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High-energy cosmic ray spectrum AT

Karlsruhe Institute of Technology
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Cosmic Rays: 1958 ﬂ(“.
The “first knee”

lop F{ > N) cm2 sec? stered™

»

. G.V.Kulikov & G.B.Khristiansen
o] + Soviet Physics JETP Volume 35(8), No
t 3, March 1959
o ; measured N, spectra

hodoscope counters in a 20x20 m? array

' »the observed spectrum is a superposition
v of the spectra of particles of galactic and
t metagalactic origin“

F]
& log N
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Galactic cosmic rays

Pr@pagation
through galaxy
(B=3uG?)

. p
Acceleration of ‘
cosmic rays in

supernova

rer‘ants
. ’

AT Direct or indirect®
Affirmation by H.E.S.S.
Nature 531, 476 (2016) measurement
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Questions to the knee-to-ankle energy range T

Karlsruhe Institute of Technology

R = air shower measurements
N:]0.1::\... ......00000..0000."'... Overlap direct_indireCt
L ., l measurements?
S Hadronic interaction models?
510'7 :_ direct measureme ° Rigidity dependent knee?
= Fine-structures in spectrum?
10 — °
10.13 i B direct measurginents (protons) ’bsb .' CompOSItlon at knee’)
pe :— ® direct measurginents (all particles) iﬁ.’ .1. . L.
10 — A air shower datd (all particles) I*Tf- o. Spectra Of |nd|V|dua| massesr)
10 g :;IIIIIIII IIIlIIIII IlllIlIII L1l I! |IIIIIII[ IIllIlIIl llllllll lIIIIII!I I lIIlJ lllllll‘hfl ..
0! 10® 10t Bo® 10® 107 10 w0 fe® 0" % Iron knee?
_ Enerdy E , [GeV] '..
. - o SRS End of Galactic Spectrum?
. Second knee?
. ] . Transition galactic — xgalactic?
E *, Anisotropy?

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

[ 1] 10 10
Energy (eV/particle)
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Extensive Air Showers EAS measurement ﬂ(d!hT
and reconstruction:

* energy ?
Primary Particle * mass ?
* arrival directions ?
oo * interaction mechanism ?

27 with air molecule \

+ + 0
' <K K —>n°

7 N
Wy Y

- .4 W
i

primary particle

shower axes

Cherenkov
radiation
Yoy Y
[T T ; ;Tp W pPn K" € yeyyey e zenith angle
nuclear fragments :
muonic component, hadronic electromagnetic shower disk: ~ Im
neutrinos component component - = S -
detector N
~ 0 .
~10% ~1% 90% /
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Current Experiments 1016-1018eV

IceTop (IceCube)

~

KASCADE-Grande

T 'i

L 3%, i.-‘i#_.j 4.3 \\! X‘l )‘L'-;‘-' .r._‘_'-p
-
Pl !
®

s s =
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Measurement Techniques of Air Showers AT

Karlsruhe Institute of Technology

«— Firstinteraction (usually several 10 km high)

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

Measurement of
Some of the particles fluorescence light
reach the ground

Measurement of
Measurement with radio emission ~

scintillation counters l \ \\ »
N

[ AR
n

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of Cherenkov
light with telescopes
or wide angle pmts

I\ /
< S
ay

Measurement of particles with
tracking detectors or calorimeters

Measurement of high energy

muons deep underground
8 Andreas Haungs, KIT-IAP




Measurement Techniques of Air Showers AT

Karlsruhe Institute of Technology

«— Firstinteraction (usually several 10 km high)

KASCADE-Grande
Air shower evolves (particles are created
and most of them later stop or decay) I C eTO p

Tunka

Measurement of
Some of the particles fluorescence light
reach the ground 1
Measurement of L O F A R
. . . . , [ I I
Measurement with radio emission
scintillation counters

