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Characterizing the Astrophysical Neutrino Flux Using Contained and Uncontained Cascade Events

1. Introduction

The IceCube Neutrino Observatory has discovered and characterized the astrophysical neutrino
flux. The Enhanced Starting Track Event Selection (ESTES) [1] finds a single power law ®(E) =

D X (E%) 7 (SPL) to be the best fit, while the Medium Energy Starting Events (MESE) [2] and
Combined Fit [3] selections find broken power law (BPL), deviating from the SPL below ~30 TeV.
The BPL model is shown in Eq. 1, where ®;, is the flux normalization assuming a fixed break
energy (Ep), and 7y > the spectral indices for BPL below and above E,, respectively:
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Further characterization of the astrophysical neutrino flux using an increased statistics sample is

D(E) =Dy x (BPL) . (1)

needed to resolve features of the spectrum.

While the ESTES, MESE, and Combined Fit selections select reconstructed events contained
within or passing through the instrumented detector volume [4], a cascade-like selection of both
contained and uncontained events built using neural networks and used to discover neutrino flux
emission from the galactic plane [5], known as Deep Neural Network Cascades (DNNCascades),
could be the solution. IceCube has performed previous analyses using uncontained events above
PeV energies [6], but DNNCascades’ method of removing through-going muon background allows
for the inclusion of uncontained events down to 1 TeV and increases statistics of contained events
below 10 TeV.

This work describes the optimization of DNNCascades to characterize the diffuse astrophysical
spectrum down to 1 TeV energy. Updated systematic treatment of the Antarctic ice [7][8] and
atmospheric flux [9], improved energy reconstruction [8], and new quality cuts are employed into
the selection. Additionally, enhanced parametrization of the atmospheric neutrino flux accepted by
IceCube predicts a reduced atmospheric neutrino background in the southern sky, improving the
astrophysical purity of the selection. The selection, known as DNNCascades Diffuse, is presented
here as an increased statistics selection of contained and uncontained events that could resolve
features of the diffuse astrophysical neutrino spectrum down to 1 TeV.

2. Event Selection

The sample consists of cascade-like events with reconstructed energies as low as 1 TeV, selected
through a series of deep neural network algorithms. Two machine learning-based classifiers were
used to finalize event morphologies of the selection. Each classifier predicts a score per event to
reject atmospheric muon background (Muonness) and identify cascade-like events (Cascadeness),
respectively [5]. The resulting selection consists of cascade-like, neutral current muon neutrinos,
and electron and tau neutrinos.

Quality cuts based on detector geometry were employed to preserve angular and energy res-
olution of the selection. Removed events are in regions where limited knowledge of ice and
atmospheric flux impact event reconstruction. The cuts include removing events with reconstructed
vertices above the instrumented detector volume, inside the dust layer [4], events below the instru-
mented detector volume with energy < 10 TeV, and any event greater than 700 meters radially from
the detector center. Detailed event rates of the astrophysical and atmospheric neutrino flux after
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applying the classifiers and quality cuts are shown in Table 1. Muon background event rates are
subdominant in the selection and not displayed here.

Quality Cut Specification Vastro €vent rate [Hz] | v.ony €vent rate [Hz]
Selection + 3.275x1073 3.076x1074
Muonness score < 0.005 3.073x107° 2.825%107*
Cascadeness score > 0.1 2.436x107° 1.151x10~*
Surface Zreco < 500m 2.430x107° 1.150x10~*
Dust Layer Zreco '€[50,150lm 2.361x107° 1.132x107%
Deep Ice Ereco > 10 TeV if z,.¢, €[-500,-700]m 2.150x107° 9.748x107°

Table 1: Event rate of topology and quality cuts for DNNCascades Diffuse, after applying each cut in
succession to existing cuts from DNNCascades (Selection +). The expected astrophysical and conventional
neutrino event rates assume the SPL. model of Cascades with y = 2.53 and @y = 1.66 [10] and the GaisserH4a
atmospheric flux model [11]. For reference, the IceCube Neutrino Observatory is roughly 1 cubic km with
a detector center defined in cartesian coordinates (0,0,0) [4].

