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Abstract This study presents an analysis of seasonal varia-
tions in the atmospheric muon neutrino flux, using 11.3 years
of data from the IceCube Neutrino Observatory. By leverag-
ing a novel spectral unfolding method, we explore the energy
range from 125GeV to 10 TeV for zenith angles from 90° to
110°, corresponding to the Antarctic atmosphere. Our find-
ings reveal that the differential measurement of the ampli-
tudes of the seasonal variation is consistent with an energy-
dependent decrease reaching (— 4.5 £ 1.2)% during Austral
winter and increase to (+ 3.9 £ 1.3)% during Austral summer
relative to the annual average at 10 TeV. While the unfolded
flux exceeds the model predictions by up to 30%, the dif-
ferential measurement of the seasonal to annual average flux
remains unaffected. The measured seasonal variations of the
muon neutrino spectrum are consistent with theoretical pre-
dictions using the MCEq code and the NRLMSISE-00 atmo-
spheric model.
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b Also at Department of Space, Earth and Environment, Chalmers
University of Technology, Gothenburg 412 96, Sweden
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1 Introduction

Atmospheric leptons, such as muons, muon neutrinos, and
electron neutrinos, originate from highly relativistic meson
decays, mainly from kaons and pions, within cosmic-ray-
induced particle cascades (air showers) [1]. If the interaction
length Aiy¢ of a parent meson exceeds its decay length Agec,
the particle is more likely to decay before undergoing an
inelastic collision. In the case of a charged pion, it will dis-
tribute its entire energy between a muon and a muon neutrino.
Conversely, if Ajpe < Adec, @ parent meson is more likely to
undergo an inelastic interaction with an air nucleus. This pro-
duces lower-energy mesons and decay products, resulting in
a steeper spectral index of the atmospheric lepton spectrum.
Since Aip; o< 1/p holds for interaction length expressed in
units of distance, this balance is sensitive to the local atmo-
spheric density p(/), which varies with altitude, season, and
temperature. The energy at which the probabilities of meson
decay and interaction are equal is referred to as the critical
energy. This transition occurs around the critical energy of
approximately 115GeV/ cos 8* for charged pions and mea-
sured with respect to the line perpendicular to the Earth’s
surface at the point of entry of the cosmic ray into the atmo-
sphere, as illustrated in Fig. 1.

Atmospheric density and temperature are critical param-
eters in this process. Seasonal temperature variations in the
upper stratosphere and lower thermosphere modify the atmo-
spheric density profile, which in turn affects the competition
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IceCube
]

Fig. 1 Tllustration of the experimental setup. The upper figure depicts
the atmospheric region, the Antarctic atmosphere, from which the neu-
trinos are analyzed in this paper, and the IceCube detector at the South
Pole. The illustration at the bottom shows the definition of relevant
physical quantities and the zenith region to be analyzed in IceCube
coordinates 6. The path of the neutrino along the line of sight is given
by [, the vertical height of the atmosphere by /. The spanned zenith
region in the bottom figure is not to scale

between meson decay and interaction. In denser regions of
the atmosphere, the probability of interaction increases, mak-
ing it less likely for mesons to decay before undergoing an
inelastic collision. This corresponds to a higher value for the
critical energy, thereby suppressing the production of atmo-
spheric muons and neutrinos at lower energies. As a result,
temporal and spatial variations in atmospheric density-driven
by seasonal changes or geographic location—lead to observ-
able effects on the spectral index and the seasonal modulation
of atmospheric lepton fluxes.

Variations in atmospheric conditions and their impact on
air showers can be investigated using neutrinos and muons.
The measurement of seasonal variations in the muon flux is
well-established for underground particle observatories [3—
11]. In contrast, measuring seasonal variations in the atmo-
spheric neutrino flux poses significant challenges due to the
limited event rate and substantial background from cosmic
ray muons. The IceCube detector mitigates this challenge by
being shielded from muons by the Earth when observing in

@ Springer

the northerly direction (see Fig. 1), while neutrinos, capa-
ble of penetrating the Earth, can reach the detector from all
directions. The effect of seasonal variations provides infor-
mation on the K/ -ratio, due to the difference in the critical
energy of these mesons [12,13]. Whereas variations in the
muon flux are predominantly due to pions, variations in the
neutrino flux are primarily driven by contributions from both
pions and kaons [14]. Determining seasonal variations in the
neutrino flux can constrain kaon production in air showers,
a major source of uncertainty in atmospheric neutrino flux
predictions [15, 16]. Furthermore, these measurements probe
a larger atmospheric region compared to muon-based obser-
vations in IceCube and provide critical background estimates
for astrophysical neutrino searches. Using six years of exper-
imental data from the IceCube Neutrino Observatory, the
amplitude of seasonal variations in the atmospheric neutrino
flux and its correlation with temperature were determined in
[17] as proposed in [18,19].

This study presents a measurement of the seasonal varia-
tions of the muon neutrino energy spectrum using 11.3 years
of data from the IceCube Neutrino Observatory, effectively
doubling the size of the data set used previously in [17]. The
increased event count allows us to analyze seasonal variations
in the energy spectrum with a spectrum unfolding method.

This paper is structured as follows. The energy-dependence
of seasonal variations is discussed in Sect. 2, the IceCube
Neutrino Observatory and the event selection are introduced
in Sect. 3. Section 4 presents the seasonal variation observed
in the event rate in IceCube. The spectrum unfolding method
is introduced in Sect. 5 with the final results presented in
Sect. 6.

