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1. Introduction

IceCube is a cubic-kilometer neutrino detector located at the South Pole, designed to observe
high-energy neutrinos from astrophysical and atmospheric sources. Neutrinos are valuable mes-
sengers in astroparticle physics, traversing cosmic distances with minimal interaction. They exist
in three flavors—electron, muon, and tau—whose relative abundances across energies remain an
active research area [1]. Muon neutrinos are the most commonly observed in IceCube because their
charged-current interactions produce track-like signatures. Muons have relatively high masses and
long lifetimes, allowing them to travel far through the detector. This makes muon neutrinos easier
to identify than electron or tau neutrinos, and therefore well suited for flux measurements.

Measuring the muon neutrino spectrum also offers insights into cosmic ray interactions and
the resulting atmospheric neutrino production. When high-energy cosmic rays strike the Earth’s
atmosphere, they initiate air showers, producing mesons such as pions and kaons, which decay into
muons and neutrinos. The resulting atmospheric neutrino flux depends on both the primary cosmic
ray spectrum and composition, as well as the hadronic interaction processes involved. Studying the
energy and angular distribution of these neutrinos therefore contributes to more precise modeling of
hadronic processes in the atmosphere and helps constrain the background for astrophysical neutrino
observations and other rare event searches. In addition, the measured spectrum can complement
direct searches for diffuse astrophysical flux [2]. This paper presents a measurement of the muon
neutrino spectrum using 11 years of IceCube data, with particular focus on its angular dependence.

2. Angular Dependence of the Muon Neutrino Flux

The observed muon neutrino flux consists of three components: conventional and prompt
atmospheric fluxes, and the astrophysical flux. Conventional and prompt neutrinos originate from
cosmic-ray-induced air showers in the Earth’s atmosphere. The conventional flux arises primarily
from the decay of light mesons such as pions and kaons, while the prompt flux is produced in the
decay of short-lived charmed hadrons [2]. Due to their longer lifetimes, pions and kaons are more
likely to interact before decaying, resulting in a steeper energy spectrum. As a consequence, the
conventional flux is expected to follow a power law with an index roughly one unit steeper than that
of the primary cosmic rays, the latter being 𝑑𝜙

𝑑𝐸
∝ 𝐸−2.7 [3–5]. This expectation was confirmed by

earlier IceCube measurements, yielding the parametrization 𝑑𝜙

𝑑𝐸
∝ 𝐸−3.78±0.02 (stat.)±0.03 (syst.) [6].

The prompt flux arises from short-lived charmed hadrons that decay before interacting, pro-
ducing a harder spectrum closer to the spectra of primary cosmic rays [7]. However, predicting
the prompt component is more challenging, as its spectral shape and normalization are sensitive
to the charm production models and the input cosmic ray spectrum. As discussed in [8], different
astrophysical models can significantly influence the resulting spectral index of the prompt flux.

Astrophysical neutrinos originate from extragalactic sources. The astrophysical 𝜈𝜇 flux is
typically modeled with a single power-law spectrum. Several fits have been performed to describe
this component, e.g. [2, 9–11], with the most recent measurement reporting a spectral index of
𝛾 = −2.37±0.09 [2].

Both the astrophysical neutrino flux and the prompt atmospheric component are expected to
be angle-independent. The former because, without a horizon limiting their sources, astrophysical
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neutrinos are expected to arrive uniformly from all directions, consistent with current observa-
tions [12]. The latter because prompt particles decay so rapidly that they are not affected by the
column depth or interaction probability in the atmosphere, in contrast to the conventional flux
component. The decay probability of muons is affected by the column depth of the atmosphere,
which is zenith-dependent. At an incidence angle of 180◦, the distance between the atmospheric
origin of muons and the detector is maximised. At these steep angles, muons traverse longer paths
through regions of lower air density, reducing their interaction rate and energy loss. Conversely,
at smaller angles, muons pass through denser atmospheric layers, increasing the energy loss. This
effect introduces an angular dependence in the energy spectrum of conventional muon neutrinos,
as illustrated in Figure 1.
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Figure 1: Relative energy spectra at cos(𝜃) = 0.1, 0.5 and 0.9 under different assumptions on the flux
components, with astrophysical component (left) and without (right). Depicted are the conventional (solid)
or conventional plus prompt (dashed) components.

3. Event Selection and Datasets

This analysis uses charged-current muon neutrino events from the Northern Hemisphere, where
Earth shields atmospheric muon backgrounds. Muons produced in these interactions leave track-
like signatures, as discussed in Section 1, which help distinguish them from other event types. The
HiveSplitter algorithm [13] removes coincident events, and a decision tree classifier selects signal-
like topologies with >90% probability and cascade rejection confidence above 0.5 [11]. Cascades
are particle showers typically produced by neutral-current interactions of all neutrino flavors, or
by charged-current interactions of electron and tau neutrinos, and they deposit their energy more
locally in the detector. The final sample has 99.87% purity and < 0.4◦ angular resolution [14],
following standard IceCube procedures for diffuse sky analyses, such as [2, 15].

