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EAS Simulations

» Accurate predictions of EAS observables at the ground requires solving the cascade
equations numerically or via Monte-Carlo methods

» Common simulation codes:
» CORBSIKA (COsmic Ray SImulations for KAscade)

https://wwwaiap.kit.edu/corsika/

» CONEX

https://wwwaiap.kit.edu/corsika/

» CoReas (Gorsika-based Radio Emission from Air Showers)

https://www.huege.org/coreas/

» Handle propagation ot particles in the atmosphere

» Hadronic interactions stmulated by "hadronic interaction models”

» Configuration of mput parameters and output format

» Some mputs already configured during compilation, e.g. hadronic models


https://www.iap.kit.edu/corsika/
https://www.iap.kit.edu/corsika/
https://www.huege.org/coreas/

RUNNR
EVTNR

CORSIKA

» Example input/output parameters: PRMPAR

ESLOPE

) IHDUt "Steering file": ERANGE
a THETAP

» Primary energy (ran m PHIP
ary energy (range) / mass PHIP 5999

SEED 0 0

» Zenith / azimuth (range)

SEED 0 0

OBSLEV 2840.E2

» Atmospheric model / depth ELMFLG T T

, RADNKG 2.E5
» Earth magnetlc field ARRANG -120.7
MAGNET 16.75 -51.96
> ... HADFLG 0 1 0 1 0 2
SIBYLL 0

» Output "DAT file": S

. . MUADDI
» Meta information MUMULT

LONGI

» Particle content at observation level MAXPRT
ECTMAP

» Energy / momentum STEPFC
DEBUG
DIRECT
ATMOD
EXIT

H

.05000 0.05000 0.01000 0.00200

o
o O

6 F 1000000

e M PO 19 HXH oHY
N
O
H
ki

» Position

w
w

» Particle type



Hadronic Interaction Models

» Crucial part of EAS simulations 1s the treatment ot hadronic interactions
» Multi-particle production 1n the forward region with low momentum transter
» (Can not be computed using perturbative quantum chromodynamics (pQCD)!
» Forward region difficult to measure with current accelerators (too close to the beam)

» Phenomenological hadronic interaction models are needed!

» T'hese models are tuned to data from collider/fixed-target experiments and
extrapolated to the ranges ot phase space relevant for EAS

» High-energy models (E > 80 GeV): » Low-energy models (E < 80 GeV):
» Sibyll » Gheisha
» EPOS » Fluka

» QGYJet » UrQMD



CR Flux Models

» CR flux 1s important mput

» Models based on fits to data are used

» Examples:

H3a/4a, GST3/4, GSF

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, I£ Riehn, T\ Stanev, PoS ICRCG2017 (2017) 533]
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https://arxiv.org/abs/1303.3565
https://arxiv.org/abs/1711.11432
https://arxiv.org/abs/1111.6675

CORSIKA Simulations

» Muon energy spectra obtained from 3 hadronic interaction models (H3a flux)

- —— Sibyll 2.1 —— Sibyll 2.1
10* - —— EPOS-LHC 10* A —— EPOS-LHC
:ﬂi _ — QGSJet-11.04 Eﬂi _ — QGSJet-11.04
50 102 - 5% 102 - ]
S 3 Y
Z& 23“ _
o i o
~N~— 100_ N~
—~ proton ~
; 1.5_—'—'—'—'='H..._.__.“ﬁ:—'—-—_ g
2 2
N T = o1 SE—— %
S 05- 1 I B
O | | | | [ o
= 0 ] 2 3 4 5 6 =

log10(E,/GeV) log10(E,/GeV)



CORSIKA Simulations

» Lateral distribution of

» photons, y

_I_
» electrons, e™

p(m=2)

+
> Mmuons, u

» Muon distribution flatter than EM!

» Muons dominate at large
distances from the shower!

(@
» (Can be used to select muons E

» Iron showers produce more
muons than proton showers!