2 Seasonal variations of atmospheric neutrinos
2.1 Theoretical modeling

The Matrix-Cascade Equations (MCEq) code [14,20] is a
numerical solver of the one-dimensional relativistic trans-
port equations (cascade equations) for particles propagat-
ing through dense or gaseous media, such as the Earth’s
atmosphere. MCEq iteratively calculates the evolution of the
individual spectra of secondary particles produced through
hadronic interactions or decays as a function of the slant
depth in the atmosphere, given by the path integral of
the atmospheric density along the particle trajectory: X =
floo p(l")dl'. The main required inputs are a model for the
spectrum of primary cosmic rays at the top of the atmosphere,
a model for the atmosphere’s density, and a parameteriza-
tion of the cross section for inclusive particle production and
decays. At energies above 10GeV, low-energy effects such
as solar modulation and deflections in the Earth’s magnetic
field can be safely neglected [21,22].
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In this work, the initial cosmic ray flux is parameterized
by the H3a [23] model, and SIBYLL-2.3c [14,24] is used
as the hadronic interaction model for all comparisons within
this paper.

We test three different atmospheric density models. The
default in MCEq for the location of the South Pole is the
numerical representation of the NRLMSISE-00 model [25].
It is an empirical static atmospheric model that integrates
a comprehensive array of measurements, including satellite
data from the Atmospheric Explorer and Dynamics Explorer
and ground-based observations. It combines data from mass
spectrometers, accelerometers, and other instruments to pre-
cisely represent atmospheric temperature, density, and com-
position from the Earth’s surface to the exosphere. The calcu-
lation of atmospheric cascades in MCEq extends to heights
of 112.8km.

We also tested two parameterizations from [17] based
on temperature measurements by the Atmospheric Infrared
Sounder (AIRS) [26] and by the European Centre for
Medium-Range Weather Forecasts (ECMWF) [27], which
includes an interpolation model of data taken by other instru-
ments. The AIRS instrument orbits the Earth daily, resulting
in 14 x 2 measurements per day. The temperature across the
different positions around Earth is determined for 24 pres-
sure levels ranging from 1000 to 1 hPa, providing an angular
resolution of 1° x 1° in both latitude and longitude. Multiple
gaps and missing data points exist due to the limited swath
size and calibration processes in which the instrument cannot
take data. These gaps are filled by interpolating the previ-
ous and consecutive measurement. The temperature profiles
are converted into density, assuming the ideal gas equation.
These density profiles are inputs for MCEq to obtain the daily
forecast of the atmospheric neutrino rate from April 2012 to
April 2017, which is then averaged into monthly rates. The
ECMWEF parameterization is based on the ERA-5 reanaly-
sis dataset covering data from April 2012 to 2013. Due to
limited statistical power, we cannot clearly distinguish the
year-to-year variations of monthly neutrino rates. Therefore,
the periods of the AIRS and ECMWF parameterizations are
calculated as an average across the years, as atmospheric
temperature variations are dominated by an annual cycle.

In addition, we introduce the daemonflux model [28],
which utilizes the MCEq framework, here using
NRLMSISE-00 as atmospheric parameterization, to calcu-
late fluxes from calibrated muon data, employing the data-
driven hadronic interaction model DDM [29] and the Global
Spline Fit cosmic-ray composition model [30].

2.2 Neutrino production in the Antarctic atmosphere
The atmospheric region investigated corresponds to horizon-

tally arriving neutrinos at the IceCube Neutrino Observatory
at the South Pole, shown in the upper part of Fig. 1. The
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Fig. 2 Neutrino production profiles for January 1st (solid) and July 1st
(dashed) for the neutrino sample from the IceCube Neutrino Observa-
tory, integrated over the zenith range from 90° to 110° calculated using
MCEq with the NRLMSISE-00 atmospheric model. The profiles in this
figure are displayed for the first, fifth and highest energy bin

lower part illustrates the geometry of the arriving neutrinos at
the detector. The Antarctic atmosphere is characterized by a
persistent and large-scale cyclone above continental Antarc-
tica and parts of the Southern Ocean centered near the pole,
referred to as a polar vortex, which extends into the tropo-
sphere and the stratosphere [31]. The polar vortex strengthens
in winter and weakens in summer. The stratospheric vortex
is located at altitudes from 10 to 50km, driven by the tem-
perature gradient between the Equator and the poles. The
clockwise winds confine cold air within the vortex, prevent-
ing it from mixing with the warmer surrounding air. The
polar vortex remains confined until the heating of the strato-
sphere starts in August/September, triggered by the sunrise
above Antarctica. Sudden stratospheric warmings can cause
the vortex to break, splitting it into two parts, during which
temperatures can rise dramatically — by up to 60K in the
stratosphere within a week. This effect has been observed
using muons in IceCube [8].