The resulting dataset spans a total of 11 years, covering the period from 2011 to 2021, which
corresponds to an effective livetime of approximately 10.8 years in the IC86 configurations. With
approximately 850,000 muon neutrino events detected. The neutrino energies in this sample range
from 500 GeV to 4 PeV, with the lower threshold intentionally chosen to exclude the low-energy
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region near the horizon, where the atmospheric muon background would be most severe [14]. The
dataset covers zenith angles from 86◦ to 180◦ [11].

4. Spectrum Unfolding

The method used in this analysis is unfolding, as determining the energy spectrum of muon
neutrinos constitutes an inverse problem. In IceCube and similar experiments, the true energy of
the target particles is not measured directly. Instead, it is reconstructed from correlated observables.
The relation between the neutrino and muon energy spectra is shown in Equation 1.

𝑑𝑁𝜇

𝑑𝐸𝜇

=

∫ ∞

𝐸𝜇

(
𝑑𝑁𝜈

𝑑𝐸𝜈

) (
𝑑𝑃(𝐸𝜈)
𝑑𝐸𝜇

)
𝑑𝐸𝜈 , (1)

The first term in the integral represents the neutrino spectrum, while the second describes the
probability that a neutrino traveling through the detector produces a muon within it. This probability
depends on the physics of neutrino interactions and muon propagation, and is independent of the
specific form of the neutrino energy spectrum [5]. Consequently, the observed event distribution
differs from the true distribution. Additional factors contributing to the difference between the
measured and true distributions include detector effects, background contributions, and statistical
fluctuations [16]. The background is omitted due to prior filtering (Section 3). To recover the true
event distribution, the measured data must be corrected for the other effects, which are collectively
encoded in the detector response matrix 𝐴. This procedure, known as unfolding, is governed by the
Fredholm integral equation, as shown in Equation 2.

𝑔(𝑦) =
∫
Ω

𝐴(𝑥, 𝑦) 𝑓 (𝑥) 𝑑𝑥, (2)

where 𝐴(𝑥, 𝑦) characterizes the detector response, 𝑔(𝑦) denotes the observed distribution in the
proxy variable, and 𝑓 (𝑥) represents the true distribution of the target quantity. In IceCube, the
response matrix 𝐴 is typically derived from Monte Carlo (MC) simulations. We discretize this
relation as ®𝑔 = 𝐴𝑚,𝑛 · ®𝑓 .

Monte Carlo (MC) simulations are employed to model the detector response and estimate
the expected event distribution. These simulations are weighted according to theoretical neutrino
flux models. The atmospheric flux is modeled with MCEq [17], using the SIBYLL2.3c hadronic
interaction model [18] and the H3a model for cosmic ray composition [19]. The astrophysical
component follows IceCube’s diffuse 9.5-year astrophysical fit spectrum [2]. The weighted MC
events are then used both to train the unfolding model and to construct the detector response matrix.

The funfolding library [20] was used, which applies MCMC-based optimization. Proxy and true
energy values from MC are digitized, and a tree-based model maps 𝑔(𝑦) to 𝑓 (𝑥) bins. Using these
binned observable and true values, a linear unfolding model is constructed. The measured data,
which contains only the reconstructed observables, is also binned using the previously trained model
to form the 𝑔(𝑦) vector, and a likelihood with Tikhonov regularization (controlled by regularization
strength tau, 𝜏−1) is minimized via MCMC [21, 22], yielding 𝑓 (𝑥) and its uncertainties.

To quantify systematic uncertainties, such as those arising from ice properties or variations in
DOM performance, the unfolding procedure was repeated multiple times using different systematic

4



P
o
S
(
I
C
R
C
2
0
2
5
)
1
1
9
9

Unfolding the Muon Neutrino Spectrum with Eleven Years of IceCube Data

102 103 104 105 106 107

E/GeV
10 10

10 9

10 8

10 7

10 6

10 5

10 4

10 3

E2
/G

eV
cm

2
s

1
sr

1

per flavor Northern Tracks 9.5 yrs
per flavor HESE 7.5 yrs
ANTARES 3 yrs (2013)
IC86 11yrs (this work)

Figure 2: The measured energy spectrum (black) is compared with previous results from ANTARES
(red) [23]. The astrophysical fits for the HESE analysis (purple) [24] and Diffuse Northern Tracks analysis
(green) [2] are also displayed. Statistical and systematic uncertainties have been included.

parameter sets. In each set, one systematic parameter was shifted by a fixed amount while the others
were held constant. The variations observed in the unfolded results due to these individual shifts
were then used to estimate the corresponding systematic uncertainties.

5. Results

Using the methods described above, the unfolding result is depicted in Figure 2. The statistical
and systematic uncertainties in the unfolded result are asymmetrical, as the flux values have been
anchored to the points of highest probability within the range of systematic variations. For compar-
ison, the unfolded spectrum from ANTARES from the 2013 through-going muon analysis have also
been included [23], as well as the astrophysical flux fits from IceCube’s 7.5-year HESE sample and
the 9.5-year Northern Tracks sample [2, 24]. The unfolded IceCube spectrum shows good overall
agreement within uncertainties with all three reference spectra across the relevant energy range.
In particular, the consistency with the ANTARES result supports the compatibility of independent
measurements using different detectors and reconstruction techniques at different timeframes. The
error bands of the unfolded flux points overlap with both the HESE flux and the Northern Tracks
9.5-year fit, indicating broad consistency with previous IceCube measurements of the astrophysical
neutrino flux within uncertainties.