2.1 Contained and Uncontained Events

Events are characterized as contained or uncontained in DNNCascades Diffuse to determine statisti-
cal gain and reconstruction quality in uncontained events . Displayed in Figure 1, a contained event
is defined as an event with reconstructed vertex inside the instrumented volume of the IceCube de-
tector. This includes all events within 1.4km to 2.5km depth, and within the second outermost layer
of digital optical module (DOM) [4] strings. An Uncontained event is defined in Figure 1 as any
event outside of the contained region and extends down to 2.7km depth and within a reconstructed
radial distance from the detector center to 700m. Assuming the SPL model from Cascades with
vy =2.53 and D, = 1.66 [10], DNNCascades Diffuse MC is made of ~60% contained events

and ~40% uncontained events.
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Figure 1: Defining the contained and uncontained region for IceCube events in cartesian and cylindrical
coordinates for DNNCascades Diffuse selection. Electron neutrinos with primary energy 1 - 100 PeV are
displayed, with contained events in blue and uncontained events in gray. IceCube strings are displayed in
black, and DeepCore strings as dotted lines in the right panel [4]. The relationship between depth [m] and z
[m] is depth = 1948 - z, where 1948 is the distance in meters from the detector centor to the ice surface [4].

Reconstruction quality is displayed in Figure 2. Uncontained events are expectedly recon-
structed with poorer resolution than contained events. When the reconstructed vertex is farther
from the detector, fewer photons are detected by DOMs, which can lead to overestimation of recon-
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structed energy due to uncertainties in reconstructed position. No distinct decrease in radial energy
resolution was observed except at distances greater than 150m from the instrumented detector

volume.
5 30
—— This Work —— This Work
4 contained i 25 contained
X ~— uncontained 9 uncontained
3 €20
:
()
= §15
52 G
E gl 10
(0] 1 5
g 5
IceCube Preliminary IceCube Preliminary

Q03 104 10° 10° 10’ 108 %03 104 10° 10° 10’ 108
reconstructed energy [GeV] reconstructed energy [GeV]

Figure 2: Angular and energy resolutions for DNNCascades Diffuse, total, contained, and uncontained
events.

2.2 Effective Area

The increase in sensitivity of DNNCascades Diffuse can be visualized by comparing the effective
area of the sample to the contained-only cascades sample, Cascades [10], used in the Combined
Fit [10]. Figure 3 shows contained and uncontained events of DNNCascades Diffuse compared to
Cascades. The overall gain in effective area for DNNCascades Diffuse is between a factor ~2 and
~4 depending on the observed energy range.
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3. Modeling of the Atmospheric Neutrino Flux

At energies below ~30 TeV, modeling the dominant atmospheric flux enhances differentiation from
the astrophysical flux. In particular, Cosmic Ray interactions produce showers containing atmo-
spheric neutrinos and muons that reach the IceCube detector in coincidence. Not all atmospheric
neutrinos reach IceCube with detectable muons and simulating air showers with CORSIKA [12]
at IceCube’s TeV sensitivity is computationally prohibitive, leading to particle-separate simulation.
The phenomenon of atmospheric neutrino rejection due to coincident muons, known as the self
veto [13], is not observed in separated simulation. IceCube models this self veto effect via the
passing fraction (P,,), which estimates the probability that an atmospheric neutrino survives event
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selection with undetectable accompanying muons [13][14].