Measurement of Cherenkov
light with telescopes
or wide angle pmts

easurement of low energy muons
with scintillation or tracking detectors

Measurement of particles with
tracking detectors or calorimeters
Measurement of high energy
muons deep underground

Andreas Haungs, KIT-IAP



IceCube - IceTop

KIT

Karlsruhe Institute of Technology

e Energy range: PeV - 1EeV {:~‘1,{;/’;
o Area: 1 km?2 IR
¢ 2835m altitude (680 g/cm?) '
e 81 ice cherenkov stations

e LDF + particle density at 125m

e in-ice high-energy muon (bundles)

Phys.Rev.D 100 (2019) 8, 082002

10 Andreas Haungs, KIT-IAP



IceCube - IceTop
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* Mass scale model dependent (confirmed by muon density measurements)

23 ---- GSF :
E 1 IceCube/iceTop 3 years - All-Particle M
e IceCube/IceTop 3 years - He \,
W 10?2 Total detector syst. \.\.
* Confirms structures seen before (light ankle, heavy knee)
« Astrophysical models not really distinguishable
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KASCADE-Grande AT

Karlsruhe Institute of Technology

e Energy range: 100TeV — 1EeV > determi_nati_on of primary_energy
o Area: 0.5 km?2 =>» separation in “electron-rich” and “electron-poor” event

e Grande: 37x10 m? plastic

. . . — 9 - 7))
scintillation detectors -5 | KASCADE-Grande data " o
= 10"%eV -
e Nch + total muon number < 85E 0%a0° o i 5
2 gFo 1.5-10°events 10* G
- - 0 ‘.6
8 75K et
- =
< = 3
Q 65 (=
g =
o 6 102
B =
E E
S 5.5:
Y =
(o) S _ 10
P - N 6, »also line of
Q = % 107eV )1 efficiency
Q 45 3
E = 10"ev
= | =P ISP BN IR I PP IV I I 1
= 3 3.5 4 4.5 5 5.5 6 6.5 74 7.5 8

muon number Iogm(N“)

10910(E) = [ap + (Are-ay)-K] 109:0(Ngp,) + b, +(bee-by)-k

k = (10910(Ncy/N,) -10g10(N.p/N,)p) / (109 10(Ney/Ny)ee - 10910(Ne/N,),)

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

KASCADE-Grande: results

]

Karlsruhe Institute of Technology

KASCADE-Grande: model dependence

1017V 18 — TrrryprrrrJyrrrr Trrr|rrrrJyrrrrJyrrrrJrrrrjJr
~10%p —————- — |eV ] i - eiectruﬁ—pmf sampie -ISI]E_HILL vlgf,;sjft-
= - KASCADE-Grande anall-particle ] > - * QGS2v4 e EPOS ;
% i ® clectron-poor sample | _.u r 1
- V electron-rich sample - L
ol 1 = . ;
" y=-295+0.05 o’ | e .
qm E * e il -
E ~— TR e
- ¥=-2.76+0.02 N1 N
i y=-32410.08 =10} T
= jov Y=-3.2420.05 = i NS\
= y=-3.25+0.05 - z i }\: ~T
1 =-2.79 £0.03 +"-\---"“\
-y, =-2.76 £0.02 RN
I ] V= 2,86 0.03 \
~ V=298 0.05 \
| PRD 87(2013)081101 | dl N A R 4
PRL 107(2011)171104 ¥ =-2.79+0.08 1018L Advances in Space Researcﬁ-.___ _
Lo b b b L Lo b b Ly Y »

16 16.5 17 17.5 18

[ 53 (2014) 1456

el ]

16 16.25 165 16.75 17 17.25 17.5 17.75

18

log,(E/eV)
- Spectra of heavy primary induced events
= knee structure at the heavy component
=> relative abundances different for different
high-energy hadronic interaction models

 steepening due to heavy primaries (3.50)
« hardening at 10179 eV (5.8c) in light spectrum
* slope change from y=-3.25to y = -2.79!
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KASCADE-Grande, combined analysis AT