The production profiles for neutrinos that pass the event
selection in the analyzed dataset, introduced in Sect. 3.2, are
obtained by calculating neutrino spectra @, 43, (E, h) with
MCEq in steps of slant depth X and altitude /4. The same
energy binning is used as in the subsequent analysis, using ten
equidistant logarithmic energy bins from 125 GeV to 10 TeV
(see Sect. 5.2 and Table 3). These spectra are then folded
with the effective areas [32] to derive event rates N; in each
energy bin, which are subsequently numerically integrated
and normalized to a production profile probability density
function. The integration over the solid angle has been done
by computing effective areas and neutrino fluxes and sum-
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Table 1 Mean and 68% quantile range of neutrino production altitude for January 1st and July Ist for the first, fifth, and highest energy bins,

respectively
Energy bin January July
Mean/km 68% Quantile range/km Mean/km 68% Quantile range/km
2.1 <log(E/GeV) <2.29 28.8 19.8-38.7 254 18.0-32.7
2.86 < log(E/GeV) < 3.05 30.2 21.6-38.7 26.6 19.8-33.6
3.81 <log(E/GeV) < 4.0 314 22.5-40.0 27.6 20.7-34.6

ming over five equidistant zenith bins in cos(f) covering the
analysis angular range from 6 = 90°to110°.

As shown in Fig. 2 for the first, fifth and last energy bins
within the analyzed range, the neutrino production mainly
occurs at altitudes from 15 to 50 km, within the polar vortex.
The mean and 68% quantile range of neutrino production
altitudes for these energy bins and seasons are displayed in
Table 1.

During Austral winter, represented by July 1st, the produc-
tion profiles are narrower due to the denser atmosphere. In
this season, the average neutrino production in the first energy
bin (2.1 < log(E/GeV) < 2.29) occurs at an altitude of
25.4km, with the 68% quantile range spanning from 18.0 to
32.7km. For the highest energy bin (3.81 < log(E/GeV) <
4.0), the mean production altitude is 27.6km, with the 68%
quantile range from 20.7 km to 34.6km. Conversely, during
Austral summer, the atmosphere expands, leading to higher-
altitude production. For the lowest energy bin, the 68% quan-
tile range of neutrino production altitudes is from 19.8 to
38.7 km, and for the highest energy bin, from 22.5 to 40.0 km.
At altitudes below 10km, production at energies below a few
TeV is attributed primarily to neutrinos from muon decay (see
Fig. 3).

It can be noted that the neutrino production height is
energy-dependent with higher-energy neutrinos being pro-
duced at higher altitudes. The seasonal variation in pro-
duction heights, from summer to winter at a given energy,
is stronger than the variation across different energy levels
within a single season.

2.3 Expected seasonal variations of the atmospheric
neutrino rate and the spectrum

The expected atmospheric muon neutrino flux from different
production channels in the zenith range from 90° to 110° is
displayed in Fig. 3 for two seasons, represented by January
Ist and July Ist. The neutrino flux from pions and kaons,
known as the conventional component, shows only small
seasonal variations at energies below their critical energies.
Neutrinos produced via muon decay originate from higher-
energy pions, as they undergo an additional decay step com-
pared to those produced directly from pion decay. Because
the seasonal dependence of pion decay increases with energy,
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Fig. 3 Upper panel: neutrino spectrum calculated with MCEq, show-
ing contributions from parent particles for two seasons, January 1st
and July 1st. The seasonal differences in the total spectrum increase
with energy above the critical energy of the respective parent particle.
Lower panel: the fraction of the total flux, where the prompt flux com-
ponent does not show seasonal differences because of its critical energy
exceeding the displayed energy range

the resulting neutrinos from muon decay exhibit a stronger
seasonal variation than neutrinos from pion decay at the
same fixed energy. The prompt neutrino flux component from
short-lived mesons remains unaffected by seasonal temper-
ature changes due to the immediate decay of their parent
particles, driven by their large critical energies above 107
GeV [2].

Above the critical energy, the spectral index becomes
steeper with respect to the primary cosmic ray spectrum,
as neutrino production is suppressed by the reinteraction of
their parent mesons. The prompt component only contributes
substantially to the total flux above several 100 TeV, in par-
ticular at the horizon, flattening the total spectrum, which
approximately follows the spectral index of the cosmic ray
primary due to the immediate decay of the neutrino’s parents.

Figure 4 shows the ratio of seasonal to annual average con-
ventional and total muon neutrino fluxes for Austral summer
and winter. As can be inferred from Fig. 3, the total flux
below 500GeV is dominated by the seasonal variation of
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Fig. 4 The calculated ratio of the seasonal muon neutrino flux to the
annual average, using MCEq with NRLMSISE-00 as the atmospheric
density model, for the zenith range from 90° to 110° during Austral
summer and winter. The total flux, including the prompt component, is
shown with dashed lines, while solid lines represent the conventional
flux. The strength of seasonal variation is expected to decrease as prompt
neutrinos dominate at energies above several 100 TeV
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Fig. 5 Expected total neutrino rate variation per day of year relative to
the annual average, calculated from the NRLMSISE-00 model for the
zenith range from 90° to 110°. The solid line shows the rate derived for
the lowest energy bin (2.1 < log(E/GeV) < 2.29), while dashed lines
show the rate for the highest energy bin (3.81 < log(E/GeV) < 4.0).
The rate variation is depicted for the total neutrino flux in black, while
the contribution from kaons is shown in blue, and from pions in red. The
seasonal variation in the first bin is dominated by pions. The contribution
from kaons is compatible with the annual average as the energies are
below the critical energy for kaons. The variations in the highest energy
bin are mainly driven by kaons

contribution of kaons to the total flux, which exhibit smaller
seasonal variations because of their higher critical energy.
The stronger rise in amplitude above the kaon critical energy
is driven by the growing seasonal dependence of the kaon
contribution to the neutrino flux. The amplitude approxi-
mately doubles around 10 TeV over two orders of magnitude
in energy. The seasonal variation of the conventional com-
ponent reaches its maximum amplitude above 100 TeV and
remains constant beyond this. Below approximately 4 TeV,
muon decay contributes to the seasonal variation, increasing
the amplitude by up to 0.5% compared to the conventional
flux variation. The total seasonal variation strength decreases
above 60 TeV due to the increasing contribution of seasonally
independent prompt neutrinos.

