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IceCube Neutrino Observatory, the cubic kilometer detector embedded in ice of the geographic
South Pole, is capable of detecting particles from several GeV up to PeV energies enabling
precise neutrino spectrum measurement. The diffuse neutrino flux can be subdivided into three
components: astrophysical, from extraterrestrial sources; conventional, from pion and kaon decays
in atmospheric Cosmic Ray cascades; and the yet undetected prompt component from the decay
of charmed hadrons. A particular focus of this work is to test the predicted angular dependence of
the atmospheric neutrino flux using an unfolding method. Unfolding is a set of methods aimed at
determining a value from related quantities in a model-independent way, eliminating the influence
of several assumptions made in the process. In this work, we unfold the muon neutrino energy
spectrum and employ a novel technique for rebinning the observable space to ensure sufficient
event numbers within the low statistic region at the highest energies. We present the unfolded
energy and zenith angle spectrum reconstructed from IceCube data and compare the result with
model expectations and previous measurements.
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Angular dependence of the atmospheric neutrino flux

1. Introduction

The energy spectrum of neutrinos is a fundamental aspect of their properties and holds valuable
information about their sources and interactions. Measurements of neutrinos generated in Cosmic
Ray interactions with the atmosphere and astrophysical neutrinos therefore presents an unparalleled
opportunity for neutrino research. The energy spectrum, spanning from GeV to PeV, comprises
contributions from the conventional and prompt atmospheric neutrino components, as well as the
astrophysical component at higher energies. The astrophysical component is measured to exhibit
a harder spectrum, originating from astrophysical sources [1]. However, this component has not
been fully characterized, and as a result this particular energy range holds special significance and
captures considerable interest.

This work presents the unfolding method and its application in the measurement of the dif-
fuse muon neutrino flux obtained from data taken with the IceCube Neutrino Observatory. The
measurements are considered both regarding their energy dependence and zenith dependence.

2. The IceCube Neutrino Observatory and its Data

The IceCube Neutrino Observatory is a state-of-the-art detector located at the geographic South
Pole [2]. The observatory consists of an array of optical sensors called Digital Optical Modules
(DOMs), which are embedded deep within the Antarctic ice spanning from 1.5 kilometers to 2.5
kilometers underground. Each of the 5160 DOMs houses a Photomultiplier Tube (PMT) and are
subjected on 86 strings with regular spacing of 125 meters. DOMs capture the Cherenkov radiation
produced by charged particles exceeding the speed of light in ice which is subsequently used to
reconstruct 3-dimensional events of these secondary particles.

To reconstruct the flux of muon neutrinos, a subset of IceCube events referred to as track-
like is necessary. Muons create long and straight signatures compared to electrons which are
subject to higher energy loss during their propagation in ice. In this work, a subset of track-
like events measured in IceCube over eleven years of data taking is aimed to be unfolded, with
850000 expected events between 500 GeV and 6 PeV. Utilizing Boosted Decision Trees (BDTs) to
separate background, the sample is cleaned twice considering both the rejection of cascade events
coming from electron neutrinos and the rejection of atmospheric muons not resulting from neutrino
interactions [3]. The meticulous process results in a notable purity of 99.7%, with the energy

resolution of /ogo EEZC ~ (0.3 at 100 TeV where angular resolution is 0.25 degrees. A preliminary
analysis dataset referred to as Burnsample is comprised of 10% of the events, randomly selected
from the total lifetime to be considered.

To train the response of the algorithm, a Monte Carlo simulation of neutrinos propagated

through ice is used, with the simulation covering the energy range from 100 GeV to 500 PeV.

3. Muon neutrino flux and angular dependence

The aforementioned conventional component of the neutrino flux is generated through Cosmic
Ray interactions with nuclei in the Earth’s atmosphere, producing charged particles, such as pions
and kaons, which subsequently decay into neutrinos. The prompt neutrinos, on the other hand, are
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also produced in Cosmic Ray interactions but originate from the decay of short-lived particles usually
containing the charm quark. The much shorter lifetime of charmed mesons reduces the interaction
probability and these particles almost always decay before interacting. As a result of lower energy

. . . do _ L
loss in the atmosphere, they contribute with a harder energy spectrum -2 o E~2%, mirroring the

dE
spectral behaviour of the Cosmic Ray flux. The prompt component becomes substantial at energies

around 100 TeV, and consequently, both conventional and prompt neutrinos are observed together
and are collectively referred to as atmospheric neutrinos. The prompt neutrino component is yet to
be observed and characterized [4], with recent results implicating the existence of prompt leptons
[5].