» (Can be used to measure
CR mass composition



Analytical Approximations

» (Cascade equations can be solved with Analytical Approximations (AA)

do,(E,X) [ 1 1 O(EX) 4 Z J E; - dN(E, E) | O (E) .
= h\Lpo |
dX ﬂint,h /ldec,h j Ly - dE] /1int,j :

» (alculation uses spectrum weighted moments ("Z-tactors")
» /-tactors need to be obtained from hadronic interaction models (later more)

» Irst-order approximation:

do,(E,.0)  0.14-E7 1 . 0.054 . 9.1-107°
dE,  cm?ssrGeV 37 1+ 1.1-E, - cos(9)/&, 1+ 1.1-E, - cos(8)/& 1+ E, - coS(0)/ & rompt




Analytical Approximations

» (Cascade equations can be solved with Analytical Approximations (AA)

do,(E,X) [ 1 1 O(EX) 4 Z J E; - dN(E,, E) D(E) .
— (E,. . .
dX /lint,h /Idec,h j Ly - dE] ﬂint,j :

» (alculation uses spectrum weighted moments ("Z-tactors")

» /-tactors need to be obtained from hadronic interaction models (later more)

N 9.1-107°
|+ E, - cos(0)/ Sprompe

kaons prompt

» Irst-order approximation:

2.7
dD,E,.0)  014-ET
dE, cm?s gf GeV ™'

0.054
+ 1.1-E, - cos(0)/

power law!

conventional



MCEq
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Matrix Cascade Equation code (M CLEq)

Analytical solution ot cascade equations
Also relies on hadronic model predictions

Provides parent particle information
» Conventional muons: pion / kaon decays
» Prompt muons: short-lived hadron decays

"Fairly good" agreement between AA and MCLq

cos(6) =0.85 MCEq

E, =1 TeV —— AA

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

. | Sibyll 2.1

0 1 2 3 4 5 6 7 8
logo(E, /GeV)

[LK Gaisser, D. Soldin, A. Crossman, A. Fedynitch, PoS ICRG2019 (2020) 893]



https://arxiv.org/abs/1910.08676

MCEq
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Matrix Cascade Equation code (M CLEq)

Analytical solution ot cascade equations
Also relies on hadronic model predictions

Provides parent particle information
» Conventional muons: pion / kaon decays
» Prompt muons: short-lived hadron decays

"Fairly good" agreement between AA and MCLq

- . '."

Sibyll 2.3c ‘

cos(6) =0.85 MCEq
E,=1TeV — AA

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 1 2 3 4 5 6 7 38
logo(E, /GeV)

[LK Gaisser, D. Soldin, A. Crossman, A. Fedynitch, PoS ICRG2019 (2020) 893]

ettects due to atmosphere!
(later more...)


https://arxiv.org/abs/1910.08676

MCEq

» Conventional muons dominating up to ~ 1 PeV

» Prompt muons dominating above ~ 1PeV

» Contribution from unflavored (vector-)mesons
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A Note on Neutrinos in EAS

» Decays into muons also produce neutrinos
» However, electron and tau neutrinos are also produced and reach the ground
» Same calculations as for muons (no decay/energy losses)!

» Same tools yield atmospheric

. . — — K* D¥f — A — ud
neutrino fluxes, e.g. MGLq: total other prompt : : u decay
.-+« total conv. ~~~ other conv. — k@ — D unflavored T
- = total prompt —— 1 KO — Dq

Ve + Uy

<
\ | J ) | |
. 'l Al 112111} L 1l Il AL 1 1111 Il Ll 11111 1 1 1AL
LA L LA R A L LA AR A A ) LJ L

....... _——L———;——J ! ! ! o ! ! !
q)_ ........ '——
> © e, P
File) ‘. ”
E + — ., — —
© O 7 e
— P

’/ —
2 3 4 5 6 7 8 2 3 4 5 6 7 8
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E,, (GeV) Electron neutrino energy (GeV) Tau neutrino energy (GeV)

[A. Fedynitch, E Riehn, R. Engel, T. K. Gaisser, T. Stanev, Phys. Rev. D 100, 103018 (2019)]



https://arxiv.org/abs/1806.04140

Indirect CR Detection
(Selected Examples)
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The Pierre Auger Observatory
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Radio antenna array
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Pierre Auger Observatory
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4 fluorescence detectors
(24 telescopes up to 30°)

i Central
e Campus.._

More than 400 members, =

98 1nstitutes, 17 countries

1665 surface detectors:
water-Che renkov tanks

(grid of 1.5km, 3000 km?)

Credit: R. Engel



Detector signal (arb. units)

Signal [VEM]
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0

Time structure 15% duty cycle

20 40 60 80 100 120 140 160 180 200

Time bins (25 ns)

100% duty cycle

i

Example: event observed with Auger Observatory

Credit: R. Engel



Highest Energies: Two Observatories

Telescope Array (TA)
Delta, U, USA

507 detector stations, 680 km?