The amplitude variation in the lowest and the highest
energy bins within the energy range of interest from 125 GeV
to 10TeV is shown in Fig. 5. For the first energy bin
(2.1 < log(E/GeV) < 2.29), the expected total ampli-
tude is approximately +3%, primarily driven by variations
in the pion component (£4%). The total variation amplitude
is about 1% lower than the amplitude attributed to seasonal
variations of pions due to the contribution of neutrinos origi-
nating from muon decay at energies below 1 TeV, as depicted
in Fig. 3. The neutrino flux from kaons remains consistent
with the annual average, as the critical energy has not yet been
reached. In the highest energy bin (3.81 < log(E/GeV) <
4.0), the amplitude is dominated by kaons, whereas the
smaller contribution from pions increases the amplitude from
+6.5% (kaons) to &= 6.8% (total). The subdominant contri-
bution of neutrinos from pion decay is expected to show a
variation amplitude of more than & 9%.

The variation phase shows a slightly slower decrease from
day 0 to 180 governed by the presence of the polar vortex,
followed by a slightly more rapid increase during the latter
half of the year, with the lower energy bins dominated by
neutrinos from pions and the higher bins by neutrinos from
kaons. Differences in the timing of extrema and inflection
points reflect temperature variations at different production
altitudes. With sufficient statistics, seasonal variations could
be more effectively used to constrain pion and kaon compo-
nents in theoretical models in the future.

3 Data

3.1 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is a cubic-kilometer neu-
trino detector embedded in the glacial ice at the geographic

South Pole [33]. The detection volume is instrumented by
5160 digital optical modules (DOMs) arranged on 86 cable
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strings on a hexagonal grid. A DOM consists of a photo-
multiplier tube in a pressure-resistant glass sphere and read-
out electronics. Neutrinos are detected indirectly via the
Cherenkov light emitted by secondary particles created in
interactions inside the ice or nearby bedrock. The IceCube
detector is sensitive to all neutrino flavors, which can be dis-
tinguished by their signature in the detector.

3.2 Event selection

The event selection follows the procedure described in
[34], originally developed to obtain a high-purity and well-
reconstructed sample of muon neutrino-induced tracks. This
selection has been used as a standard sample for various Ice-
Cube analyses, including studies of the astrophysical neu-
trino flux [35] and seasonal variations of atmospheric neutri-
nos [17].

The event selection targets muon neutrinos interacting via
charged-current interactions. The resulting muon produces
Cherenkov light while traversing the detector, leading to
elongated, track-like signatures. Depending on the location
of the neutrino interaction, these tracks can either enter the
detector from the outside (through-going) — when the neu-
trino interacts in the surrounding ice — or originate within the
detector volume itself (starting tracks).

The main background for selecting atmospheric neutri-
nos consists of atmospheric muons, which exceed the detec-
tion rate of atmospheric neutrinos by six orders of magni-
tude. However, the Earth is a natural shield against these
muons, as they can only propagate through matter for a few
kilometers at the energies relevant to this analysis. Conse-
quently, only neutrino-induced muons can reach the detector
in arrival directions with zenith angles < 90°, where the par-
ticle must enter from a horizontal direction or below, known
as up-going events. The deep underground detector location
provides additional shielding for zenith angles above 86°.

A boosted decision tree (BDT) is trained to efficiently
remove misreconstructed atmospheric muons that are falsely
identified as up-going events. Additionally, another back-
ground arises from cascade-like events, which are character-
ized by a spherical Cherenkov light emission pattern. These
cascades result from neutral-current interactions of all neu-
trino flavors or charged-current interactions of electron and
tau neutrinos. To further purify the sample, a second BDT
is applied, achieving a high-purity muon neutrino sample of
99.85% [36].

The measurement of seasonal variations is conducted on
a subset of events arriving within the zenith range from
90° to 110°, as illustrated in Fig. 1. The sample, therefore,
exclusively contains events from latitudes of the Southern
Hemisphere with the most significant seasonal temperature
changes across the globe. Larger zenith angles are excluded,
as the seasonal temperature fluctuations in the stratosphere
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Fig. 6 Relative monthly muon neutrino rate in IceCube within the
zenith range from 90° to 110°, averaged over the period from May 2011
to December 2022. Error bars represent the Poissonian uncertainty of
the rate. The model expectations using three different parameterizations
for the atmospheric density, described in more detail in Sect. 2.1, are
shown in different linestyles

become too small towards the poles. A detailed discussion
of the zenith region selection can be found in [37].