Upon muon creation, which retains the direction due to the high energies of boosted primaries,
the column depth of the atmosphere will impact its decay probability. When the angle of incidence
is increased, the distance between the origin of the muons in the atmosphere and the detector
increases, reaching its maximum at 180°. For particles entering the atmosphere vertically, the
interaction probability increases due to the higher density of particles at lower heights of the
atmosphere. In contrast, entering at high angles produces a path with longer segments in lower
air densities. Here, a lower interaction rate allows lower energy loss and consequently creates
neutrinos of higher energies. Therefore, the conventional neutrinos from light mesons exhibit
zenith-dependence in the energy spectrum. Contrary to the conventional component, the prompt
particles do not spend sufficient time in the atmosphere to be influenced by these effects.

The highest energy component is constituted of neutrinos from astrophysical sources, inde-
pendent of processes on Earth and inside its atmosphere. Recent measurements indicate a spectral

index ‘Z%‘ o« E7292 for the astrophysical component [1], determined experimentally without a

universally agreed-upon theoretical model to date. Due to the absence of a limiting horizon, the
astrophysical component is expected to be isotropic which is consistent with current observations

[6].

4. Unfolding

Unfolding refers to a set of techniques based on the principle of deconvolution, which aims
to recover the underlying physical distribution of a source from observed data often influenced by
instrumental and statistical effects. In the field of astrophysics, unfolding plays a crucial role in
reconstructing the energy spectrum of a source, giving the radiation intensity as a function of particle
energy. In this work, the focus lies on studying the diffuse neutrino flux, which characterizes the
intensity of neutrinos reaching Earth from all directions and from unspecified sources. Unfolding
involves the modeling of both the source and instrument properties, alongside precise estimation of
the statistical and systematic uncertainties associated with the collected data.

The event spectrum f(x) is a function of neutrino energy x and is distorted during the stochastic
processes involved in neutrino detection. The smearing of the true distribution to the distribution
measured in IceCube is described by a migration matrix A which oughts to map the complete
detection process, from the propagation and interactions of primary neutrinos and emerged leptons
to the detector response described by measured features. The reconstructed energy is additionally
hindered by the unknown amount of energy that the muon has lost before entering the detector
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volume. The measured distributions g(y) after distortion are given by

-

§ = Am,n . f (1)

where g is often referred to as observable space. The sought-after target space f(x) cannot simply
be inferred by inverting the expression 1 as the inversion of A leads to unstable results. This is the
direct result of ill-conditioning, the inversion of matrices with high condition numbers producing
large changes in output caused by a light change in input data.

To mitigate these effects, the event spectrum per each considered energy range in the discretized
space f is reconstructed by maximising the defined Poissonian likelihood

;;
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where the expected value for g is given with Eq. (1). Deriving the logarithm and simplifying leads
to the expression for likelihood per each energy bin to be
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where the subtrahend is the added regularization. Matrix C corresponds to Tikhonov
regularization, a specific form commonly used
in inverse problems, where the goal is to re-
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folding has been introduced with the algorithm
RUN [7], has been used with the improved ver- Figure 1: Observable space bins of the reconstructed

sion named TRUEE [8] to achieve the unfolded track length (y-axis) depending on reconstructed en-
ergy (x-axis). Each of the example bins is populated

muon neutrino energy spectrum [9] and in a ¢ ) ) -
with at least 50000 entries, ensured with the minimum

variation similar to one presented here [10]. leaf size. Higher bin counts correspond to regions

with higher information gain. Here, the track length

5. Rebinning the observable space is densely branched in the low-energy range where
the dominant energy loss mechanism is ionization. At

Discretizing the observable space g from low energies, the starting energy is correlated to track

Eq. (1) into equidistant bins can distort the length, and lose importance in energy reconstruction

analysis for several reasons. Equally dividing %S the dominant process turns to pair production in

higher energy region.
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data into bins without considering the distribution’s imbalance can cause significant variations
in statistics across those bins. When more features are added, the number of bins increases
exponentially, resulting in reduced statistical accuracy, particularly in regions known to exhibit
this property, like the high-energy region of the neutrino flux. Bins exceeding the resolution of
the detector by several orders of magnitude lead to loss of information. Therefore, we present an
approach to data preparation considering the distribution of each used observable to mitigate the
stated effects.