The open source self veto parametrization package NuVeto [14] is used to calculate P,
as a function of neutrino energy, zenith angle, depth, and primary particle shower development,
described in detail in [13][14], is displayed here Eq. 2. An important parameter of the P, is the
detector response to accompanying muons (Pj;,). In practice, Pjigy, is the fraction of muons that
trigger the rejection of a neutrino event:

1 X dNa,
P E,  0)= —— E _ E ~ (E E, X) D4 (E
pass (Ev, 02) o, (EV,QZ);;/[Z p//lp (£, X) /d CR iE, (Ecr.Ep, X) ®a (Ecr)

X

. dN, . . .
- / ar}, =2 (£, B, ) / dE] / dE}, Preaen(E}, | EV,.6.) Pigw(EL)(EY,.6,)
: Pigni(Eyr)

e_NAv/‘(ECR_EPﬂz) X (2)

In past analyses, Pj;e,; Was approximated using analytical step functions [1] [10] [14] or single
muon showers[15]. In this work, neutrino correlated muon bundles are injected into surviving
neutrino events of DNNCascades Diffuse to more closely emulate the full simulation of cosmic
showers as seen in nature. The total number of events with muon bundles (N, s0ra1) 1S compared
to the number of events with muon bundles that have passed DNNCascades Diffuse (N, pass)-
The fractional rate of muon bundles that trigger event rejection is thus given by Pjjgp, =1 - ﬁ

This method of calculating Pj;,4, was first implemented in MESE [2]. Here the method has been
expanded and incorporated into DNNCascades Diffuse.

3.1 Correlated Muon Bundles Using CORSIKA

A novel method was developed to determine which muon bundles are most likely to accompany
atmospheric neutrinos. The multiplicity and energy distribution of the muon bundles used to build
Ny u,t0tal Were correlated with a same shower neutrino using CORSIKA simulation [12].

3.1.1 Simulation

CORISKA airshower simulation generated for this work assumed the Gaisser H3A, 5-component
atmospheric density model (Proton, He, N, Al, Fe) [11] and the Sibyll2.3d hadronic interaction
model including charm production [12]. The updated simulation accounted for uncontained events
in DNNCascades Diffuse, in Figure 1 with detectable events up to 700 radial meters from the
detector center. From Earth’s surface, PROPOSAL [16] was used to propagate particles to the
IceCube detector, considering particle interactions and decays, and energy losses.

Information from ~450 million simulated air showers was collected. The energy, direction
(cos 6), depth, and flavor of one random neutrino per air shower was recorded. Leading muons
by energy were collected with a ceiling multiplicity of N=4 due to computational and statistical
limitations. No requirement of correlated (sibling) or uncorrelated (family) muon to the sampled
neutrino was imposed.

3.1.2 Correlations

The recorded information was binned to determine the most likely muon energies per bundle for
a given neutrino by sampled flavor, energy, cos 6, depth, and muon multiplicity N. In total, there
are 720 muon energy distributions. For each distribution, the best fit double-sided log gaussian
function was determined using y? values. To account for varying statistics in each of the 720
distributions, the number of muon energy bins in each distribution was allowed to float as a fit
parameter. An example of the recorded muon energies and their best fits for ten bins are shown in
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Figure 4, for a 160 TeV muon neutrino in the region cos 8 € [0.6,0.8], and depth € [1.6,2.0] km
for muon multiplicities N=1, 2, 3, and 4. These distributions correlate the most likely muon bundle
multiplicity and energy distribution for a given atmospheric neutrino.
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Figure 4: Muon energy distributions for a 160 TeV muon neutrino in the bin cos 6 € [0.6,0.8], at depths

€ [1.6,2.0] km, for muon multiplicities N=1, 2, 3, and 4.
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3.2 Detector Response to Muon Bundles

To calculate Py, the number of surviving DNNCascades Diffuse MC neutrinos is given by N,,.
For each event in N,, , muon bundles are sampled from distributions as seen in Figure 4 and injected
to create Ny, 10ra. The DNNCascades Diffuse selection is reapplied on Ny 44 70ra1, Tesulting in
the surviving number of neutrinos with muon bundles, Ny, pass. The fraction of muon bundles
that trigger event rejection, Pjigp = 1 - %, is calculated as a function of neutrino region
(depth, cos#) and flavor. 5 of 60 Py, distributions calculated to estimate the detector response to

muon bundles in DNNCascades Diffuse are shown in Figure 5.
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3.3 Passing Fraction

