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Introduction

Primaries with E > 1 PeV are 30-20km |

detected at Earth through air ;
shower (EAS) observation {

Primary cosmic ray

\
Surface array
Cosmic rays are produced in HE 66
astrophysical sources (SNR’s, &
AGN’s, etc?). ee
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Introduction | |
Soft physics (low Q?) is

Hadronic interaction models: relevant for CR interactions

1. Phenomenological models inspired in QCD.

3. Calibrated with accelerator data.

Primary Parti
4. Extrapolated to high energies (HE's) and ¢

forward region (pr ~ 0). nuclear interaction

0 7 with air molecule
. . + 0 0
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Model uncertainties produce uncertainties in
predictions of EAS parameters
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Introduction

Differences in EAS observables due to uncertainties in the models
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Introduction

Dependence of relative abundances and spectrum of CR’s with hadronic interaction

models: KASCADE Coll., Astrop. Phys. 24 (2005) 1.
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Introduction

Employ muons for tests:

- Penetrating particles/less atmospheric attenuation.
Use CR observatories to

constrain/test models:

- KASCADE-Grande
Ecr = 1015 - 108 eV
Eth, = 230 MeV, 490 MeV,

800 MeV. 2.4 GeV

o A8 --\.«‘:?ff"'j S=._ - Used in composition studies.
T = -ICECUBE/ICETOP )\ | W\ /A0 S - Used in composition studi

F== Ecr=101-107" eV \i
m w == BNy =02GeV
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o IR _ ;
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Introduction

Muon measurements:

- Energy spectrum

Use CR observatories to

constrain/test models: - p/p*Charge ratio

- KASCADE-Grande - Multiplicity
Ecr = 1015 - 1018 eV A
Eth, = 230 MeV, 490 MeV, IRRRARRS A
800 MeV.- 2.4 GeV \ \ __\\ »Zenlth angle dependence B
\ ; \ i'.-\.“x .

= _|CECUBE/ICETOP

= ‘*\Lateral distributions
= Ecp= 1015 - 1017 eV S

- ﬁ ] - EAS-MSU i3 Y : = = "-" :
Ecr=1017-10%8eV - i eudorapldltes
:“ . Ethp = 10 GeV A 1
m « ST _ /
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Motivation
KASCADE-Grande EAS muon data

Muon attenuation length (A,):

1. Parameterizes dependence of number of p’s in EAS

with the atmospheric depth:

Ny = N© e /An)

2. Correct data for attenuation in the atmosphere.

3. Affected by details of shower production:

—

-3 , \\:“;‘; ,‘ g "_ ) A\."\\‘- N -
; '3 ‘\;':g:;aﬂ“;:' A
- g B = =g S

T

Muon Ew > 230 MeV x Sec6
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- TT energy spectrum
Cross section, pr
distribution,

- 11%/10 ratios,

- Baryon/resonance
production, |

- Multiplicity <N>

- Inelasticity (y), etc.

ISMD 2017, Tlaxcala, Mexico

-

)

Shower size

&

tpdap e|s

-

>>



Motivation
KASCADE-Grande EAS muon data

Muon attenuation length (A,):

[ ] Total unc. — Stat. unc.
Measured muon attenuation length (Ecr <& - e
~ 1016 - 1017 eV) is above MC predictions S 1600 * KGdata(6=0"-40°)
from: O -
& 1400
Pre-LHC models (~ 2 0): +
- SIBYLL 2.1 1200
- QGSJET-II-02
A 1000 - -
B A
Post-LHC models (~ 1.34 o to 1.48 0): 800~ - : il y
- EPOS-LHC - !
- QGSJET-II-04 600 -
Better agreement with post-LHC models. 400

QGSJET II-2 QGSJET 1I-04 SIBYLL 2.1 EPOS LHC

Does SIBYLL 2.3* perform better?

*F. Riehn et al., PoS(ICRC2015) 558

; Less effective |
| attenuation in exp. data |
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The KASCADE-Grande detector

Equivalent c.m. energy\'s,, [GeV]
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The KASCADE-Grande detector

Equivalent c.m. energy\'s,, [GeV]
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The KASCADE-Grande detector

December 2003 - November 2012

1. Location: KIT-Campus North, Karlsruhe,
Germany

Karlsruhe, Germany. 1 bk
110 ma.s.l.;49°N, 8 E =& %

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga ISMD 2017, Tlaxcala, Mexico
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The KASCADE-Grande detector
KASCADE (200 x 200 m2) + Grande (0.5 km?) E= 1 PeV - 1018 eV

"5 252 shielded/

: unshielded scintillator
detectors, muon
tunnel, calorimeter.

W.D. Apel et al., NIMA 620 (2010) 490
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The KASCADE-Grande detector
KASCADE (200 x 200 m2) + Grande (0.5 km?) E= 1 PeV - 1018 eV

5 MeV) and ' £ : e/y detector

U (>230 MeV)

.

