.5 2
(a) Proton assumption log(E/PeV)
(c) Two-component model
:? 10°
+ o f = Energy spectrum with composition
% - assumption
W[ = Composition sensitivity of shower
S - attenuation with zenith angle
z
" | coose<an =>Knee and hardening visible
R SO iron assumption
- [ a |40°<08<46° .
AN SN > Pure iron excluded
0 0.5 1 1.5 2
log(E/PeV) _ _
(b) Iron assumption Submitted to Astrop. Phys., (arXiv:1202.3039
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Sept 17, 2010
run 116545
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lceTop-40/lceCube-40
Composition Method

K70 is a measure of muon bundle size in
IceCube (analogous to S125 on the surface).

Neural Network Analysis:
Input: S125, K70 from 1 month of data
Output: Primary E & <InA>

log _(K70/PE’s)

on
T

In-ices 3

=
T T

P_u_re__-i!rqn |

L 1-062 Pure proton
-0.5 1.5
IceTop Iog [S125NEM}I

100
=
% w 05
& Sl Protons
0.45 .
80 32 5 Helium+Oxygen
0.4
s |—lron I
So.3s
E7| e Data
60 03
0.25F ++
40 U.‘E—
c-.1f_ ——
2 05 P S —
o5 61 02 03 04 05 & 07 OB 9 I 1
0 NN Qutput: Type
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lceTop-40/IceCube-40 Spectrum & Composition 101°-1016-5eV

=»advanced method of combining energy and composition
reconstruction (smaller energy range, less statistics)

(. é 5.
= < .
8 A
'.'I_ 5
- :
h E 3 B 3
""-"E #i_,ﬁ% 1 - I =
> Iy D * é" o[- ) =
I.I_=. o CASAMIA I L ;-[ x % i {’ %
#*  KASCADE : H |
+ TIRET-SIB ' E Llé 9 {:
pr o TIBET-0GS 1__1 i [ J %
- 104 - 7 e - &'m measurements
~ TIEN SHAMN Cen HE&ADE
B — .
% ﬁfﬁ;ﬁ?::f e OF 3 SPERS s # SPASE/AMANDA-B10
L * ICETOP-26, 2-component * _ :le._DFl'iC Cube-40, thes work | Ij EE:IFI‘—:F&A“:I‘EI‘ X SPASCIAMANDA D work
| n ICETOR-28, NN -;Dﬂ.DP'lcuELbnrdl:l. 88, BrTors C & HEGRA .::F'I"'ugl-; l-aj:a:.l |f?EC'-ID&"IGETupL4ﬂ.sy5_ ermml
[ L [ I | | 1 _1 1 T | IIB 1 | I T I A | 1 |||||||8
10 1DT 0 : D? L
E/ GeV E/GeV

=>(first) knee clearly visible
=>composition gets heavier

=>hardening seems to be there

Submitted to Astrop. Phys., (arXiv:1207.6362)
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lceTop-73 Data: Preliminary Energy Spectrum

—10°
=
(O]
O
L
w
I(D
o
S 1
N— 4 = o
x 10" — +
20 it T
LL _ PRELIMINARY i ¢
; L ° IceTop-73, proton assumption Pl I
LLI | ) IceTop-73, iron assumption o
IceTop-26, two-component, systematic error
B v IceTop-26, two-component
[ 1 IceTop-26, protons, systematic error ®
B A IceTop-26, proton assumption
(77777771 IceTop/lceCube-40, sys. errors
* IceTop/IceCube-40
| | | | 11 1 I| | | | | L1 1 1 | | | | | L1 1 1 |
7 8 9
10 10 10
E/GeV

= best statistics, full energy range

=>» calibration by Monte Carlo; composition assumption
=> hardening clearly visible

= steepening visible (little above 107eV)

=» all methods agree to each other S.Tilav ISVHECRI 2012
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All-particle cosmic rays energy epectrum

KASCADE-Grande - Tunka - IceTop

« Same structures observed
» Absolute scale difference: <20%
(despite different observables and observation levels)
€ within systematics (by method and composition sensitivity!)

I |%)
10}
@
@
©
4
>
i
|

[T TTTI
AT
| \||||\|

1017

1013

Akeno
Tibet Il (QGSJET 01)
Tibet Il (SIBYLL 2.1)

EAS-TOP \ + %

KASCADE (QGSJET 01) 1L olt*

KASCADE (SIBYLL 2.1 - 1

e el | 5 1. experiments for same
x

v Hoo H | hadronic interaction model

IceTop ‘ 4 3t
TUNKA-133 *

T are in the same order than
KASCADE-Grande (SIBYLL 2.1)

e k| between results of different
iRes ! * . . .
AUGER Infill ICRC2011) % hadronic interaction models

*  AUGER (ICRC2011)
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Validity of Hadronic Interaction Models
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Light and Heavy Knees

= KASCADE: knee of light primaries at ~3-10%eV

= hardening at 10%%eV due to knee of medium component
= KASCADE-Grande: knee of heavy primaries at ~9-1016 eV
= heavy knee less distinct compared to light knee
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Light and Heavy Knees

= KASCADE: knee of light primaries at ~3-10%eV

= Hardening at 10%%eV due to knee of medium component
= KASCADE-Grande: knee of heavy primaries at ~9-1016 eV
= heavy knee less distinct compared to light knee

EAS-TOP (Astrop.Phys.10(1999)1)
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KASCADE-Grande - Tunka — IceTop: Composition

* similar tendencies
» absolute scale difference: still large
(despite similar all-particle spectrum)
€ hadronic interaction models??
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Implications
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Experimental situation: light knee above 101°eV

spectrum concave at 1016eV
heavy knee at 1017eV
mixed composition around 1017eV
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Summary + Questions
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air shower measurements

sswhich astrophysical model describes the data?
ssexact composition above heavy knee?

*why heavy knee less distinct than light knee?
ssspectral forms of individual mass spectra?
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“srecurrence of protons? N,
10 4 air shower data (all particles) "T'T_

«»second knee? o Bl o

“sanisotropies? e

answers only by combining all information: stay tuned!
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