The passing fractions for prompt and conventional muon neutrinos including the Py, whose
updated calculation been described in this work are shown in Figure 6 (left) for DNNCascades
Diffuse as a function of cos(8). Horizontal events have longer travel paths to the detector that
impacts muon bundle detectability at lower energies, which leads to an increased probability to pass
the self veto. At the highest muon energies, correlated to neutrino energies, the angular distribution
of arriving muons is isotropic. Additionally, prompt neutrinos are produced via charmed meson
decay and are more likely to have higher energy accompanying muons reach the detector due to
their differing production mechanisms, resulting in a decreased probability to pass the self veto.
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Figure 6: (Left) Passing Fraction as a function of cos(6) for conventional and prompt muon flux.(Right)
cos(0) distribution for muon neutrinos in the DNNCascades Diffuse event selection for all muon neutrinos
with energy >20 TeV, with updated passing fraction.

The impact of the self veto on the atmospheric neutrino flux for muon neutrinos is shown in Figure 6
(right). The existing parametrization of the sample is compared with the parametrization described
in this work. In the southern sky, implementing the muon bundle into the detector response
calculations results in an increased rejection of atmospheric neutrino events and further breakdown
in the degeneracy between the prompt and astrophysical flux in the southern sky. After applying
the updated passing fraction, the astrophysical flux dominates for energies greater than ~20 TeV.
4. Sensitivity

To gauge the sensitivity in differentiating features of the astrophysical spectrum, models of the
Combined Fit [3] and ESTES [1] were injected to fit differential fluxes for DNNCascades Dif-
fuse. Atmospheric systematics and statistical uncertainties are incorporated into the 1o error bars

derived from the Hessian matrix. Figure 7 shows the results, where the spectral break occurs at
approximately 30 TeV.
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5. Conclusions

DNNCascades Diffuse is a high statistics contained and uncontained event selection with updated
treatment of systematic uncertainties of the atmospheric fluxes and the ice, quality cuts based on
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improved reconstruction resolution, and extensive characterization of the atmospheric neutrino
flux in the southern sky. The preliminary results suggest improved sensitivity to resolve features of
the astrophysical neutrino spectrum especially below energies of 30 TeV.

References
[1] IceCube Collaboration, R. Abbasi et al., Physical Review D 110 (Jul, 2024) 022001.

[2] V. Basu, Characterization of the Diffuse Astrophysical All-Flavour Neutrino Spectrum using
IceCube Events With Contained Vertices. PhD thesis, University of Wisconsin-Madison,
2025. https://search.library.wisc.edu/digital/AHPMESCIWNUQZGSG.

[3] IceCube Collaboration, R. Abbasi et al., Proceedings of Science ICRC2023 (2023) 1064.

[4] IceCube Collaboration, M. G. Aartsen et al., Journal of Instrumentation 12 no. 03, (2017)
P03012.

[5] IceCube Collaboration, R. Abbasi et al., Proceedings of Science ICRC2021 (2021) 1150.
[6] IceCube Collaboration, M. G. Aartsen et al., Nature 591 (2021) 220-224.
[7] IceCube Collaboration, R. Abbasi et al., The Cryosphere 18 (2024) 75-102.
[8] IceCube Collaboration, Proceedings of Science ICRC2025 (2025) 1169.
[9] J. P. Yafiez and A. Fedynitch, Physical Review D 107 no. 12, (June, 2023) .
[10] M. G. Aartsen et al., Physical Review Letters 125 no. 12, (2020) 121104.
[11] T. Gaisser, Astroparticle Physics 35 (2012) 801-806.

