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Air Shower

cosmic ray (p, a, Fe ...)

EM shower
nugleons,
K-, etc.
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EM shower
Credit: R.M.Wagner, PhD Thesis



Air Shower

cosmic ray (p, a, Fe ...)

atmospheric nucleus

EM shower
nugleons,
K-, etc.

EM shower

nuc+leons,
K-, etc.

“ EM shower
Credit: R.M.Wagner, PhD Thesis
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Cascade Equations
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MCEq solves equation
system and provides
lepton fluxes!

Conventional
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MCEq Update

Conventional Flux

—— SIBYLL-2.3e —— EPOS-LHC-R DPMJET-II-19.3 PYTHIA8/Cascade
SIBYLL-2.3e” —— QGSIET-III
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Pythia new in MCEq v2, others
already available in MCEq 1.4 Prompt

Angantyr and FLUKA on the way

—— conv,, 0° PROSA '17
--- conv., 90° GRRST '16
BERSS '15 === MCEq, SIBYLL-2.3e

3@, 45, (GeVZcecm=2srls™l)

GMS '15 === MCEq, EPOS-LHC-R
== GM-VFNS '17 =¥~ IceCube 90% CL



Seasonal Variation

A Summer

Lepton
Flux

Winter Winter

Time

Temperature Change yields Flux Change



Cosmic Ray
p+, He, ..., Fe

Theory

- Muons from Kaons
and Pions

- Interplay of
Interaction vs Decay
- changes with
density change

- Assumption:
Atmosphere
approximated
isothermally!

KTX) ~ I (Teﬁ)

Detector >



Cosmic Ray
p+, He, ..., Fe

One scalar
value describes

Muon Rate \l

KTX) ~ I (Teff>

Detector >



Cosmic Ray
p+, He, ..., Fe

?, o }

One scalar
value describes

Muon Rate \l

KTX) ~ I (Teﬁ)

Detector >



How do you measure a;?

1. Detector measures muon rate
over time

3. Fit the slope I T
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MINOS Collaboration, 2010,
PRD, arxiv:0909.4012




Depends on
Depth,
because it
changes the
energy
threshold
Separate
theoretical
Solution for

and
Pions

o as a probe for hadronic physics
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Different
Detectors
have different
overburden
therefore
measure
different ay

Grashorn et al.,
2010, Astropart.
Phys., arxiv:
0909.5382
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The Tension

Seasonal
Variations of
muon
neutrinos
measured
by IceCube
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IceCube Collaboration, 2023,
EPJC 83, 2303.04682



The Tension

Also called: Salsa Curve

Seasonal ' Prediction
Variations of Measured data
muon
neutrinos
measured
by IceCube

~0.075 —0.050 —0.025  0.000
AT et Terr

Not Linear as Expected!
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IceCube Collaboration, 2023,
EPJC 83, 2303.04682
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So what now?

Weight Kernel

/ W(X)

[ TXOWX)ax
W)

Totf

Does not depend on systematic parameters like:
detector depth, overburden, zenith angle, time of
year
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Detector >

Cosmic Ray
p+, He, ..., Fe
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Cosmic Ray
p+, He, ..., Fe

Instead of W(X):
W(X | Depth, Zenith, ...)
Compute via perturbation:

I(T+o|...)—I(T-24]...
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Cosmic Ray
p+, He, ..., Fe

GSF 2025!
Instead of W(X):

W(X | Depth, Zenith, ...)

Compute via perturbation:

_IT+6]..)—KT-5]...)
B 265

WX|...)

We have the
framework!

Detector >



What’s to come

1. MCEq has been updated to new Hadronic
Interaction Models
= New Features to come are 2D, 3D, New
Hadronic Models, EM-Model,
Geomagnetic Cutoff
2. Seasonal Variations Theory is studied in
regards to systematics of the measurement
setup
= \Weight profile characterization by
moments of the distribution (mean,
variance, ...)

= Quantify which parameters have largest
effects
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