The seasonal variations in the Northern Hemisphere are
smaller in amplitude compared to the South, yielding smaller
variations in the neutrino rate. The available statistics from
the Arctic region is not yet large enough to conduct an
energy-dependent seasonal analysis. Consequently, the neu-
trinos traversing the Earth and reaching the detector almost
horizontally are particularly suitable for measuring seasonal
variations in the neutrino flux due to the larger amplitude of
temperature variations in the stratosphere and the character-
istics of the polar vortex above Antarctica, as explained in
Sect. 2.2, while retaining the natural shielding against atmo-
spheric muons [17].

No distinction can be made between neutrinos of atmo-
spheric or astrophysical origin for each event. However, the
contribution of astrophysical neutrinos is negligible at ener-
gies below 10TeV with less than 1% of the total neutrinos
estimated to be of astrophysical origin. This analysis is con-
ducted on 386,542 track-like neutrino-induced muons over
11.3 years of effective data-taking from May 2011 to Decem-
ber 2022.

4 Observed seasonal variation of the event rate

The observed monthly rate is determined by sorting data
runs into months according to their start times within the
data-taking period from May 2011 to December 2022, as
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explained in Sect. 3.2, including leap years. Subsequently,
the variation of the average monthly rate is analyzed rela-
tively to the annual average flux.

Figure 6 shows the ratio of the monthly averages over the
annual average neutrino rate. The measured ratio reaches
its maximum during the Austral summer in December at
(+ 3.610.6) %, followed by a smooth decline from January to
July, reaching a minimum of (— 5.0 +0.6)% in Austral win-
ter. The observed transition from winter to summer amplitude
is more rapid than the reverse transition due to the presence
of the polar vortex, which confines the cold air (discussed
in Sect. 2.2). This rapid transition from winter to summer
contrasts with the smoother change observed in the reverse
direction, with the amplitude of the winter-to-summer shift
being steeper than what is predicted by the models.

The observed amplitude of the rate variation is in phase
with the MCEq predictions with stronger deviations in Jan-
uary, February, April, and September. The rate variation
amplitudes calculated with the empirical model NRLMSISE-
00 are up to 1% larger in January and February, and about
1% lower in September and October compared to the data-
driven atmospheric parameterizations. A x 2-test incorporat-
ing only statistical uncertainties reveals a deviation of the
observed rate from the calculation based on the NRLMSISE-
00 model at 4.60. The parameterizations from AIRS and
ECMWEF describe the data slightly better, particularly dur-
ing the Austral summer months and in October, with p-values
corresponding to 3.1¢ for AIRS and 2.7¢ for ECMWFE.

These findings are underlined by the analysis in [17],
determined from data within the peak summer and win-
ter months only. It is important to note that this com-
parison of observed rates with calculated predictions is
based on monthly averages. Additionally, the calculation of
rate variation from the atmospheric parameterizations does
not account for measurement or model uncertainties. The
expected variation in spring and fall could be attributed to
the modulation of the complex cooling and heating phases.

For the subsequent energy-dependent analysis, Austral
summer and winter are defined as the periods with com-
parable amplitudes: October to January and May to August,
respectively.

5 Spectrum unfolding

The true neutrino energy distribution f(E) cannot be deter-
mined directly since neutrino energies are inferred from the
measurement of Cherenkov photons produced by neutrino-
induced muons. The relationship between the true energy
distribution and the observed distribution g (y) of measurable

quantities y is described by the Fredholm integral equation
of the first kind [38]:

g(y)=/ A(E, y) f(EYAE + b(y) 4+ €(y). (1

A(E, y) represents the detector response function that maps
the true energy distribution. The additional terms b(y) and
€(y) account for background contamination in the event
selection and statistical/systematic uncertainties, respec-
tively. Equation 1 is discretized due to the finite number of
observations:

8(y) = A(E, y) f(E) + b(y) + €(y). )

Converting from measured quantities to the energy dis-
tribution constitutes an inverse problem, inherently ill-
conditioned. The energy deposited by muons in the ice or
nearby bedrock during their propagation is non-deterministic.
At energies below 1 TeV, continuous losses dominate, while
stochastic losses dominate at higher energies, contributing to
the smearing of energy resolution. Calculating particle prop-
agation and energy losses relies on the lepton propagation
tool PROPOSAL [39]. Spectrum unfolding addresses this
ill-conditioned problem by estimating the true distribution
from measured proxies obtained from a Monte Carlo detec-
tor response simulation.

5.1 Estimation of the energy spectrum

In this paper, we apply the DSEA algorithm to determine the
neutrino energy spectrum for each season. DSEA treats each
energy bin (components of f (E) as described in Eq. 2) as a
distinct class of events, effectively transforming the spectrum
estimation problem into a multinomial classification task.

The algorithm is trained through an iterative process on
two training sets each weighted according to the MCEq pre-
diction for the annual average. Initially, a random forest
classifier is trained on energy-related features, discussed in
the next section. To avoid overfitting and assess generaliza-
tion performance, the trained classifier is applied to a sec-
ond, independent training set, predicting confidence scores
cym (@ | xpn), which indicate the likelihood that event x,, has
an energy corresponding to bin index i.