[12] D. Heck, J. Knapp, J. N. Capdevielle, G. Schatz, and T. Thouw, CORSIKA: a Monte Carlo
code to simulate extensive air showers. 1998.

[13] T. K. Gaisser, K. Jero, A. Karle, and J. van Santen, Physical Review D 90 no. 2, (July, 2014) .

[14] C. A. Argiielles, S. Palomares-Ruiz, A. Schneider, L. Wille, and T. Yuan, Journal of
Cosmology and Astroparticle Physics 2018 no. 07, (July, 2018) 047-047.

[15] R. Abbasi et al., Physical Review D 104 no. 2, (July, 2021) .

[16] J. Koehne, K. Frantzen, M. Schmitz, T. Fuchs, W. Rhode, D. Chirkin, and J. Tjus, Computer
Physics Communications 184 (2013) 2070-2090.


http://dx.doi.org/10.1103/PhysRevD.110.022001
https://search.library.wisc.edu/digital/AHPMESCJWNUQZG8G
http://dx.doi.org/https://doi.org/10.22323/1.444.1064
http://dx.doi.org/10.1088/1748-0221/12/03/P03012
http://dx.doi.org/10.1088/1748-0221/12/03/P03012
http://dx.doi.org/https://doi.org/10.22323/1.395.1150
http://dx.doi.org/https://doi.org/10.1038/s41586-021-03256-1
http://dx.doi.org/10.5194/tc-18-75-2024
http://dx.doi.org/10.1103/physrevd.107.123037
http://dx.doi.org/10.1103/PhysRevLett.125.121104
http://dx.doi.org/https://doi.org/10.1016/j.astropartphys.2012.02.010
http://dx.doi.org/10.1103/physrevd.90.023009
http://dx.doi.org/10.1088/1475-7516/2018/07/047
http://dx.doi.org/10.1088/1475-7516/2018/07/047
http://dx.doi.org/10.1103/physrevd.104.022002
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2013.04.001.
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2013.04.001.

Characterizing the Astrophysical Neutrino Flux Using Contained and Uncontained Cascade Events