A Decision Tree is trained to classify events into discretized energy bins. However, the
classification done by the Tree is not used for energy reconstruction. While building the decision
space, Trees optimize cuts with the goal of ensuring maximum information gain at each node. The
leafs, final cuts in some set of decisions, are used as the bin edges in the new observable space.
Setting the maximum number of leafs at 2500 sets an upper limit to the size of the observable space,
and mandating a minimum of events needed to build a leaf at 100 ensures substantial statistic is
available in each bin. Binning scheme is shown in Figure 1.

6. The unfolded muon neutrino flux

To test the consistency of the procedure,
pseudosamples, random sets imitating some un-

lceCube Preliminary | derlying distribution (in this case the muon neu-
trino flux), are created and used to optimize

and verify steps. In this work, pseudosam-
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Figure 2: Unfolded weighted flux of a pseudosample Chain Monte Carlo (MCMC) walkers are em-
shown in solid black line. The true distribution is ployed to sample viable solutions of f by
shown in dashed blue lines and is always encompassed  calculating the likelihood given in Eq. (3).
by the statistical errors shown in shaded area around
the best estimate. The lower plot shows the ratio of

the unfolded flux to the true value. Agreement between .
unfolded and true spectra are tested with the x* test, 10000 walkers for each energy bin. The energy

and the values are shown on the bottom left and right range from 500 GeV to 6 PeV is divided into 13
of the upper plot. bins in logarithmic space. The unfolded spec-

Any movements that improves the likelihood
is added to the distribution of estimates done by

trum is compared to its true value by the means
of y? test.
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Unfoldings of all simulated pseudosamples show good agreement of the unfolded spectrum
with its true value, with high significance as indicated through y? p-values indicated with each
result.

Using the same optimization parameters and 9 features chosen based on their relevance and
agreement to data, the algorithm is applied to a subset of data measured with IceCube, corresponding
to 1 year, 20 days and 6 hours of lifetime. Unfolding of data is compared to current theoretical models
for the atmospheric component, and several experimental results parametrizing the astrophysically
dominated region. Atmospheric models are simulated with MCEq [14]. The unfolding is in
agreement with recent measurements, with bigger uncertainty due to the limited statistics in the

Burnsample.
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Figure 3: Weighted flux of the Burnsample data. Black solid line shows the unfolding in this work. The
dashed lines show different atmospheric models, with varying interaction models including Sybill2.3c [12]
(blue), DPMJet [15] (orange), and EPOS [16] (green), all with the Hillas-Gaisser primary Cosmic Ray
flux model [11], and Daemonflux [17]. Recent results from IceCube for the astrophysical components are
shown in solid lines in their corresponding energy ranges, with the shading showing uncertainty. Included
are the 6 years astrophysical fit [13] (green), HESE analysis [18] (pink), and the 9.5 years diffuse analysis
[1] (orange). The solid purple line shows the best estimate of the three-component neutrino flux by the
combination of the astrophysical fit in green, and the atmospheric model in blue. Shaded blue area shows
the uncertainty of unfolding around the best estimate.

Good agreement can be noticed in Figure 3 except for the unfolding between energies of 100
TeV and 400 TeV. A possible source of the disagreement is the aforementioned absence of precise
prompt parametrization. Slight changes in the assumption of the power-law describing prompt
neutrinos create substantial differences in the shape of the flux at this energy range, due to the
crossover energy of prompt and conventional components being around 300 TeV [19], but not
precisely known.

The data is split into five angular subsets based on the expected event rates. The horizon is
substantially more populated in events in comparison to the highest angles, in which the neutrinos
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have passed the whole diameter of Earth before reacting in the ice volume. From the simulation of
the assumed atmospheric and astrophysical model, the event spectrum is divided into five angular
bins of approximately the same number of events to ensure substantial statistics. The considered
angular ranges are 86° to 95°, 95° to 105°, 105° to 117°, 117° to 134°, and 134° to 180°.