In the first iteration, the resulting confidence scores are
reweighted to follow a uniform energy distribution, prevent-
ing bias from the classifier’s initial class distribution. The
estimate obtained from this iteration is scaled by a variable
step size, which controls the convergence speed of the algo-
rithm and the regularization of the resulting spectrum. In
subsequent iterations, the previous estimate is used as a prior
to reweight the confidence scores accordingly. This iterative
procedure—applying the classifier to a second independent
training set and scaling the resulting estimate—ensures that
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the initial uniform weighting acts only as a starting point and  edian o 68% quantile 1o-1
does not bias the final unfolded spectrum.
The training process terminates when the change in the
estimated spectrum between successive iterations becomes " 1o &
negligible, as quantified by the Wasserstein distance. This % if
convergence criterion typically results in termination after ?5 1073 2
three to five iterations, beyond which further updates do not B %)
produce meaningful changes to the spectrum. . Z% —y
The estimated content of each energy bin f; after k iter- E
ations is then obtained by applying the trained model to the . “
seasonal data sets: 10
~ (k) [IRCCCI v . 3 ¢ E 163/Gev 104
= N X_; emlx) VI<i<I 3)
B —— median ---- 68% quantile 107!
The sum of the confidence scores is normalized t0 Nevents 106
events in the data set, and / denotes the total number of energy 102 o
bins. Detailed information on the algorithm is provided in > 105 @
[40]. S 0o £
3 S
5.2 Energy proxies ‘§ 10¢ 3
S 10°* Té
The neutrino energy is estimated from two reconstructed 10° z
proxies: the number of hit DOMs per event, referred to 1073
as number of DOMs, and a likelihood reconstruction of 02 | f—
the deposited energy along the muon trajectory through . 103/GeV 10
true

the detector, referred to as truncated energy (Ewuncated)[41].
The correlation between these proxies and the true neutrino
energy is shown in Fig. 7 for the energy range from 125 GeV
to 10 TeV used in this analysis, including the median and the
68% quantiles. The correlation of both quantities is smeared
due to the unknown distance the muon traveled before enter-
ing the detector and the stochastic processes in muon propa-
gation, as described above. This effect is highlighted in Fig. 8,
which shows the correlation between the true neutrino energy
and the true muon energy at the detector entry. Since the
correlation is imperfect, the figure illustrates the complexity
of estimating the neutrino energy from measurable detector
quantities and highlights the necessity of an unfolding pro-
cedure to account for the smearing in the energy distribution.

Since the unfolding algorithm is trained on simulated
events, a good agreement between the shape of simulated
and experimental data is required for the energy proxies. The
measurement of seasonal variations is robust against poten-
tial constant offsets in the distribution of simulated to exper-
imental data since the measurement is performed relatively
to the annual average flux, as further detailed in Sect. 6. For
algorithm training and data—simulation comparison, simu-
lated events are weighted according to arealistic flux scenario
for atmospheric and astrophysical muon neutrinos. The atmo-
spheric flux assumption is provided by MCEq, with H3a as
the primary composition, SIBYLL-2.3c as the hadronic inter-
action model, and NRLMSISE-00 as the atmospheric model

@ Springer

Fig. 7 Correlation between energy proxies and simulated neutrino
energy. The events are normalized to the total number of counts in the
simulated dataset per column, binned according to true neutrino energy,
as used in the analysis

—— median ---- 68% quantile

10% 107!
[
[a]
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3 2
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Fig. 8 The correlation between the true muon energy at detector entry
to the true neutrino energy. This smeared correlation is attributed to
the unknown distance between the detector and the position of muon
production, highlighting the complexity of accurately reconstructing
neutrino energy from measured quantities
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Fig. 9 Data-MC agreement for both energy proxies used in unfolding.
The distribution of simulated events is weighted to MCEq and is nor-
malized to the number of events in the data set by a normalization factor
of 1.2. The top figure shows the proxy variable number of DOMs, and
the bottom figure shows the energy proxy truncated energy

for the annual average, as selected for the calculation shown
in Fig. 4. The astrophysical flux assumption is adopted from
[35].

Figure 9 shows the agreement between data and weighted
simulation for both energy proxies. The distribution of simu-
lated events is normalized to the total number of events in the
dataset, resulting in a scaling factor of 1.2. The upper panel
depicts the number of events per bin, including statistical
uncertainties, while the lower panel shows the ratio between
the two. The distribution of simulated events generally agrees
with experimental data within statistical uncertainties, except
for deviations observed in the number of DOMs above 100,
and above 10° GeV for Euncated- These respective ranges
correspond to neutrino energies outside of the analyzed range
below 10TeV, as can be inferred from Fig. 7.

The algorithm is trained on the yearly average neutrino
flux prediction and does not obtain any information on sea-

sonal flux modulation. The robustness against deviations in
the spectral index of the annual average to the training spec-
trum is tested, as described in Fig. 1. The energy spectrum
is unfolded into ten logarithmically equidistant energy bins
from 125GeV to 10TeV.

5.3 Systematic and statistical uncertainties

Systematic uncertainties in the unfolded spectrum arise from
various sources, including the detector uncertainties, detector
medium, and reconstruction process. Each systematic uncer-
tainty is assessed through simulated events, whereby pseudo-
samples are unfolded by varying one parameter at a time. This
approach is consistent with previous uncertainty estimations
in spectrum unfolding (e.g., [42—44]).