Full Author List: IceCube Collaboration

R. Abbasi'®, M. Ackermann®?, J. Adams'7, S. K. Agarwalla®-2, J. A. Aguilar'®, M. Ahlers?!, J.M. Alameddine??, S. Ali*>, N. M.
Amin*3, K. Andeen*!, C. Argiielles'3, Y. Ashida®?, S. Athanasiadou®?, S. N. Axani*?, R. Babu??, X. Bai*, J. Baines-Holmes>®, A.
Balagopal V.39 43, S. W. Barwick29, S. BashZG, V. Basu52, R. Bay6, J.J. Beattylg* 20, J. Becker Tjusg’ b, P. Behrensl, J. Beise61, C.
Bellenghi%, B. Benkel“, S. BenZvi®! ,D. Berley'g, E. Bernardini*’» ¢ D.Z. Besson35, E. Blaufuss'g, L. Bloom8, S. B10t63, I Bodo39,
F. Bontempo30, J. Y. Book Motzkin”, C. Boscolo Meneguolo‘w’ ¢ S. Bﬁser40, 0. Botner“, J. Bﬁttcherl, J. Braun39, B. Brinson4,
Z. Brisson-Tsavoussis32, R. T Burleyz, D. Butterﬁeld”, M. A. Campana48, K. Carloni!3, J. Carpi033' 34, S. Chattopadhyay”’ a N.
Chau'®, Z. Chen®, D. Chirkin®®, S. Choi2, B. A. Clark!8, A. Coleman®', P. Coleman', G. H. Collin'4, D. A. Coloma Borja*’, A.
Connollylg’ 20, J. M. Conrad14, R. Corleysz, D. F. Cowen>% 60, C. De Clercq“, J.J. DeLaunaysg, D. Delgado”, T. Delmeullelo, S.
Deng1 ,P. Desiatisg, K. D. de Vries!!, G. de Wasseige%, T. DeYoungZS, J.C. DiaZ—VéleZ”, S. DiKerbyzs, M. Dittmer*2, A. Domi25,
L. Draper52, L. Dueserl, D. Durnford24, K. Dutta40, M. A. DuVernois39, T. Ehrhardt4°, L. Eidenschink26, A. Eimerzs, P. Eller26,
E. Ellingeréz, D. Elsiisserzz, R. Engel30’ 31, H. Erpenbeck”, W. Esmail“, S. EuligB, J. Evanslg, P. A. Evenson43, K. L. Fan!®, K.
Fang39, K. Farrang, A.R. FazelyS, A. Fedynitch57, N. Feiglg, C. Finley54, L. Fischer“, D. Fox59, A. Franckowiakg, S. Fukami63, P.
Fiirstl, J. Gallagher38, E. Gansterl, A. Garcia”, M. Garcia43, G. Garg”’ a E. Genton!3 36, L. Gerhardt7, A. Ghadimiss, C. Glaserél,
T. Glijsenkamp61, J. G. Gonzalez®3, S. Goswami’? 34, A. Granados?3, D. Grant!2, S. J. Grayls, S. Griffin®, S. Griswold®!, K.
M. Groth?!, D. Guevel®, C. Giinther!, P. Gutjahr??, C. Ha’3, C. Haack®, A. Hallgren®!, L. Halve!, F. Halzen®, L. Hamacher',
M. Ha Minhzé, M. Handt!, K. Hanson”, J. Hardin”, A. A. Harnisch23, P. Hatch32, A. Haungs30, J. H’ciuBlerl, K. Helbing62, J.
Hellrungg, B. Henke?, L. Hennig25, F. Henningsen12, L. Heuermann!, R. Hewett!7, N. Heyer()l, S. Hickford®2, A. Hidvegi54, C.
Hill'3, G. C. Hill2, R. Hmaid"?, K. D. Hoffman'8, D. Hooper®®, S. Hori®?, K. Hoshina®®>4, M. Hostert!3, W. Hou®°, T. Huber*,
K. Hultqvist54, K. Hymonzz* 57 A. Ishihara!®, W. Iwakirils, M. JacquartZI, S. Jain39, 0. JanikZS, M. Jansson36, M. Jeongsz, M.
Jin'3, N. Kamp]3, D. Kang30, W. Kang48, X. Kang48, A. Kappes42, L. Kardumzz, T. Karg63, M. Karl%, A. Karle397 A. Kati124,
M. Kauer®, J. L. Kelley®®, M. Khanal®2, A. Khatee Zathul®®, A. Kheirandish?3-34, H. Kimku®3, J. Kiryluk®, C. Klein?, S. R.
Klein® 7, Y. Kobayashils, A. Kochocki?3, R. Koirala®?, H. Kolanoskis, T. Kontrimas26, L. Képke‘“), C. Kopper25, D. J. Koskinen?!,
P. Koundal43, M. Kowa]skis’“, T. Kozynetsﬂ, N. Kriegerg, J. Krishnamoorthi”"‘, T. Krishnanl3, K. Kruiswijk36, E. Krupczak23,
A. Kumar63, E. Kung, N. Kurahashi48, N. Lad%? , C. Lagunas Gualda26, L. Lallement Arnaudlo, M. Lamoureux36, M. J. Larsonlg,