]025
= QGSJet-11.04 vs. EPOS-LHC
o % vs. SIBYLL 2.3

— 1 10 Tus a0 » ll-.‘. : tl* l
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log,o(Ne) = : .
b * E’:& }““"E"“L"c "‘)data,SibyllZ.a
e ] 102]3015 - 1076 . 07 1078
« for KASCADE: additional stations at larger E [eV]
distances
) : P LHC m |s:
= higher energies i O;’: .C oglets . Kay?
« for Grande: additional 252 stations 'ght primary interactions okay=
9 higher accuracy heavy primary interactions show differences

Sven Schoo, KIT, PhD 2016 ¥
¢
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KASCADE-Grande, hadronic interaction model test &(“'

Karlsruhe Institute of Technology

L1021 . __Hda _ ‘ ‘ :
Color Code : HHe C =i Fe 4 xascape 100}
i 20008 44 ¥ KASCADE — Grande o -
5[5‘ Tunka — 133 I
.—|< . IceTop —
0 - . Auger E —100¢-
2 T K =
T . " £ 200
> ------ T _\“. H.. - [
: =
7 - = —300( )
g B T =
2 U —400} .
T 10" I
% S —500}
=
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10182 . . o — ‘ —700—600—500—400—300—200—100 0O 100
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e assume a composition model: H4a by Tom Gaisser

* two selections: core located in KASCADE, core located in Grande
= we measure “different” muons

Sven Schoo, KIT, PhD 2016
15 Andreas Haungs, KIT-IAP




KASCADE-Grande, hadronic interaction model test g(“‘
QGSJet-1.04

10% 102

= .0009“ I* ....”+*+*
1024 ;:::" .f | : :::::zzss;;::”“:. 1+I |
10%4 ot T"an ®
' ‘ 'HiiIiI
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¥ K-KG (RAW, MC{ll4a}, L+1le, lnK, QGSIL4) +
§ KKG (RAW. MC(Hda, C 1 Si| Fe, InK, QGSIT) § K-KC {(RAW. C 180+ Fe, InK, QGSI4}
# K-KG (RAW, MC(H1a}, H+ He. InKG, QGSI} § KKG (RAW, H-Tle. InKC, QGSI4)

§ K-KG (RAW, MC{114a}, C+Si+Fe, InKG, QGS1I4) § KRG RAW, C+Si+Fe, InKG, QGSIN4)
1021"015 1016 1017 1018 1011)15 1016 1017 1018
E [eV] E [eV]

t K-KG (RAW.IT Tle, TnK, QGSTI4)

dI/dE » E3%[m~2eV2% g1 g1
dI/dE » EB*®[m~—?eV2® g1 gr-1]

* One model, but two selections:
Simulations okay, but strong differences in data
(similar result for QGSJet-11.04, EPOS-LHC, SIBYLL 2.3)

= Muon component not sufficiently described

Sven Schoo, KIT, PhD 2016
16 Andreas Haungs, KIT-IAP




Tunka-133

]

Karlsruhe Institute of Technology

o8 light flux at core distance 200 m Q00 ~ Energy
e Energy range: 100TeV - 1EeV [ © © }%
e Cherenkov-experiment: LDF
e 2011: Tunka-133is extended
by 6 distant external clusters c\%' [ eeots
|
ml.u [
i
S|
=
o2

S.Epimahkov
Tunka-133 (2015)

1015 1013 101?’ 1018

 The heavy component (N+Fe) has a break
* Thelight component starts to rise again above 10 eV