“llqmd scintillat@

Pb/Ee shielding ™ “plastic scint:

H. Falcke et al., Nature 435 (2005) 313 W.D. Apel et al., NIMA 620 (2010) 490
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The KASCADE-Grande detector

2. KASCADE provides

1. Grande provides

Nch: Number of charged particles

E 100~ Sa  dm 3w KASCADE-Array
L 2m : 13
& " 1 e S mon gt
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The KASCADE-Grande detector

Unfolding methods capable of reconstructing spectra of elemental groups:

Exploit Ne-N, correlation Exploit Nch-Ny correlation
10* 2 — —
~ SIBYLL 2.1 > ¥ QGSJET-II-02/Fluka * sum spectrum
~ - KASCADE Coll., Astropart. 8 oL * A H _
% N Phys. 24 (2005) 1 < - K, 777 B He+C+Si
1079 - - * .
~ - “mmgm, @ - " s %
5 [eeses. "m B0 =t
@ ‘e. = I g ] e
10k L 4. 1 W S a0zl ————
S ® rel m ) w 10 =S = .
~ l T l f l b ® w - SRR S
% ° proton l o 3 | - =
Ll.i 10 :_ m helium | é 7
A carbon £ 40 KASCADE-Grande Coll.,
3 1 1 T. — Astropart. Phys. 47(2013) e S
— . A PRI ST S T ST S B | R P g mwerws MY
110" 107 10° 7 72 74 76 178 8.4 6
primary energy E [GeV] primary energy in log, (E/GeV)
- Knee at E~107° eV due to a break in the - Iron knee around 80 PeV

spectrum of light components

Knee positions « Z\
- Spectral features independent of the

hadronic interaction models
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The KASCADE-Grande detector

— Knee structure around 80 PeV in the heavy component

1019

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga

- Ankle-like feature at 120 PeV in the light component

Galactic-extragalactic transition?l

ISMD 2017, Tlaxcala, Mexico

= o Akeno (J.Phys.G18(1992)423) v EAS-TOP (Astrop. Phys. 10(1999)1)
— directdata o  AGASA (ICRC 2003) O  KASCADE (Astrop.Phys.24(2005)1) 102 . _l'(l_'l’eV o '1'0":gv
% 10 +  HiResll (PRL100(2008)101101) a GAMMA (J.Phys.G35(2008) 11520 2 ' QGSJET-II-02 a clcm-poor sample ]
- O  AUGER (ICRC 2009) TUNKA (Nuc Phys B PreeSUp.165(2007)74H = | ¥ electron-rich sample |
- A Yakutsk (Ne 11(2008)065008) - B

2 17 , KASCAPIE Grande (OGS.JET I1) Neh-Nji Z ¥=-295005 nd

o 10 s o . 2nd knee

) ' E Heavy

w ~ y=-2.7620.02
‘?‘E d. 2nd knee 3 yaraianie

— 1016 . % : Y=-3.24 +0.05
u = 107 ¢ =-325+0.05 -1 -
- 4 ‘ ]
& 10" : |
UJ 0 o ° nght )
°

> b

L ch° | | PRD 87(2013)081101

D 10" PRL 107(2011)171104

6 A TSNS ITEN ST IN S AN NN BTSN ST AN SN AU RN SN AN BTSN SN YA AT N AT A

KASCADE Coll., Astrop. Phys. 36 (2012) 183 % 16 16.5 17 17.5 18
p. Phys. 36 (2012) | log ,, (E/eV)
1013 L1 Illllll L1 lllIlII L1 lllllll L1 Illllll 11 llIllI| L1 Illllll L L ’ ' 111
10" 10" 10" 10" 10" 10" 10" 10% 10
Energy (eV/particle)

18



Data & simulations

Experimental data

1. Effective time: 1434 days

2. Area: 8 x 104 m?

3. Exposure: 2.6 x 10> m? s sr

4. Cuts (reduction of EAS uncertainties):

- Central area

-0 <40°

- Instrumental & reconstruction cuts
- Optimized for E = [107¢, 1017] eV

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga

2 744 950 selected events

200
100 o o O
= o
0:— o
= P e % ©
400~ Grande stations '-..
g _F °o 1°  %h © °
3 o .
3 300 o g © e o
s F .
> _400:_ ® o o~.........° o
500
= - - N s o o
600 — o
- ®) = o
-700—
"tlllllllllllIllllIlllllllllllllllllllIIlllIllll
700 600 -500 -400 -300 -200 -100 © 100 200
X coordinate (m)
Efficiency: logio (E/GeV) =7 = 0.20
log1o (Ny) =5+ 0.20
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Data & simulations

MC data (CORSIKA/Fluka)

1. HE hadronic interaction
Model: SIBYLL 2.3

2. Simulation: H, He, C, Si, Fe, mixed;
y=-3,-3.2,-2.8
0 <42°
E=10"-3x10" eV

3. Systematics:
- ANch < 12% ANy < 20%
-AB <0.6°
- Ocore <10 m

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga

80: N, data corrected for 6 =0°-40°
60 - systematic errors QGRIET-S-82

R AN“corrected <10% : Statistical

i B wc:HiFe (various models)
40 __ MC:Mixed (Various models)
20

-40lllllllllIllllllllllllllllllllll

54 56 58 6
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Analysis

Shower content at same Energy (E) is attenuated with atmospheric

depth (X):

Large X —> High zenith angles ()

5.45 [MC data (Mixed) |

5.4
=~
5.35—

5_153_ E ~1016 eV

SIBYLL 2.3

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga

Ny = Ngexp[—XOSEC(B)//\u]
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Analysis

- Constant Intensity Cut method: Quantify zenith-angle evolution of data.