Specific uncertainties include those from quantum effi-
ciency of the optical modules (opom), ice absorption (oaps),
scattering (ogcat ), optical properties of the refrozen ice around
cable strings (onhole ice)- These uncertainties are consistently
calculated using variations of £ 10% for DOM efficiency,
= 5% for absorption and scattering, and polynomial function
approximations for the hole ice [33,45]. The flux uncertain-
ties from hadronic interaction models and primary cosmic-
ray composition (oqux) are determined by parameterizing
the results from [46], accounting for changes in the spec-
tral shape. The uncertainty associated with deviations from
the true distribution in unfolded pseudo-samples (opspa+)
is accounted for by constraining it as a constant systematic
uncertainty of &= 5% across all energy bins (see Fig. 14 in 1).
The total uncertainty per energy bin is computed relative to
the reference simulation, with upper and lower uncertainties
assessed separately, summing all deviations in quadrature.

Statistical uncertainties are determined in a bootstrap
approach, in which the dataset is sampled in 2000 trials and
unfolded. Each sample is generated by randomly drawing
events from the original dataset, allowing the same event to
be selected more than once within a single sample. This pro-
cedure creates 2000 pseudo-samples that reflect the statistical
distribution of the original dataset. Uncertainties per energy
bin are derived from the covariance matrix, with statistical
errors given by the square roots of its diagonal components.

Figure 10 shows the impact of each systematic uncertainty
on the unfolded spectrum per energy bin, with larger uncer-
tainties at the edges of the samples due to limited statistics.
Asymmetric uncertainties can arise because the variation of a
single parameter in the simulation does not necessarily yield
a linear response in the unfolded spectrum. These system-
atic uncertainties are approximately seasonally independent
as they arise from the in-ice detector, reconstruction and the
data analysis pipeline. The total and statistical uncertainties
are listed in Table 3 of the Appendix A.2.

The systematic uncertainties discussed in this section
apply exclusively to the unfolded energy spectrum. A sepa-
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Fig. 10 A detailed overview of systematic uncertainties of the
unfolded spectrum is provided per uncertainty type and energy bin.
The systematic uncertainty remains constant across all seasons, as it is
determined relatively to the reference simulation. The asymmetry of the

rate, energy-dependent bias — relevant only to the seasonal-
to-annual flux ratio — is described in Appendix B.

6 Seasonal variations in the unfolded spectrum

The unfolded event spectra are converted to a differential
flux by accounting for the livetime of the seasonal datasets,
the effective area of the event selection determined from the
detector response simulation, and the solid angle. Fig. 11
depicts the unfolded energy spectra corresponding to Aus-
tral summer (October to January) and winter (May to August)
for the zenith range from 90° to 110°. The left panel shows
the unfolded seasonal spectra along with the corresponding
statistical and systematic uncertainties, compared to MCEq
with H3a as the primary composition, SIBYLL-2.3c as the
hadronic interaction model, and NRLMSISE-00 as the atmo-
spheric model, as well as to daemonflux.

The unfolded seasonal spectra agree in shape with MCEq
and daemonflux predictions within systematic uncertainties.
Although, a detailed comparison of the unfolded annual aver-
age to both models reveals an excess in the data, as further
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uncertainties arises from the unfolding of pseudo data generated from
simulations with altered systematic parameters, which have a larger
effect on energy bins with smaller statistics

detailed in Fig. 12 in Appendix A.2, the ratios remain unaf-
fected by normalization offsets, as all seasons exhibit a con-
sistent excess relative to the models.

The upper half on the right in Fig. 11 shows the ratio of
unfolded seasonal fluxes to the annual average. As discussed
in Sect. 5.3, systematic uncertainties cancel out in this rel-
ative measurement, leaving only statistical uncertainties in
the unfolded seasonal-to-annual average flux ratio. A small
energy-dependent bias, introduced by training the unfolding
on the annual average and subsequently dividing the season-
ally unfolded fluxes by the unfolded annual average, is also
depicted in the figure and quantified in Appendix B. The
lower half on the right shows how the ratio of the unfolded
seasonal fluxes to the annual average compares to MCEq
predictions.

As expected, the amplitude of deviation of the seasonal
to annual average flux increases with energy despite upward
fluctuations in the first energy bin. During Austral summer,
the rate variation rises from (+ 3.2 & 1.3)% at 125GeV to
(+3.94+1.2)% at 10TeV. In contrast, during Austral winter,
these ratios decrease from (—3.3+1.2)%to (—4.5+£1.2)%.
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Table 2 in the Appendix A.1 lists the seasonal variation ampli-
tude per energy bin.

The bottom half on the right in Fig. 11 depicts the ratio of
the unfolded ratio of the seasonal to annual average flux to
the MCEq prediction with the NRLMSISE-00 atmospheric
model separately for both seasons. The agreement is eval-
uated through a y2-test, with p-values of 40.1% for May-
August and 26.4% for October-January, indicating consis-
tency of the observed seasonal variation strength with model
predictions compatible with the 1o region according to the
reduced y2-values of 1.05 and 1.23 respectively.

The choice of the hadronic interaction model has an impact
on the spectral shape, but only a negligible impact on the
seasonal variations below 10 TeV, which is purely driven by
the atmospheric parameterization.