Angular unfolding exhibits slight change in the size of uncertainty, due to a lower number of
events in angular intervals compared to the full range. The angular fluxes can be discriminated up
to energies of 1 PeV, where the error regions start to overlap, as shown in Figure 4.

7. Discussion and Outlook

We have presented the current state of un-
folding the neutrino flux from 10% of a dataset
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Cube using different methods in the astrophysi-
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cal dominated region (over PeV). A slight excess
‘ is seen in the 100 TeV to 400 TeV energy range,
o but the results cannot be interpreted before ap-
IceCube Preliminary Simulation only pliction to the full dataset.
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Additionally to unfolding in both angular

bins and the overall observed sky, we discussed

Figure d: Angular unfolding of a pseudosample. The  the approach to treating observables in IceCube
solid lines show the ratio of the unfolded flux in an-

gular bins to the all sky unfolding. Dotted lines show
the true values of the pseudosets sampled from the
combined atmospheric prediction [ 12] and astrophys-
ical fir [13]. The horizon bin (blue) exhibits highest Angular unfolding shows possible separa-
anisotropy stemming from the dominance of conven- tion in up to five zenith bins. The angular fluxes

to ensure sufficient amount of data available for
an analysis, which is not problem-specific and
can be expanded to other areas.

tional particles. can be discriminated until the last two energy
bins, in which the uncertainties surrounding the
best estimates overlap. The last two bins corre-
spond to energies of 500 TeV and higher, for which the ratio is expected to return to values of one
due to the dominance of the two isotropic components, astrophysical and prompt.
The angular dependence remains an exciting area to research, and can benefit from introduction
of more data with the purpose of separation in the highest energy region, and can be used with aim
of advancement in modeling contribution of the three neutrino components to the flux.



Angular dependence of the atmospheric neutrino flux

References

[1] IceCube Collaboration, R. Abbasi et al. Astrophys. J. 928 no. 1, (2022) 50.
[2] IceCube Collaboration Journal of Instrumentation 12 no. 03, (Mar, 2017) P03012-P03012.

[3] L. Rddel, Measurement of High-Energy Muon Neutrinos with IceCube Neutrino
Observatory. PhD thesis, RWTH Aachen University, 2017.

[4] IceCube Collaboration, M. G. Aartsen et al. Physical Review D 91 no. 2, (Jan, 2015) .
[5] IceCube Collaboration, M. G. Aartsen et al. Astropart. Phys. 78 (2016) 1-27.

[6] IceCube Collaboration, M. G. Aartsen et al. The Astrophysical Journal 849 no. 1, (Oct,
2017) 67.

[7] V. Blobel. arXiv:hep-ex/0208022.

[8] N. Milke, M. Doert, S. Klepser, D. Mazin, V. Blobel, and W. Rhode Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 697 (2013) 133-147.

[9] IceCube Collaboration, M. G. Aartsen et al. The European Physical Journal C 77 no. 10,
(Oct, 2017) .

[10] T. Hoinka, J. Soedingrekso, and M. Borner PoS ICRC2019 (2019) 912.
[11] T. K. Gaisser Astroparticle Physics 35 no. 12, (July, 2012) 801-806.

[12] A. Fedynitch, F. Riehn, R. Engel, T. K. Gaisser, and T. Stanev Phys. Rev. D 100 no. 10,
(2019) 103018.

[13] IceCube Collaboration The Astrophysical Journal 833 no. 1, (Dec, 2016) 3.

[14] A. Fedynitch, R. Engel, T. K. Gaisser, F. Riehn, and T. Stanev EPJ Web of Conferences 99
(2015) 08001.

[15] A. Fedynitch, Cascade equations and hadronic interactions at very high energies. PhD
thesis, KIT, Karlsruhe, Dept. Phys., 11, 2015.

[16] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K. Werner Phys. Rev. C 92 no. 3,
(2015) 034906.

[17] J. P. Yaiiez and A. Fedynitch. arXiv:2303.00022.
[18] IceCube Collaboration Phys. Rev. D 104 (Jul, 2021) 022002.