36 fluorescence telescopes

Pierre Auger Observatory
Province Mendoza, Argentina

1660 detector stations, 3000 km?
27 fluorescence telescopes
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Water (Ice) Cherenkov Detectors

» ‘lypically large particle detectors arrays
equipped with water (ice) Cherenkov tanks

e T N TR T
-~ ‘a -..
R

» Light sensors detect CGherenkov light from
relativistic charged particles (next shde)

» Measures the lateral EAS profile

» Deposited energy, particle identification
Wooden lid

g Examp1€S: z. § — Wooden structure
» Pierre Auger Observatory - - perlit
» Icelop POMs
— Tank

Signal [VEM]

 Diffusely reflective liner
(Tyvek/Zirconium)

}II - T
ot T )
! ‘I‘j i

<+ Insulation foam

~100% duty cycle

e —

I| | 1 1
2500
r[m]

1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
500 1000 1500 2000

182 cm




Basics: Cherenkov Light

» Particle travels in dielectric medium (e.g. water) with refractive index n

» Speed of charged particle: v, = fic

» Speed of electromagnetic wave (light) in medium: v, , = ¢/n = ¢

> It v, > cyyer (O fn > 0) constructive mterference leads to an observed cone-like hight signal at

a characteristic angle

» Cherenkov angle:

Vem

v, pn

» More 1n the exercise!

cos(f,) =
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Scintillator Detectors

» ‘lypically large particle detectors arrays
equipped with scintillator panels

» Particles produce light in scintillator which 1s

measured with hight sensors (PM'L] S1IPM)
» Measures the lateral EAS profile

» Deposited energy, particle identification

» Examples:
» Kascade-Grande
» lelescope Array
» Ice'Top Enhancement = == ..
» AugerPrime ; o !m..,._g,

"

~100% duty cycle

e —

1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1
500 1000 1500 2000 2500




Fluorescence lelescopes

» Charged particles excite atmospheric
nitrogen molecules 1n the air

» T'hese molecules then emit fluorescence light
in the ~ 300 — 430 nm range

» Number of emutted fluorescence photons 1s
proportional to the energy deposited in the
atmosphere due to electromagnetic energy losses

» Measures the longitudinal EAS profile dE(X)/dX

&

» Examples:

» Pierre Auger Observatory

» lelescope Array

~15% duty cycle

S —



Radio Detection of EAS

» 'Iwo main mechanisms in EAS to produce radio emission:

(Geomagnetic emission Askaryan emission
. shower ! shower
shower coordinates axis axis

"
'
'
L]
' .
'
'
‘ ®o
ZeniAth, z Air shower / X
. i .
) i~ P
€ X B U
v ..

Shower plane
7.9°

e ' — shower front

€uvxvxB '

- - - - - -— - -
-

> Magnetic West, y

=
- o
- -
-
-
-
-

Magnetic North, x . g :
polarization in

shower plane
at detector

~100% duty cycle




The IceCube Neutrino Observatory <

4

4

Hybrid cubic-kilometer particle detector at South Pole

Surtace detector, Ice'lop, measures:
» LElectromagnetic EAS component (EAS energy)

» GeV muon content

In-1ce detector measures:

» leV (up to several PeV) muon content
Coincident measurements possible!
Ideal tacility to study lepton production in EAN!

New surface detectors under construction
» Scintillator panels
» Radio antennas

» Imaging Cherenkov telescopes

primary

hadrons

electromagnetic
component

GeV muons
—— 2835 m.a.s.l

1450 m

In-ice

2450 m




primary

The IceCube Neutrino Observatory <

» Hybrid cubic-kilometer particle detector at South Pole

hadrons
Surface detector, Ice'lop. measures: electromagnetic
” *' component
» Electromagnetic EAS component (EAS energy) 1
» GeV muon content 7/ I\
2/ W\ GeV muons

» In-1ce detector measures: P (GRS

» leV (up to several PeV) muon content
» Coincident measurements possible!
» ldeal facihity to study lepton production in EAS!

