v K oA

——C '.:“. \ T,

ST .\ ,1.

’ "1 » E v‘ L -~ '

g pel Il ':

- T

‘Nq. » %, Vg
Y

, ~ e

b LR Numerlcal Approach to Angula(‘( o
,f, Distributions in Hadronic Cascadéa ﬂia‘..«
International Cosmic Ray Conference — 2021 e :

R

Tetiana Kozynets!, Anatoli Fedynitch?, and D. Jason Koskinen’
'Niels Bohr Institute, University of Copenhagen

@ CARISBERG FOUNDATION 2|nstitute of Cosmic Ray Research, University of Tokyo

UNIVERSITY OF
COPENHAGEN



Hadronic cascades

primary : :
nucleus’ > Central to the evolution of air showers;

> Rich in secondary particles, which are
widely spread at low energies;

em cascade

> For angular distributions of low-energy
secondaries, need to develop the cascades in 3D

em cascade

*Schematic from S. Mollerach and E. Roulet, Prog. Part. Nucl. Phys. 98 (2018). 5




Hadronic cascades S
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develop the cascades in 3D:

= —~—— Karlsruhe Institute of Technology

6 Geantd | oec

Simulation of Particle Air Showers

PHITS

Particle and Heavy Ion Transport code System




This study

develops a numerical approach to angular distributions of
N GeV) cascade secondaries:
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This study

develops a numerical approach to angular distributions of
N GeV) cascade secondaries:

> Use MCEQ?*, a state-of-the-art numerical N
software for 1D cascade development; 4 D(X,) = - (X))

> Extend MCEqg from 1D (X) to 2D (X+6);

X VY slant depth

* — Matrix Cascade Equations;
https://github.com/afedynitch/MCEq



This study

develops a numerical approach to angular distributions of
N GeV) cascade secondaries:

> Use MCEQ?*, a state-of-the-art numerical
software for 1D cascade development;

> Extend MCEqg from 1D (X) to 2D (X+6);

slant depth

* — Matrix Cascade Equations;
https://github.com/afedynitch/MCEq



This study

develops a numerical approach to angular distributions of
N GeV) cascade secondaries:

> Use MCEQ?*, a state-of-the-art numerical
software for 1D cascade development;

> Extend MCEqg from 1D (X) to 2D (X+6);

> Applications — fast and flexible
modelling of LE atmospheric v fluxes.

slant depth

* — Matrix Cascade Equations;
https://github.com/afedynitch/MCEq



Selected results

> Develop a 100 GeV proton cascade in the Earth’s atmosphere using 2D MCEg;
> Use CORSIKA as the benchmark Monte Carlo:

— — —2
> Compare the angular p~ at Okm (X=1000gcm™)
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2D MCEq

Selected results (this work)
® CORSIKA

> Find a very good agreement at a range of altitudes and muon energies:

u~ at 16km (X=100gcm™) u~ at 6km (X=500gcm™?) pu~ at Okm (X=1000gcm™?)
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This suggests that our tool can be a fast and accurate alternative to the Monte Carlo

cascade development approaches.
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ptat 6km ptat 6km pt at 6km

: I_ D) b A
|_I(h.0.._.5 GeV) _ (4.0..5.0 GeV) (8.0..10.0 GeV) //l_ at 16km (X= loogcm_z) ,bl_ at 61(1'1'1 (X=500gcm_2)
le—1

upgoing

AEA@ per primary

dN
dEdO

2D MCEq (radial)
2D MCEq (circular)
AIRES

CORSIKA

downgoing

AEA@ per primary

dN
dEdO

circular convolution —> Fourier transform radial convolution =—> Hankel transform
ki seiesiesiesien selssiasisien
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6 from the shower axis [deg] 6 from the shower axis [deg] 6 from the shower axis [deg]

)

! Talk to us at the presenter's forum, email tetiana.kozynets@nbi.ku.dk, or have a look at the"".

pu~ at Okm (X=1000gcm™2)

[{2D MCEq} d¢

A AIRES

CORSIKA



https://icrc2021-venue.desy.de/channel/Presenter-Forum-1-Evening-All-Categories/48
mailto:tetiana.kozynets@nbi.ku.dk
https://pos.sissa.it/395/1209

Backup



Our approach

1D MCEq . 2D MCEq convolution kernel =
--------------- - probability density
cosmic ray (I) e (esecondary B Hprimary)
primary flux o ( primary) ‘l'
!\ | | | |
from event
generators

|
5 10 15 20
esecondary — Hprimary [deg]

\

1D cascade equations 2D cascade equations = solve in frequency domain
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Attempted convolution methods

side view

upgoing
prlmary partlcle

.......... [9=nu]

downgoing

circular convolution — Fourier transform
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top-down view ) towards ground

3 7 93X3)pr|mary partlcle

02

r o~ 91X)

GTV@X)

radial convolution =—> Hankel transform



dN

AEAO per primary

dN

dEdO

Benchmarking, part I

AEAO per primary
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[GeV 1]

dN
dE

Angle-integrated spectra
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