[19] T. K. Gaisser EPJ Web of Conferences 52 (2013) 09004.


http://dx.doi.org/10.3847/1538-4357/ac4d29
http://dx.doi.org/10.1088/1748-0221/12/03/p03012
http://dx.doi.org/10.1103/physrevd.91.022001
http://dx.doi.org/10.1016/j.astropartphys.2016.01.006
http://dx.doi.org/10.3847/1538-4357/aa8dfb
http://dx.doi.org/10.3847/1538-4357/aa8dfb
https://doi.org/10.48550/arXiv.hep-ex/0208022
http://dx.doi.org/https://doi.org/10.1016/j.nima.2012.08.105
http://dx.doi.org/https://doi.org/10.1016/j.nima.2012.08.105
http://dx.doi.org/https://doi.org/10.1016/j.nima.2012.08.105
http://dx.doi.org/10.1140/epjc/s10052-017-5261-3
http://dx.doi.org/10.1140/epjc/s10052-017-5261-3
http://dx.doi.org/10.22323/1.358.0912
http://dx.doi.org/10.1016/j.astropartphys.2012.02.010
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.1103/PhysRevD.100.103018
http://dx.doi.org/10.3847/0004-637x/833/1/3
http://dx.doi.org/10.1051/epjconf/20159908001
http://dx.doi.org/10.1051/epjconf/20159908001
http://dx.doi.org/10.5445/IR/1000055433
http://dx.doi.org/10.1103/PhysRevC.92.034906
http://dx.doi.org/10.1103/PhysRevC.92.034906
https://arxiv.org/abs/2303.00022
http://dx.doi.org/10.1103/PhysRevD.104.022002
http://dx.doi.org/10.1051/epjconf/20135209004