Additionally, a comparison was made to a spectrum unfolding focusing on the seasonal depen-
dence of muon neutrinos [25], using the same data set. This comparison is shown in Figure 3. The
flux from the current analysis is shown in green, corresponding to a zenith range of 95◦ to 105◦,
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Figure 3: The muon neutrino flux from this work (green) compared to the flux from a recent analysis [25] in
a similar angular range (red) and the atmospheric neutrino flux predicted by MCEq (purple) [17]. SIBILL-
2.3c [18] was chosen as the hadronic interaction model and H3a to model the cosmic ray flux [19].

which was chosen to approximately match the range used in the seasonal analysis. The result from
the seasonal study is shown in red, covering 90◦ to 110◦. For reference, the theoretical expectation
calculated using MCEq [17] is also shown in purple, evaluated at the same zenith range as this
work. The two data sets agree reasonably well with each other and with the theoretical prediction.

At energies above 100 TeV, the unfolded flux from this work begins to systematically exceed
the conventional atmospheric prediction from MCEq, suggesting the onset of an additional com-
ponent. This excess is consistent with expectations for a diffuse astrophysical flux, which becomes
increasingly dominant at high energies and is not accounted for in the purely atmospheric MCEq
model. While statistical and systematic uncertainties in this region remain sizable, the observed
trend aligns with previous IceCube observations of an astrophysical neutrino flux [2, 24], as shown
in Figure 2, and is difficult to reconcile with a purely conventional atmospheric origin alone.

Dividing the eleven years of data into five zenith bins—86◦ to 95◦, 95◦ to 105◦, 105◦ to 117◦,
117◦ to 134◦, and 134◦ to 180◦—and unfolding each bin separately results in Figure 4. Here,
the ratio to the zenith-averaged flux is displayed for the five differently colored zenith bins, with
continuous lines indicating the predicted theoretical flux by MCEq [17] for each respective bin.

At lower energies, zenith bands separate due to differences in atmospheric paths and meson
decay probabilities: vertical directions yield a lower flux, while horizontal ones show a higher
flux. Around 1 PeV, the different theoretical zenith bands converge. The obtained unfolding result
also shows a level of convergence across zenith angles at high energies, similar to the behavior
predicted by models that include an astrophysical component. In contrast, the purely conventional
atmospheric flux shown in Figure 1 would be expected to maintain stronger angular separation.
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Figure 4: The Unfolded ratio of the different zenith bin ranges compared to the all range flux. The solid
lines show the prediction of each particular zenith band computed by MCEq [17]. These bands were plotted
using SIBYLL-2.3c [18] as an interaction model, the H3a model [19] for the primary cosmic ray flux, and
the diffuse 9.5-year astrophysical fit [2]. The error bars depict the total uncertainty of the unfolding.

While this trend may suggest the presence of an additional, more isotropic component such as a
diffuse astrophysical flux, the large uncertainties prevent any firm conclusions. In particular, the
data do not allow for meaningful constraints on the presence of a prompt component or other effects
from cosmic ray composition or hadronic interaction models.

6. Conclusion

In this analysis, the muon neutrino energy spectrum has been measured using 11 years of
IceCube data. The event selection relied on well-reconstructed, up-going muon tracks from the
Northern Hemisphere, ensuring high purity and angular resolution. By employing a machine-
learning-based binning and Bayesian unfolding approach, the true energy distribution was extracted
from reconstructed observables, accounting for detector effects and systematics.

The resulting spectrum is broadly consistent with previous IceCube measurements, showing
agreement with the Northern Tracks characterization of the diffuse astrophysical neutrino flux [2]
and remaining compatible with the HESE results [24] within the uncertainties. A previous mea-
surement by the ANTARES collaboration using through-going muons [23] is in good agreement
with the results presented here, with flux points that fall within each other’s uncertainty bands.
This consistency across different detectors and over a timescale of more than a decade reinforces
the reliability of high-energy atmospheric neutrino measurements. A direct comparison with a
recent IceCube muon neutrino spectrum obtained using a different unfolding algorithm shows good
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agreement with respect to the systematic uncertainties within overlapping zenith ranges, supporting
the robustness of the result.

By dividing the data into five zenith intervals, the angular dependence of the flux was studied
in detail. The unfolded ratios indicate convergence with the angular average flux at high energies,
consistent with the presence of an isotropic component. This behavior cannot be explained by a
purely conventional atmospheric flux, as demonstrated in Section 2, and suggests that additional
contributions, such as a diffuse astrophysical neutrino flux, are required to describe the data.

While this measurement does not allow conclusive statements about a prompt atmospheric
component, it provides a high-statistics benchmark for future analyses. Improvements in systematic
modeling and increased statistics at the highest energies will enable more detailed investigation of
the transition between atmospheric and astrophysical neutrino contributions.
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