» New surface detectors under construction
» Scintillator panels
» Radio antennas

» Imaging Cherenkov telescopes



The IlceCube Neutrino Observatory

» Hybrid cubic-kilometer particle detector at South Pole

» Surtace detector, Ice'lop, measures:

» LElectromagnetic EAS component (EAS energy)

» GeV muon content

» In-ice detector measures:

» ‘leV (up to several PeV) muon content

» Coincident measurements possible!

TeV muons

» ldeal facihity to study lepton production in EAS!

; tHE: zzigii
» New surface detectors under construction i

3
in-ice e
» Scintillator panels g
» Radio antennas |

» Imaging Cherenkov telescopes




The IceCube Neutrino Observatory <

» Hybrid cubic-kilometer particle detector at South Pole

» Surtace detector, Ice'lop, measures:
» LElectromagnetic EAS component (EAS energy)

» GeV muon content

» In-ice detector measures:

» leV (up to several PeV) muon content
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» ldeal facihity to study lepton production in EAS!

» New surface detectors under construction
» Scintillator panels
» Radio antennas

» Imaging Cherenkov telescopes
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Hybrid cubic-kilometer particle detector at South Pole

Surtace detector, Ice'lop, measures:
» LElectromagnetic EAS component (EAS energy)

» GeV muon content

In-1ce detector measures:

» leV (up to several PeV) muon content
Coincident measurements possible!
Ideal tacility to study lepton production in EAN!

New surface detectors under construction
» Scintillator panels
» Radio antennas

» Imaging Cherenkov telescopes
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EAS Measurements with IlceCube

» Example: experimental data event (2012)

» Color-coding of time:

» From red (early) to blue (late)

» Sizes of "blobs'":

» Amount of detected light
by each DOM

» 'T'he red line dicates the
reconstructed event trajectory
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Cosmic Ray Spectrum and
Mass Composition



Cosmic Ray Spectrum

» Qualitative agreement
between experlments —~ 102 - 00”““"11123’1555 ‘. J' 14% Auger Energy Scale Uncert
| _
.
» Several features observed by D
all experiments S
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[E. Schroder, PoS ICRC2019 (2020) 030]



https://arxiv.org/abs/1910.03721

Cosmic Ray Spectrum

» Qualitative agreement
between experiments

» Several features observed by
all experiments

» Sources?

» Propaga

1on?

3 Energy offsets.b.etween
experiments visible

» lension between Auger and
TA at the highest energies
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Cosmic Ray Spectrum

[A. Coleman et al., Astropart. Phys. 147 (2023)]
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Cosmic Ray Mass Composition

» Global Spline Fit (GSF) flux model

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, IX Riehn, I Stanev, PoS ICRC2017 (2017) 533]
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Cosmic Ray Mass Composition

» Global Spline Fit (GSF) flux model

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, IX Riehn, I Stanev, PoS ICRC2017 (2017) 533]
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Cosmic Ray Mass Composition

» Global Spline Fit (GSF) flux model

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, IX Riehn, I Stanev, PoS ICRC2017 (2017) 533]
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Cosmic Ray Mass Composition
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Muon Measurements



E ", min/ GeV

Global Muon Measurements

» Data taken over large parameter space under very difterent experimental conditions!

» Muon content 1s expressed 1n terms of z-scale:

lIl( Ndet) . ln( Ndet)

{ =
In(Ngt,) — In(Ndet

3 N det. yhuon content measured in the detector
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Global Muon Measurements

» Data taken over large parameter space under very difterent experimental conditions!

» Muon content 1s expressed 1n terms of z-scale:

hl( Ndet) . ln( Ndet)

{ =
In(Ngt,) — In(Ndet

3 N det. yhuon content measured in the detector
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Global Muon Measurements

» Data taken over large parameter space under very difterent experimental conditions!

» Muon content 1s expressed 1n terms of z-scale:

In(N; dety _ In(N;5, dety

<= hl( det ) — ln(Ndet

3 N det. yhuon content measured in the detector
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Global Muon Measurements

» Muon measurements by 9 EAS experiments

[D. Soldin et al., PoS ICRC2021 (2021) 349]
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Energy-Rescaling

» Known energy-scale ofisets between EAS experiments!
» 20% offset in energy causes 18%b shift in muons!

» Energy rescaling required!