17 Andreas Haungs, KIT-IAP



UHECR experiments

Pierre Auger Observatory
= HEAT/AMIGA/AERA

escope Array

= TALE -

18

—_
—
1

Scaled Flux E’ J(E) / (eV? km™ sr-lyr

2x10%
A. Coleman, Auger Collaboration, ICRC 2019
Sys. Error 14%
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8x10% - o 4 2 ¢ 4 o Lo AT 40 %
i 2 3 11 LY ?
| . SD 750m Array T
7x1 03? n Auger FD Cherenkov ‘} \ { °
37 TA TALE (2018) I +
6x10 +  TUNKA-133 (2014) } ®
37| Yakutsk (2013) 1 & *
5%10 x  AKENO (1992) ¢
" IeeTop-73 (2019) + +
37 &  KASCADE G. (QGSII-04. '15)
4x10 A KASCADE G. (EPos-Lll{c. '15) | | | | | |
16.6 168 17 172 174 176 178 18 182 184
le(E / eV)

* Auger HEAT measurements
* Auger Infill measurements
« TALE measurements

= Knee at ~10'7 eV observed (confirmed) in all-particle spectrum

Andreas Haungs, KIT-IAP




Radio Experiments ST

Karlsruhe Institute of Technology

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

¥ Tunka-133 air-Cherenkov .
8007 & TALE FD PoS(ICRC2019)169 * published already by
¢ Auger FD PoS(ICRC2019)482 e LOPES
} CODALEMA PoS(ICRC2019246 _____====""7" Ph R D 90 2014 062001
750 + Tunka-RexPoSICRC2019)319  ____—==""" yskev ( )
Kg $ LOFARPOSUCRC2019)205 ____-===="""" __— e IR Tunka-Rex
B | et Sl % | PRD 97, 122004 (2018)
3 w0 ETT IR ] o
A e s 2 2|+« Im 1 | i ] Nature 531(2016)70
x O .
£ 6501 ! " "
X * Auger/AERA promising
v - Higher energy
600 - - More accurate EAS
- Calibration
550 - Various methods
17.0 17.2 17.4 17.6 17.8 18.0
Ig(E/eV)

=» Certainly important contribution by the radio experiments
=>» High threshold?

19 Andreas Haungs, KIT-IAP



All-Particle Energy Spectrum T

Karlsruhe Institute of Technology

~ ]020 ] nﬂ’”“nxxziﬁ J' 14% Auger Energy Scale Uncert.
IL.
w0
I~
3
,_,m 19 F.G.Schroder, Rapporteur, ICRC 2019
] -
e 10 }  Tibet 111 ApJ 678 (2008) 1165 Vi,
IE Tunka-133 7 years i.‘::*
= t  Tunka-Rex PoS(ICRC2019)319 sy
R 1 KASCADE-Grande (ICRC2015, QGSjetI.04) . H
W GRAPES PoS(ICRC2019)449 .
> 109} HAWCPRD 96 (2017) 122001 *
E $  IceTop Infill PoS(ICRC2019)318
2 ¢ IceTop Pos(ICRC2019)172 +
T"}. t  Telescope Array PoS(ICRC2019)298 i
n - ¢ Auger PoS(ICRC2019)450
10 E T T T L] T T L) T
13 14 15 16 17 18 19 20

Ig(E/eV)

- Structures of all-particle spectra similar (in the level of 15%)
- Composition results are still uncertain

20 Andreas Haungs, KIT-IAP



Global Spline Fit (Composition and Energy Spectrum) tlT

iite of Technology

Fit of spectra within experimental uncertainties, allowing for constant shift in energy scales
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A ARGO-YBJ+LHAASO new/update from this ICRC 2019:

HAWC and Tibet p+HE
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direct measurements pre ICRC 2019
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21 F.G.Schroder, Rapporteur, ICRC 2019
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- study of large-scale anisotropies by the East-West method

- limits on amplitude
- phase determined

€ Confirms flip in phase at around 100 TeV - 1 PeV

KASCADE-Grande collaboration,
Astrophys.J. 870 (2019) 2, 91
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Light and Heavy Knees, Ankles, and Transition
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KASCADE, KASCADE-Grande
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Questions:

- which astrophysical scenario (model)
describes the data?