F. Lauberﬁz, J.P Lazar36, K. Leonard DeHolton®, A. Leszczyr’lska“, J. Liao4, C. Lin43, Y. T Liu(’o, M. Liubarska?*, C. Love48,
L. Lu39, F. Lucarelli27, W. Luszczaklg’zo, Y. Lyu6’7, J. Madsen39, E. Magnus“, K. B. M. Mahn23, Y. Makin039, E. Manao%,
S. Mancina%”> ¢ A. Mand39, I C. Mari§10, S. Marka45, Z. Marka45, L. Marten!, 1. Martinez-Soler13, R. Maruyama‘”, J. Mauro36,
F. Mayhew??, F. McNally®’, J. V. Mead?!, K. Meagher®, S. Mechbal®®, A. Medina?®, M. Meier'>, Y. Merckx!!, L. Merten®, J.
Mitchells, L. Molchany49, T. Montaruli27, R.W. Moore24, Y. Moriild , Al Mosbrugger25 , M. Moulai39, D. Mousadi“, E. Moyaux36,
T. Mukherjee3(), R. Naab®, M. Nakos”, U. Naumann®?, J. Necker“, L. Neste>*, M. Neumann“, H. Niederhausen?3, M. U. Nisa23,
K. Noda', A. Noell!, A. Novikov*}, A. Obertacke Pollmann'3, V. O’Dell*®, A. Olivas'8, R. Orsoe?®, J. Osborn®®, E. O’Sullivan®!,
V. Palusova40, H. Pandya43, A. Parentilo, N. Park32, V. Parrish23, E. N. Paudelss, L. Paul49, C. Pérez de los Heros61, T. Pernice“,
J. Peterson”, M. Plum49, A. Pontén®! , V. Poojyam58, Y. Popovych‘w, M. Prado Rodriguez”, B. PriesB, R. Procter—MurphylS, G. T
Przybylski7, L. Pyras52, C. Raab36, J. Rack—Helleis40, N. Rad63, M. Ravn6', K. Rawlins3, Z. Rechav39, A. Rehman®? , L Reistrotfer49,
E. Resconi26, S. Reusch“, C. D. Rho®, W. Rhode??, L. Ricca36, B. Riedel”, A. Rifaie?, E. J. Robertsz, S. Robertson® 7, M.
RongenZS, A. Rostedls, C. Rott52, T. Ruhezz, L. Ruohan%, D. Ryckboschzg, J. Saffer3! ,D. Salazar—Galleg0323, P. Sampathkumar30, A.
Sandrockéz, G. Sanger-J 0hnson23, M. Santanderss, S. Sarka146, J. Savelbergl, M. Scarnera36, P. Schai1e26, M. Schaufel!, H. Schieler3o,
S. Schindler?, L. Schlickmann®?, B. Schliiter*2, E. Schliiter'?, N. Schmeisser®2, T. Schmidt!®, F. G. Schroder??- 43, L. Schumacher??,
S. Schwirn!, S. Sclafani'®, D. Seckel®, L. Seen®®, M. Seikh, S. Seunarine®, P. A. Sevle Myhr®, R. Shah*3, S. Shefali’!, N.
Shimizu!’ , B. Skrzypeké, R. Snihur39, J. Soedingreksozz, A. S;z)gaardzl, D. Soldinsz, P. Soldin!, G. Sommanig, C. Spannfellner26,
G. M. Spiczak50, C. Spiering“, J. Stachurskazg, M. Stamatikoszo, T. Stanev43, T. Stezelberger7, T. Stijrwaldﬁz, T. StuttardZI, G. W.
Sullivanlg, 1. Taboada4, S. Ter—AntonyanS, A. Terliuk26, A. Thakuri49, M. Thiesmeyer”, W.G. Thompson”, J. Thwaites39, S. Tilav43,
K. Tollefson?3, S. Toscano!?, D. Tosi??, A. Trettin®?, A. K. Upadhyay”’ a K. Upshaw5 LAl Vaidyanathan“, N. Valtonen-Mattila® ©!, J.
Valverde*! A Vandenbroucke”, T. van Eeden“, N. van Eijndhovcnl ! , L. van Rootse]aarzz, J. van Santen“, F.J. Vara Carbonell“, F.
Varsi“, M. Venugopal”, M. Vereecken36, S. Vergara Carrasco”, S. Verpoest43, D. Veske45, A. Vijails, J. Villarreal”, C. Walck54, A.
Wang*, E. Warrick®®, C. Weaver?3, P. Weigel'#, A. WeindI®?, J. Weldert*?, A. Y. Wen!3, C. Wendt®®, J. Werthebach??, M. Weyrauch>’,
N. Whitehorn??, C. H. Wiebusch!, D. R. Williams®, L. Witthaus??, M. Wolf?0, G. Wrede®, X. W. Xu’, J. P. Yafiez>*, Y. Yao*,
E. Yildizci”, S. Yoshida!3, R. Young35, F. Yu13, S. Yu52, T. Yuan”, A. Zegarellig, S. Zhang23, Z. Zhangss, P. Zhelnin13, P. Zilberman3®

