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Primary cosmic rays

Introduction

« Underground muons are important for
DM and neutrino experiments because
they can produce neutrons.

Protons

Neutrinos /

« They can give us Information about
. . Decaying
cosmic rays and neutrinos. Y,

* Not much work has been done In the
past 16 years [1, Z].

« Current programs are difficult to use,
slow, and depend on fits to data.




Simulation Method

> MCEq [3]

One-dimensional fast
cascade equation solver.

h > PROPOSAL [4]

Monte Carlo code that
v J  transports leptons through
long ranges of matter quickly.

Detector



Simulation Method

> MCEq [3]
One-dimensional fast
cascade equation solver.
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Calculations

« Underground fluxes are calculated using a convolution:
AE?

u
AE]
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Results
* Interaction models: DDM [5], SIBYLL-2.3d [3] + Bartol errors [6].
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Comparison to Data

 DDM Is better at shallow depths, and SIBYLL is better at deep depths.
* Uncertainties on data are smaller than those on theory.

= Theoretical uncertainties on neutrino fluxes may be constrained from
40% down to 10%.
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MUTE

« MUon inTensity codE

* Pure Python
* Open-source
 Avalilable to use at htips://github.com/wjwoodley/mute

 The computational scheme is described Iin arXiv:2109.11559, which
has been accepted for publication in The Astrophysical Journal.



https://github.com/wjwoodley/mute
https://arxiv.org/abs/2109.11559

MUTE — Example

import mute.constants as mtc
import mute.underground as mtu

mtc.set_overburden("flat")
mtc.set_medium("“rock")
mtc.set_density(2.65)

intensities_DDM
intensities_SIBYLL

mtu.calc_u_intensities_tr(interaction_model = "DDM")
mtu.calc_u_intensities tr(interaction_model

"SIBYLL-2.3d")
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Gran Sasso

Calculations for Mountains
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Other Features — Work in Progress

Total Muon Flux, @Y (cm~2s™1)
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Conclusion

* MUTE combines MCEg and PROPOSAL to make predictions for
atmospheric muons deep underground and underwater.

 The program is fast, precise, and flexible and the results match
experimental data very well.

|t can be used to constrain hadronic and cosmic ray uncertainties,
possibly leading to a reduction In the atmospheric neutrino flux
uncertainty from 40% to 10%.

* It can currently be used by dark matter and neutrino experiments in
labs under flat overburdens and soon mountains. Please use It!
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Thank you



References

N g s~ wnh ke

D. Mei and A. Hime, Phys. Rev. D 73 (2006) 053004 [astro-ph/0512125].

E.V. Bugaev, A. Misaki, V.A. Naumov, T.S. Sinegovskaya, S.l. Sinegovsky and N. Takahashi, Phys. Rev. D 58 (1998) 054001.

A. Fedynitch, F. Riehn, R. Engel, T.K. Gaisser and T. Stanev, Phys. Rev. D 100 (2019) 103018.

J.-H. Koehne, K. Frantzen, M. Schmitz, T. Fuchs, W. Rhode, D. Chirkin et al., Computer Physics Communications 184 (2013) 2070.
A. Fedynitch and M. Huber, PoS ICRC2021 (2021) 1227.

G.D. Barr, T.K. Gaisser, S. Robbins and T. Stanev, Phys. Rev. D 74 (2006) 094009 [astro-ph/0611266].

W. Woodley, A. Fedynitch and M.-C. Piro, PoS ICRC2021 (2021) 1226.

Data

10.
11.
12.
13.
14.
15.
16.
17.
18.

Particle Data Group, PTEP 2020 (2020) 083CO01.

ANTARES, 0911.3055.

X. Bai et al., in 28th International Cosmic Ray Conference, pp. 1373-1376, 5, 2003.

NEMO, Astropart. Phys. 66 (2015) 1 [1412.0849].

T.S. Sinegovskaya and S.l. Sinegovsky, Phys. Rev. D 63 (2001) 096004 [hep-ph/0007234].

I.A. Sokalski, E.V. Bugaev and S.I. Klimushin, Phys. Rev. D 64 (2001) 074015.

SNO Collaboration, Phys. Rev. D 80 (2009) 012001.

M. Agostini, K. Altenmiiller, S. Appel, V. Atroshchenko, Z. Bagdasarian, D. Basilico et al., Journal of Cosmology and Astroparticle Physics 2019 (2019) 046.
MINOS Collaboration. Phys. Rev. D 91 (2015) 112006.

C. Kyba, Ph.D. thesis, University of Pennsylvania, 2006.

M. Crouch, in International Cosmic Ray Conference, vol. 6 of International Cosmic Ray Conference, p. 165, Jan., 1987.

14


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.053004
https://arxiv.org/abs/astro-ph/0512125
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.054001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.103018
https://www.sciencedirect.com/science/article/abs/pii/S0010465513001355?via%3Dihub
https://pos.sissa.it/395/1227
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.094009
https://arxiv.org/abs/astro-ph/0611266
https://pos.sissa.it/395/1226
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/0911.3055
https://www.sciencedirect.com/science/article/pii/S0927650514001960?via%3Dihub
https://arxiv.org/abs/1412.0849
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.096004
https://arxiv.org/abs/hep-ph/0007234
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.074015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.012001
https://iopscience.iop.org/article/10.1088/1475-7516/2019/02/046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.112006