- exact energy and mass scale?
- spectral forms?
- mass dependent anisotropies?

Andreas Haungs, KIT-IAP



Hybrid Radio Scintillator Enhancement of IceTop (2021-25) AT

Karlsruhe Institute of Technology
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Experiment-Overarching Working Group for the IT
Transition Energy Range

Proposed at UHECR-conference 2018
Target:

» Energy spectrum and composition from knee to ankle
» Systematics by hadronic interaction models

» Comparison with astrophysical models

First steps:

» Formation of the working group (end of 2018?)

» Agreement on a defined set of simulations which will be reconstructed

= Should be installed now in order to have first activities until next UHECR conference

27 Andreas Haungs, KIT-IAP



Snowmass 2021 Contribution:
Highest Energy Galactic Cosmic Rays

Scientific Issues:

* The most powerful accelerators of cosmic rays in our Milky
Way have not yet been revealed.

 The maximum energies of various possible acceleration
mechanisms and sources are uncertain.

* The Galactic-extragalactic transition and several features in

the CR energy spectrum are not well understood.

Summary:
The increase in accuracy, exposure and sky coverage provided by

all these experiments will bring unprecedented sensitivity to the
science questions raised in this Lol. Hence, the contribution of
GCR to multimessenger astrophysics will be lifted to a new level
providing areal chance finally to discover the most energetic

accelerators in our Milky Way.
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Snowmass2021 - Letter of Interest

Highest Energy Galactic Cosmic Rays

Thematic Areas: (check all that apply ~V/H)

1(CF1) Dark Mauter: Particle Like
(CF2) Dark Matter: Wavelike
C1(CF3) Dark Matter: Cosmic Probes.
T1(CF4) Dark Energy and Cosmic Acceleration: The Modern Universe
C1(CF5) Dark Energy and Cosmic Acceleration: Cosmic Dawn and Before
B (CI'6) Dark Energy and Cosmic Acceleration: Complementarity of Probes and New Facilities
B (CF7) Cosmic Probes of Fundamental Physics
B (EF06) QCD and strong interactions:Hadronic structure and forward QCD

Contact Information:

Andreas Haungs (Karlsruhe Institute of Technology - KIT, Karlsruhe, Germany) [haungs @kit.edu]
Authors: .. Arteaga-Velizquez (U Michoacana, Mexico). J. Beatty (Ohio State U, USA), J. Becker Tjus
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Abstract: lnvestigations of the energy spectrum, mass composition and arrival directions of cosmic rays in
the energy range of PeV to EeV are important for understanding the origin of both galactic and extragalactic
cosmic rays. The origin of the highest energy Galactic cosmic rays is still not understood, nor is the transifion
to EeV I: particles. E of existing air-s arrays as well as new installations are in
progress 1o achieve measurements with better accuracy and higher statistics. In this Letter of Interest (Lol)
the scientific motivation and current results are presented, and the forescen experimental improvements are
discussed. There remain uncertainties in aspects of the physics of air showers in the PeV to EeV energy
range, so the effects of using different hadronic models for 12 air-shower data will also
be addressed.
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Conclusions — open points ﬂ(“‘
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Light and heavy knee established

Light ankle probably there

Difficult to compare experiments due to different observables (help by radio experiments?)
Yet no conclusive result due to insufficient hadronic interaction models
Continuation in improving hadronic interaction models required

Still problem: absolute mass scale

Confrontation of the data with astrophysical models still challenging
Future: (mass dependent) Anisotropy studies

Future: Galactic Multi-Messenger Analyses (cosmic rays, y-rays, neutrinos)
IceTop(-Gen2), TAIGA, LHAASO, GRAPES, TALE, Auger, NEVOD, HAWC?
Global Data Centre for Astroparticle Physics envisaged

Installation of a UHECR working group: Cosmic-Ray Physics in the Transition Region {k
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