» Reference model: Global-Spline Fit Model (GSF)

modified from HD et al. PoS (ICRC 2017) 533
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The Muon Puzzie

» Muon lateral density after cross-calibration ot the energy-scales [D. Soldin et al. PoS IGRC2021 (2021 349)
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» Muon measurements indicate mass composition heavier than iron at high E!
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The Muon Puzzle Muon Puzzle in EAS

» Muon lateral density after cross-calibratio the energy-scales [D. Soldin et al. PoS IGRC2021 (2021 349)
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» Muon measurements indicate mass composition heavier than iron at high E!


https://arxiv.org/abs/2108.08341

Mass Dependence

» Number of muons 1s described by the

Aine
Heitler-Matthews model: By .
/70 \ .
1 — E Charg \\ \‘\' Neutral
Nﬂ=A Pl — , p~009 SNl n=2 a
e A [ /77477 ) R n=2
______ e v _/ __\n=3 3y

» E: primary cosmic ray energy / ‘

4\ _\N_[ _ O\ B - n=3

» A: primary mass number

[R. Engel et al., Annu. Rev. Nucl. Part. Sc1. 61 (2011)]
» &-:energy constant

» When studying the energy-dependent trend in the muon measurements,
the cosmic ray mass need to be taken into account!

» Mass dependence can be removed by subtracting z

ass Pased on the GSF model,
1.e. 1n the plot on the previous slide "subtract the GSF line from the data points"


https://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.012809.104544

Mass-Corrected z-Scale
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» it depends on assumption ot correlation, a, between systematic uncertainties

» Slope of the fit: b = 0.23 — 0.29 (EPOS-LHC), 5 = 0.22 — 0.25 (QGSJet-11.04)
» Significance of the slope: ~ 76 — 96 (EPOS-LHC), ~ 1006 — 116 (QGS]Jet-11.04)




Muon Measurements at High Energies
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[A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. D91 (2015)]
[A. Aab et al. (Pierre Auger Collaboration), Fur. Phys. J. C 80 (2020)]


https://link.springer.com/article/10.1140/epjc/s10052-020-8055-y
https://arxiv.org/abs/1408.1421

Muon Measurements at High Energies

» Discrepancy in number of muons but relative fluctuations as expected!
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For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

EAS data

1ssues?

Elasticity?

Inelastic
cross-section?

Exotic
physics? Muon
propagation? Hadron

R =

multiplicity?
Eother hadr. P Y


https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Elasticity?

Inelastic
cross-section?

Exotic
physics? Muon
propagation? Hadron

R = . e .
multplicity?
Eother hadr. p Y


https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Unlikely, due to measured

muon fluctuations (Auger) ;md Inelastic

TeV muon measurements cross-section?

by IceCube (later...)
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https://arxiv.org/abs/2105.06148

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments

Unlikely, due to measured

muon fluctuations (Auger) ;md Inelastic

TeV muon measurements cross-section?

by IceCube (later...)

Elasticity?

ur

pI'O JOH? Hadron

A R = . e .
multplicity?
Eotherhadr. 4 p Y

Very unlikely, small variations (5 %)
between shower codes, well studied


https://arxiv.org/abs/2105.06148

Study of Shower Impact Parameters
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https://arxiv.org/abs/1010.4310
https://arxiv.org/abs/1902.09265

For details, please see [J. Albrecht, H. Dembinski, D. Soldin et al., Astrophys. Space Sci. 367 (2022)]

The Muon Puzzie

Consistently observed
by several experiments
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muon fluctuations (Auger) and ,

y . -
TeV muon measurements croN Lon?

by IceCube (later...)

Tur

)
pTO, A10N! o

Eother hadr.

Very unlikely, small variations (5 %)
between shower codes, well studied
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The Muon Puzzie

» Possible explanations for the Muon Puzzle:

» Neutral rho meson enhancement, e.g. |1]

» Leading particle in meson shower could be p,

» Decay of p, via charged pions into muons

» Muon production at all energies

» Baryon enhancement, e.g, [2]

» Baryon anti-baryon product

L1011

» Many re-interactions, low-energy particles

» Mainly low-energy muons

» New physics, e.g. |3]

» Hadronic physics at high energies

» Different predicted muon spectral

[1]: See e.g.
2]: See e.g.
3]: See e.g.