Angular dependence of the atmospheric neutrino flux

Full Author List: IceCube Collaboration

R. Abbasi!7, M. Ackermann“, J. Adamsls, S. K. Agarwalla‘“)* 64, J A Aguilarlz, M. Ahlerszz, JM. Alameddine23, N. M. Amin44, K.
Andeen42, G. Anton?®, C. Argijelles”, Y. Ashida®3, S. Athanasiadou®, S. N. Axani**, X. Bai*?, A. Balagopal V.40, M. Baricevic‘“’,
S. W. Barwick®, V. Basu®”, R. Bay®, J. J. Beatty?%- 21, J. Becker Tjus'!> 95, J. Beise®!, C. Bellenghi?’, C. Benning!, S. BenZvi>2, D.
Berleylg, E. Bernardini48, D.Z. Besson36, E. Blaufusslg, S. B10t63, F. Bontempo“, J.Y. B00k14, C. Boscolo Meneguolo48, S. Boser?!,
0. Botner®! T Béttcher! ,E. Bourbeau??, J. Braun40, B. Brinsoné, J. Brostean—Kaiser63, R. T Burleyz, R.S. Busse43, D. Butterﬁeld‘w,
M. A. Campana49, K. Carloni14, E. G. Carnie—Broncaz, S. Chattopadhyay‘m’ 64, N. Chaulz, C. Chené, Z. Chen55, D. Chirkin40, S.
Choi®, B. A. Clark!?, L. Classen®?, A. Coleman®!, G. H. Collin!?, A. Connollyzo’ 21 J. M. Conrad®>, P. Coppin13, P. Correa!3, D. F.
Cowen>®: 60, P. Daveﬁ, C. De Clercq”, J.J. DeLaunaySS, D. Delgado”, S. Dengl, K. Deoskar54, A. Desai40, P. Desiati40, K. D. de
Vries”, G.de Wasseige37, T. DeYoung24, A. Diazls, J.C. Diaz—Vélez40, M. Dittmer43, A. Domi26, H. Dujmovic40, M. A. DuVernois40,
T. Ehrhardt*! ,P. Eller27, E. Ellinger(’z, S. El Mentawi' ,D. Elsiisserzs, R. EngelSl’ 32, H. Erpenbeck40, J. Evans'g, P. A. Evenson*, K.
L. Fanl9, K. Fang40, K. Farrag16, A.R. Fazely7, A. Fedynitch57, N. Feigllo, S. Fiedlschusterzﬁ, C. Finley54, L. Fischer“, D. F0x59, A.
Franckowiak!!, A. Fritz*!, P. Fiirst!, J. Gallagher”, E. Ganster!, A. Garcia'4, L. Gerhardtg, A. Ghadimiss, C. Glaserm, T. Glauch27,
T. Gliisenkamp%’ 61, N. Goehlke32, J.G. Gonzalez44, S. Goswamisg, D. Grant24, S.J. Graylg, 0. Griesl, S. Grifﬁn40, S. Griswoldsz,
K. M. Grothzz, C. Giinther!, P. Gutjahr23, C. Haackzé, A. Hallgren61, R. Halliday24, L. Halve', F. Halzen40, H. Hamdaouiss, M.
Ha Minh27, K. Hanson??, J. Hardin!®, A. A. Harnisch?*, P. Hatch33, A. Haungs31, K. Helbing(’z, J. Hellrung“, F. Henningsen”,
L. Heuermann', N. Heyer®, S. Hickford®?, A. Hidvegi>*, C. Hill'®, G. C. Hill?2, K. D. Hoffman'?, S. Hori*’, K. Hoshina*’- ¢, W.
Hou31, T. Huber3l, K. Hultqvist54, M. Hiinnefeld23, R. Hussain40, K. Hym0n23, S. In56, A. Ishiharalé, M. Jacquart40, 0. Janik!, M.
Jansson®*, G. S. Japaridze’, M. Jeong>®, M. Jin!4, B. I. P. Jones*, D. Kang3!, W. Kang®®, X. Kang*’, A. Kappes*?, D. Kappesser*!,
L. Kardum23, T. Karg63, M. KaI127, A. Karle40, U. Kat226, M. Kauer40, J. L. Kelley40, A. Khatee Zathul4°, A. Kheirandish3* 35, J.
Kirylukss, S. R. Klein® 9, A. Kochock124, R. Koirala44, H. Kolanoskilo, T. Kontrima527, L. Kt')pke41 ,C. KopperZG, D. J. Koskinen?2, P.
Koundal®!', M. Kovacevich?®, M. Kowalski!?- 63 T. Kozynetszz, J. Krishnamoorthi*?- %4, K. Kruiswijk37, E. Krupczak24 , A. Kumar®?,
E.Kun!!, N. Kurahashi49, N. Lad63, C. Lagunas Gualda63, M. Lamoureux37, M. J. Larsonlg, S. Latseva!, F. Lauber62, J.P. Lazar!'% 40,