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

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

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

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

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

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



Characterizing the Astrophysical Neutrino Flux Using Contained and Uncontained Cascade Events

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

12 Dept. of Physics, Simon Fraser University, Burnaby, BC V5A 1S6, Canada

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

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

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

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

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

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

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

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

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

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

25 Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
26 Physik-department, Technische Universitdt Miinchen, D-85748 Garching, Germany

27 Département de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Gengve, Switzerland

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

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

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

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

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

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

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

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

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

38 Dept. of Astronomy, University of Wisconsin—Madison, Madison, WI 53706, USA

39 Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin—Madison, Madison, WI 53706,
USA

40 Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

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

42 Institut fiir Kernphysik, Universitidt Miinster, D-48149 Miinster, Germany

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

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

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

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

47 Dipartimento di Fisica e Astronomia Galileo Galilei, Universita Degli Studi di Padova, I-35122 Padova PD, Italy

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

49 Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA

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

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

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

53 Dept. of Physics, Chung-Ang University, Seoul 06974, Republic of Korea

54 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

36 Dept. of Physics, Sungkyunkwan University, Suwon 16419, Republic of Korea

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

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

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

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

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

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

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

4 also at Institute of Physics, Sachivalaya Marg, Sainik School Post, Bhubaneswar 751005, India

b also at Department of Space, Earth and Environment, Chalmers University of Technology, 412 96 Gothenburg, Sweden
¢ also at INFN Padova, I-35131 Padova, Italy

4 also at Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

¢ now at INFN Padova, 1-35131 Padova, Italy

10



Characterizing the Astrophysical Neutrino Flux Using Contained and Uncontained Cascade Events

Acknowledgments

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, U.S. National
Science Foundation-Office of Advanced Cyberinfrastructure, Wisconsin Alumni Research Foundation, Center for High Throughput
Computing (CHTC) at the University of Wisconsin-Madison, Open Science Grid (OSG), Partnership to Advance Throughput Computing
(PATh), Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS), Frontera and Ranch computing
project at the Texas Advanced Computing Center, U.S. Department of Energy-National Energy Research Scientific Computing Center,
Particle astrophysics research computing center at the University of Maryland, Institute for Cyber-Enabled Research at Michigan State
University, Astroparticle physics computational facility at Marquette University, NVIDIA Corporation, and Google Cloud Platform;
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 Forschung, Technologie und Raumfahrt (BMFTR), 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 Digital Research Alliance of Canada; Denmark — Villum Fonden, Carlsberg Foundation, and European
Commission; New Zealand — Marsden Fund; Japan — Japan Society for Promotion of Science (JSPS) and Institute for Global Prominent
Research (IGPR) of Chiba University; Korea — National Research Foundation of Korea (NRF); Switzerland — Swiss National Science
Foundation (SNSF).

11



	Introduction
	Event Selection
	Contained and Uncontained Events
	Effective Area

	Modeling of the Atmospheric Neutrino Flux
	Correlated Muon Bundles Using CORSIKA
	Simulation
	Correlations

	Detector Response to Muon Bundles
	Passing Fraction

	Sensitivity
	Conclusions