I Riehn et al., Phys. Rev. D102 (2020)]
'T. Pierog, K. Werner, Phys. Rev. Lett., 101 (2008)]
(G. R. Farrar, J. D. Allen, EP] Web Contf., 53 (2013)]

meson
shower

baryon
shower
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The Muon Puzzle and IceCube

. . . |
» Mulaple (two+) muon energy regimes in IceCube! rons
» Coincident measurements provide spectral muon information  electromagnetic
component
» Unique tests of multi-particle production (forward region)
» LEAS energy from EM component GeV muons
—— 2835 m.a.s.l
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[IX Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, T. Stanev, Phys. Rev. D 102 (2020}]
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TeV Muon Multiplicity

» Coincident machine learning analysis using Ice'lop and

1n-1ce

» Neural network mputs:

» Icelop: zenith angle, energy proxy S125 (laputop)

» In-ice: energy loss profile vector (millipede)

» Neural network outputs:

» Primary CR energy
» Multiphcity of m-ice muons above 500 GeV

Slant depth (m)
21
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[S. Verpoest (IceCube Collaboration), ECGRS2022 (proceedings in preparation)]
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TeV Muons in IceCube

» Muon bundle multiplicity compared to model predictions

Average result
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» How does the data compare to CR flux models?

[S. Verpoest (IceCube Collaboration), ECGRS2022 (proceedings in preparation)]

=

ak
(]|

8.00

103 F

) (> 500 GeV)

= 2
= 107

(

103

) (> 500 GeV)

= 9
= 107

(

103

(> 500 GeV)

/T -)
= 107

(

[ceCube Preliminary

1 1 |

EPOS-LHC

[ceCube Preliminary

QGSJet-11.04

[ceCube Preliminary

Fe
P

6.50  6.75

.00 725 750 T.75

D 14
.4



https://wiki.icecube.wisc.edu/index.php/Multiplicity_of_TeV_Muons_in_Air_Showers

In(N,)—In{N,),

(N, re—In(N,.)y

TeV Muons in IceCube

» Reminder z-scale:

In(p,) —In(p, )

<

 In(p, re) — In(p,,,)

proton: z =0, 1ron: z = 1

» No significant discrepancies between MG and data for '1eV muons!

[S. Verpoest (IceCube Collaboration), ECRS2022 (proceedings in preparation)]
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Cross Section Measurements



Distribution of Point of First Interaction

» X, 1s the point of first interaction

25

Xl Number of charged particles Dﬁpth of first interaction
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[R. Ulrich et al, NJP 11, 2009]



Cross Section Measurement

» Simulation of proton showers with different cross sections
» Very good sensitivity ot tail ot distribution!

» Cross section accepted 1t simulated slope fits measured slope of X_ .. distribution
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Cross Section Measurement

» Only deep showers are used 1in analysis to enhance proton fraction 1n data sample

» LEftective slope of X .. measured after event selection
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Cross Section Measurement

» Only deep showers are used 1in analysis to enhance proton fraction 1n data sample

» LEftective slope of X .. measured after event selection

Equivalent c.m. energy Vs, [TeV]
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Seasonal Variations of TeV Muons



Seasonal Variations of TeV Muons
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» It a particle i decays or re-interacts 20
in the atmosphere depends on 1ts
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» Propagation described by coupled cascade equations:
d®,(E, X 1 I F(Ep, £y) - @L(E))
i )=_ . ®(E, X) ZJ WA=h> =) ]dEj
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» Atmospheric muon flux depends on atmospheric density (temperature, pressure)!




Seasonal Variations of TeV Muons

Winter atmosphere

Summer atmosphere

colder => more dense => pions interact

2017

2016

2015

CT-TT1-LT102
LT-TT-LT0C
ET-01T-LT02
80-60-L10¢
v0-80-L10Z
0€-90-L10C
9Z-50-L102
LZ-v0-L102
LT-E0-LT0C
0T-20-L102

T T 90-T0-LT0Z
") ] 20-Z1-9102

8Z-01-910¢2
£Z-60-9102
61-80-910¢
ST-L0-9102

L\\Y)  or-s0-9102

90-50-910¢
10-v0-910¢
9¢-20910¢
ZZ-10-910¢
81-Z1-S10¢
ET-TI-ST02
60-01-S10¢
v0-60-S10Z
[E-L0-ST0C
9Z-90-510¢

— ZZ-S0-S10¢
1 LT-P0-ST0C

ET-E0-ST0C
90-70-510¢

4 N Z0-T10-ST0¢

2014

2013

2012

8Z-TT-v10¢
vZ-01-v102
61-60-v10¢
ST-80-v10¢
L0102
90-90-v10¢
Z0-S0-v10¢
8Z-t0v10¢
1Z-20-v10¢
LT-TOv10Z