J. W. Lee®®, K. Leonard DeHolton®, A. Leszczyxiska44, M. Lincetto!!, Q. R. Liu*®, M. Liubarska®, E. Lohfink*!, C. Love®, C. J.
Lozano Mariscal43, L. Lu40, F. Lucarellizs, W. Luszczak?%: 21, Y. Lyus’ 9, J. Madsen4°, K. B. M. Mahn24, Y. Makino40, E. Mana027,
S. Mancina%%: 48, W. Marie Sainte40, I. C. Mari§12, S. Mzu'ka46, Z. Marka46, M. MarseeSg, I MartineZ—Soler”, R. Maruyama45 , F
Mayhew?*, T. McElroy?, F. McNally38, J. V. Mead??, K. Meagher*?, S. Mechbal®3, A. Medina?!, M. Meier'®, Y. Merckx!3, L.
Merten“, J. Micallef24, J. Mitchell7, T. Montarulizg, R.W. M00r625, Y. Moriilﬁ, R. Morse4°, M. Moulai40, T. Mukherjee“, R. Naab63,
R. Nagai16, M. Nakos40, U. Naumann®?, J. Necker“, A. Negi4, M. Neumann43, H. Niederhausen24, M. U. Nisa24, A. Noelll, A.
Novikov44, S.C. Nowicki24, A. Obertacke Pollmann'ﬁ, V. O’Dell40, M. Oehler3! ,B. Oeyen29, A. Olivaslg, R. 0rs¢ez7, J. Osborn40, E.
O’Sullivan(’l, H. Pandya44, N. Pa1k33, G.K. Parker4, E.N. Paudel44, L. Paul*% 50, C. Pérez de los Heros®! R Peterson40, S. Philippenl,
A. Pizzuto*®, M. Plum®®, A. Pontén®!, Y. Popovych*!, M. Prado Rodriguez*’, B. Pries**, R. Procter-Murphy!®, G. T. Przybylski®,
C. Raab®’, J. Rack-Helleis*!, K. Rawlins®, Z. Rechav*?, A. Rehman**, P. Reichherzer!!, G. Renzi'?, E. Resconi?’, S. Reusch®3, W.
Rh0d623, B. Riedel40, A. Rifaie!, E. J. Robertsz, S. Robertsons’g, S. Rodan56, G. RoellinghoffSG, M. Rongen26, C. Rott53'56, T.
Ruh623, L. Ruohan27, D. Ryckbosch29, L. Safal% 40, J. Saffer”, D. Salazar—Galleg0s24, P. Sampathkumar31 , S. E. Sanchez Herrera24,
A. Sandrock62, M. Santandersg, S. SarkaIZS, S. Sarkar‘”, J. Savelbergl, P. Savina40, M. Schaufell, H. Schieler“, S. Schindler26, L.
Schlickmann!, B. Schliiter*?, F. Schliiter!2, N. Schmeisser®2, T. Schmidt!?, J. Schneider?%, F. G. Schroder>! 44, L. Schumacher?0, G.
Schwefer!, S. Sclafani'®, D. Seckel**, M. Seikh®, S. Seunarine’!, R. Shah*°, A. Sharma®!, S. Shefali’?, N. Shimizu'®, M. Silva*’, B.
Skrzypek!4, B. Smithers*, R. Snihur®?, J. Soedingrekso??, A. Sggaard?2, D. Soldin®2, P. Soldin', G. Sommani'!, C. Spannfellner?’, G.
M. Spiczaksl, C. Spiering“, M. Stamatikos?! ,T. Stanev44, T. Stezelberger9, T. Stiirwald®2, T. Stuttardzz, G.W. Sullivanlg, I Taboadaf',
S. Ter—Antonyan7, M. Thiesmeyer1 , W.G. Thompson14, J. Thwaites40, S. Tilav44, K. Tollefson24, C. Ténnis56, S. Toscanolz, D. Tosi40,
A. Trettin(ﬁ, C.F. Tungé, R. Turcotte>! L, J.P. Twagirayezu24, B. Ty40, M. A. Unland Elorrieta43, A. K. Upadhyay40’ 64, K. Upshaw7, N.
Valtonen—Mattila(", J. Vandenbroucke40, N. van Eijndhoven'3, D. Vanneromls, J. van Santen63, J. Vara43, J. Veitch—Michaelis4O, M.
Venugopal“, M. Vereecken”, S. Verpoest44, D. Veske46, A. Vijai'g, C. Walck54, C. Weaver24, P. Weigells, A. Weindl3! A Weldertéo,
C. Wendt*?, J. Werthebach??, M. Weyrauch31, N. Whitehorn?*, C. H. Wiebusch!, N. Willey24, D.R. WilliamsSs, L. Witthauszs, A.
Wolf!, M. Wolf?”, G. Wrede?®, X. W. Xu’, J. P. Yanez?®, E. Yildizci*®, S. Yoshida'®, R. Young®, E. Yu'4, S. Yu**, T. Yuan*', Z.
Zhang55 ,P. Zhelnin14, M. Zimmerman*?

L. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany

2 Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3 Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
4 Dept. of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
5 CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA

6 School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
7 Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA

8 Dept. of Physics, University of California, Berkeley, CA 94720, USA

9 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

10 Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany

11 Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany

12 Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium



Angular dependence of the atmospheric neutrino flux

13 Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium

14 Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, USA
15 Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

16 Dept. of Physics and The International Center for Hadron Astrophysics, Chiba University, Chiba 263-8522, Japan

17 Department of Physics, Loyola University Chicago, Chicago, IL 60660, USA

18 Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand

19 Dept. of Physics, University of Maryland, College Park, MD 20742, USA

20 Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

21 Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
22 Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

23 Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany

24 Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

25 Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

26 Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
27 Technical University of Munich, TUM School of Natural Sciences, Department of Physics, D-85748 Garching bei Miinchen, Germany
28 Département de physique nucléaire et corpusculaire, Université de Genéve, CH-1211 Gengve, Switzerland

29 Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

30 Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA

31 Karlsruhe Institute of Technology, Institute for Astroparticle Physics, D-76021 Karlsruhe, Germany

32 Karlsruhe Institute of Technology, Institute of Experimental Particle Physics, D-76021 Karlsruhe, Germany

33 Dept. of Physics, Engineering Physics, and Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada

34 Department of Physics & Astronomy, University of Nevada, Las Vegas, NV, 89154, USA

35 Nevada Center for Astrophysics, University of Nevada, Las Vegas, NV 89154, USA

36 Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

37 Centre for Cosmology, Particle Physics and Phenomenology - CP3, Université catholique de Louvain, Louvain-la-Neuve, Belgium
38 Department of Physics, Mercer University, Macon, GA 31207-0001, USA

39 Dept. of Astronomy, University of Wisconsin-Madison, Madison, WI 53706, USA

40 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706, USA
41 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

42 Department of Physics, Marquette University, Milwaukee, WI, 53201, USA

43 Institut fiir Kernphysik, Westfélische Wilhelms-Universitidt Miinster, D-48149 Miinster, Germany

44 Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

45 Dept. of Physics, Yale University, New Haven, CT 06520, USA

46 Columbia Astrophysics and Nevis Laboratories, Columbia University, New York, NY 10027, USA

4T Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom

48 Dipartimento di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova, 35122 Padova PD, Italy

49 Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA

50 physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

51 Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA

52 Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

53 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

34 Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden

55 Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

56 Dept. of Physics, Sungkyunkwan University, Suwon 16419, Korea

57 Institute of Physics, Academia Sinica, Taipei, 11529, Taiwan

58 Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

59 Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA

60 Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA

61 Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden

62 Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

63 Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

64 Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India

65 Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden

66 Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

Acknowledgements

The authors gratefully acknowledge the support from the following agencies and institutions: USA — U.S. National Science Foundation-
Office of Polar Programs, U.S. National Science Foundation-Physics Division, U.S. National Science Foundation-EPSCoR, Wisconsin
Alumni Research Foundation, Center for High Throughput Computing (CHTC) at the University of Wisconsin-Madison, Open Science

10



Angular dependence of the atmospheric neutrino flux

Grid (OSG), Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS), Frontera computing project at the
Texas Advanced Computing Center, U.S. Department of Energy-National Energy Research Scientific Computing Center, Particle astro-
physics research computing center at the University of Maryland, Institute for Cyber-Enabled Research at Michigan State University, and
Astroparticle physics computational facility at Marquette University; Belgium — Funds for Scientific Research (FRS-FNRS and FWO),
FWO Odysseus and Big Science programmes, and Belgian Federal Science Policy Office (Belspo); Germany — Bundesministerium
fiir Bildung und Forschung (BMBF), Deutsche Forschungsgemeinschaft (DFG), Helmholtz Alliance for Astroparticle Physics (HAP),
Initiative and Networking Fund of the Helmholtz Association, Deutsches Elektronen Synchrotron (DESY), and High Performance
Computing cluster of the RWTH Aachen; Sweden — Swedish Research Council, Swedish Polar Research Secretariat, Swedish National
Infrastructure for Computing (SNIC), and Knut and Alice Wallenberg Foundation; European Union — EGI Advanced Computing for
research; Australia — Australian Research Council; Canada — Natural Sciences and Engineering Research Council of Canada, Calcul
Québec, Compute Ontario, Canada Foundation for Innovation, WestGrid, and Compute Canada; Denmark — Villum Fonden, Carlsberg
Foundation, and European Commission; New Zealand — Marsden Fund; Japan — Japan Society for Promotion of Science (JSPS) and In-
stitute for Global Prominent Research (IGPR) of Chiba University; Korea — National Research Foundation of Korea (NRF); Switzerland
— Swiss National Science Foundation (SNSF); United Kingdom — Department of Physics, University of Oxford.

11



	Introduction
	The IceCube Neutrino Observatory and its Data
	Muon neutrino flux and angular dependence
	Unfolding
	Rebinning the observable space
	The unfolded muon neutrino flux
	Discussion and Outlook