- Method is independent of MC model.

J(E) J(E)

JIN,(O)]
;1 5.453—| MC data (Mixed) | SIBYLL 2.3
= JIN,(6)]
o ~S
5.35;—
5.3
5.25 _ _
st Constant intensity cut method
5.5 E~1070 eV —} J = constant 100 % detector efficiency + Isotropy
T es T s 12 125 13 _
el —> JINR(0)] = J[Nu(®)]

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga ISMD 2017, Tlaxcala, Mexico
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Analysis

Data divided in five 0 intervals with equal exposure.

D
. <
N B

'y, 108 -, KG data Eo ] - KG Data
" - = log [J]=-9.80
‘?‘E 9 — ] -~ 6 N 10
Ai E @ - B e 8 e ——
< n 8 5.8 —a— 2 s
S 107 : 5 = o o
= - 5.6 — - = = =
- . e = £ A A
101 ¢ 0.00°<0<16.71° 2 ; 5.4 i i ~
E 4 16.71°<0<23.99° I - - o
4o 0 23.99°<6<29.86° o 0 5.2 2 log, [J] =-8.60
107°E" . 20.86°<0.<35.00° J N
- 35.09° < 0 < 40.00° i -
'13 | | | | | | | | | | | | | | | | | | | | T | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1075 5.5 6 6.5 7 41405 14 145 12 125 1.3
log, (N)) sec(6)
J(> Ny) / & (N )dN,, Noe\p[ Xosec(e)
1. Apply cuts at fixed frequencies 2. (et attenuation curves

3. Apply a fit to get A\,
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Results

[ ] Total unc. — Stat. unc.
”g 1600 e KG data (6 = 0° - 40°)
< 1400
1200 +
1000~ = =
i * A MC data also include:
800— + n | O— Errors from composition
I + - - Unc. from spectral index of CR
S L intensity
600~ § -
400

® MC data points:
Mixed composition

QGSJET II-2 QGSJET 11-04 SIBYLL 2.1 SIBYLL 2.3 EPOS LHC

AAPJ  QGSJET-II-2 QGSJET-I-4 SIBYLL2.1 SIBYLL2.3 EPOS-LHC Discrepancy between SIBYLL 2.3

O— and measurement is small, but
large uncertainty from composition

+2.04 +1.48 +1.99

*Errors on SIBYLL 2.3 are preliminary

Tests of SIBYLL 2.3 using KG data - J.C. Arteaga ISMD 2017, Tlaxcala, Mexico 24



Results

Reduce error due to composition uncertainties:

- X2 fit to measured data with 4 mass groups: H, He, C, Si+Fe (50 % mixture).

- Use double power-law for energy spectrum of each mass group.

- Employ templates from SIBYLL 2.3 for each mass group.

J.C. Arteaga et al., (KG Collab.) PoS (ICRC2017) 316

[n5? — Xaniis (Pa)]?
=3 (0.316;2

i,J

u

10* A: atomic mass

Iogm(N Ylog (N
o
(o] —h

&
o)

" Eo=0°-40° KG data

(@]
w
Events

10 ch)
o o =
~ - N
ol |||||.| Lol ||||||-
)
ol

—
o
)

o
»

10

&
3

712.392 million events Full data
B | | | | ||||||||| | | | | | | | | | | | | | | | | | | | |

‘4 45 5 55 6 65 7 75
Iog10(NM)

o
¥ =N

1
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Results

Composition model obtained from measured data using SIBYLL 2.3
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Results

[ ] Total unc. — Stat. unc.
E 1600|— e KG data (6 = 0° - 40°)
Q |
3 " -
<1 1400;
1200/ +
1000 - 8 -
800 - | o rog 4
- ¢ -
600 — 3 - -
400

QGSJET II-2 QGSJET 1I-04 SIBYLL 2.1 SIBYLL 2.3 EPOS LHC

AAM QGSJET-II-2 QGSJET-II-4 SIBYLL2.1  SIBYLL 2.3 SIBYLL 2.3 EPOS-LHC

Composition SIBYLL 2.3 has also
model problems to describe
+2.04 +1.48 +1.99 the data

*Errors on SIBYLL 2.3 are preliminary
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Summary

1. The measured Ay, at KASCADE-Grande is above predictions of HE

hadronic interaction models: QGSJET-11-02, QGSJET-I1-04, EPOS-LHC
and SIBYLL 2.3.

2. Post-LHC models predict a Ay value higher than that predicted by Pre-
LHC models.

3. The models might need:
- a harder u energy spectrum,
- a decrease of elasticity in pion interactions,

- a reduction of forward production of baryon/antibaryon pairs, etc.,

to agree with the data.
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Thank you!
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