80-1T1-€10¢
vO-01-€10¢
0E-80-€10¢
9Z-L0-E10C
TZ-90-€10Z
L1-S0-ET0C
IT-vO-ET102
80-£0-€E10Z
10-20-€102
8Z-C1-T10¢
EZ-11-Z102
61-01-Z10¢
pi-60-Z10¢
01-80-C10¢
90-L0-TT0¢
10-90-Z10¢
LTVO-TT0Z
€Z-£0-T102
L1-20-T102
E1-10-210¢
60-ZT-1102
vO-TT-TT02
0E-60-110¢
9Z-80-110¢
CC-L0-110L
L1-90-1T10¢

4 El-C1-E10¢

2400
2350 +

warmer => less dense => pions decay to muons

2300 +

2100 + 2011

2250 +
2200 +
2150 +
2050

2000 +

(ZH) 918y uonyy

v E1-S0-110Z

1950 +
1900

[S. Tilav, TK Gaisser, D. Soldin, PDesiati, PoS ICRC2019 (2020) 894



https://arxiv.org/abs/1909.01406

—
O
O
-
=
Q
70,
e
)
~
<
H
-
e
o
=
O
=
oF
7p!
o
E
<

Seasonal Variations of TeV Muons
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Seasonal Variations of TeV

» lemperature coethcient, a:
R 1

(R)

» "Effective temperature", T,

Pressure (hPa)

_a-<

OOOOOOO
\\\\\\\
HHHHHHH
HHHHHHH
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

10
» lemperature of average layer where
muons are produced g °
. . 5 6
» LEstimate of the K/z-ratio (+prompt) >
ST s — 4
1 | | | | | A- 2
>
é 0.8 | > 0
E 0.6 - i‘z
o
2 4
§ 0.4 .
£ . 6
()] . .
= 02Ff E
0 1 1 L L 1 ' 1 1 | ’ 1 | L L
10° 10° 10* 10° 10° 107 -10

LK Gaisser, PDesiati, Phys. Rev. Lett. 105 (2010)] Ev, i (GeV)

@@@@

(
Y\, | L \ A
MANNTS IR R LYY IINONN NN I A2V RIRYINISISAQLRARIRI[QRINN OO IINONANAHOONRONNRN O ©EONNOIIN S <
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

N
S
o
o
z)
N
~
[9,]
o

erature (K)

2250 0

lceCube Muon Rate (H

N
o
o
o
(=
o]
<
w

— — -
SEOddooeoee9e99e02eLeeeeendaiddadaoooadIddddadydddd I dddddddddaddaddad

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
TSI TR TCCSR2X2R2IR20 O
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

B I 4 1 l’ | “' 1 3 1 1 4 ‘!’ 1 8 1 1 4 1 4 I’ 1 1 4
- ¥2 / ndf 65.27 / 363 .
e p0 ~0.00459 + 0.0222 _—
- p1 0.7501 + 0.002737 :
- Olz=0.75 +/-0.0027 & .
— o —
: /.' i
. d N
— ~ —
. Jan'JU| o ® .. :
ol &S e =
o
i o° Aug-Dec :
- /' . E
- ) -
i o ,J 1
- o -
® 9 :
- N -
3 IceCube Preliminary (a)
8 .- . l .- 1 l . 1 L . | L . i L L . L l L 1 |
-10 -5 0 5 10

YAT oo/ <T (>


https://arxiv.org/abs/1909.01406
https://arxiv.org/abs/1008.2211

(Almost) The End



A Few Final Remarks

» [ will upload my shdes to the indico tonmight

» I'll leave on Wednesday around noon, until then, please feel free to ask any questions!
» If you have any questions at a later point, please contact me at soldin@kit.edu

» However, we will also have a discussion session tomorrow!

» It you have any questions, this will be the opportunity to have an mformal discussion

» Also, 1if you already have questions, please don't hesitate to catch me during
breaks / dinner and I will try to address them

»  We will also solve some problems related to the topics discussed during lectures!

» T'his will be done "old" school, 1.e. please bring pen and paper!


mailto:soldin@kit.edu

P oﬁi‘w

e
- R -

i BRI ’ .

N et F A

73 e, MR e