7 Conclusion and prospects

This study presents an energy-dependent measurement of
seasonal variations in the atmospheric muon neutrino flux
within the zenith range from 90° to 110°, covering ener-
gies from 125GeV to 10TeV. A previous measurement of
the seasonal variation amplitude of atmospheric neutrinos
from 6 years of IceCube data within the zenith range 90° <
6 < 115° reported an amplitude of £ 3.5(3)%, which is in
tension with model predictions of £4.3% using the AIRS
atmospheric parametrization [17]. Building upon this prior
work, our findings indicate a seasonal variation amplitude of
(—3.5 £ 0.2)% during the Austral winter (May to August)
and (+ 3.0 & 0.2)% during the Austral summer (October to
January), averaged over the analyzed energy range. These
results exhibit a comparable tension of 2.70 with ECMWF
temperature data, increasing to 3.10 and 4.60 for AIRS data
and the atmospheric model NRLMSISE-00, respectively.
The energy-dependent analysis shows that the strength
of seasonal variation increases with energy from October
to January, reaching (+3.9 £ 1.3)%, and decreases with
energy from May to August to (— 4.5 £ 1.2)% relative to the
annual average. This energy dependence stems from changes
in atmospheric density gradients that influence production
altitudes and the shift from pion-to kaon-dominated produc-
tion. The unfolded seasonal variations in the energy spectrum
align well with MCEq model predictions, using H3a as the
cosmic-ray composition model, SIBYLL-2.3¢ for hadronic
interactions, and the model NRLMSISE-00 for atmospheric
conditions. While tensions are observed in the comparison
of the observed rate variation with the MCEq prediction, no
significant tension was found in the energy-dependent anal-
ysis for Austral summer and winter data. Discrepancies in
rate variations relative to model predictions may arise from
rapid temperature transitions during spring and fall, consis-
tent with the findings in [17]. This study highlights neutrinos

as a unique probe for exploring variations in the Antarctic
atmosphere and the reliability of flux calculations with atmo-
spheric models to describe the summer and winter seasons.

While the unfolded flux normalization within 90° to
110° is up to 30% higher than MCEq and daemonflux pre-
dictions, the differential seasonal variation measurements
remain robust due to the cancellation of normalization uncer-
tainties. This relative measurement allows to investigate the
atmospheric neutrino flux in a regime often limited by sig-
nificant modeling and measurement uncertainties.

Due to statistical limitations of the present dataset, the con-
struction of seasonal datasets is based on averaging months
with similar rate variations. For the same reason, seasonal
unfolding above 10 TeV is currently not feasible, preventing
conclusions about a prompt component in the atmospheric
neutrino flux or astrophysical neutrinos at comparable ener-
gies. Both are unaffected by seasonal variations and would
reduce the observed amplitude for energies above the present
range. Future analyses may investigate energy-dependent
variations using a combination of atmospheric muons and
muon neutrinos to measure a prompt component. The cur-
rently ongoing IceCube Upgrade [47] and IceCube-Gen2
expansion [48] will enhance model comparison capabilities
by further reducing statistical and systematic uncertainties.
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Appendix A.2: Unfolded annual average muon neutrino flux

The unfolded annual average flux used for the calculation
of the seasonal variation strength in Fig. 11 and correspond-
ing statistical and systematic uncertainties are summarized in

MCEq + NRLMSISE-00 (May-Aug)
MCEq + NRLMSISE-00 (Oct-Jan)
MCEq + NRLMSISE-00 (annual avg.)
- daemonflux (annual avg.)
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Fig. 11 The left panel shows the unfolded seasonal fluxes for Austral
summer (October to January) and Austral winter (May to August) in
the zenith range from 90° to 110°. Statistical uncertainties are depicted
as error bars, while systematic uncertainties are represented as shaded
areas. The theoretical predictions from MCEq (H3a, SIBYLL-2.3c,
NRLMSISE-00) and daemonflux are shown in dashed and dash-dotted
lines, respectively. The upper half on the right presents the ratio of the
unfolded seasonal datasets to the annual average, indicating the seasonal

Unf. ratio Unf. ratio

I May-Aug (stat)

Table 3. The comparison of the unfolded annual average flux
to MCEq and daemonflux from Fig. 11 is displayed in Fig. 12.
The shaded areas depict statistical and systematic uncertain-
ties. The left panel showing the comparison to daemonflux
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variation strength across the energy range of interest. The systematic
uncertainties remain constant for each season and cancel in the calcu-
lated ratio, leaving only statistical uncertainties. Additionally, a small
energy-dependent bias in the seasonal-to-annual flux ratio is shown.
The lower half on the right displays the deviation of the unfolded ratio
of the seasonal fluxes to the annual average with respect to the MCEq
predictions for the ratio

Table 3 Unfolded annual average atmospheric muon neutrino flux in the zenith range from 90° to 110°, along with the corresponding statistical

and systematic uncertainties

Energy bin log(E/GeV) Center energy E? dd’ Stat. Syst. uncertainty

Index [GeV em2s7ls 1] Uncertainty

1 2.10-2.29 2.211 5.55 x 107 +0.6% —15.2% +17.8%
2 2.29-2.48 2.397 345 x 1074 +0.4% —11.2% +12.5%
3 2.48-2.67 2.584 2.15 x 107 +0.3% —8.2% +7.8%
4 2.67-2.86 2.771 1.36 x 107 +0.3% —6.0% +5.8%
5 2.86-3.05 2.958 822 x 107 +0.3% —5.1% +5.0%
6 3.05-3.24 3.146 4.94 x 1073 +0.3% —5.5% +5.3%
7 3.24-343 3.335 2,90 x 107 +0.3% —6.9% +6.7%
8 3.43-3.62 3.543 1.65 x 1073 +0.3% —7.6% +8.8%
9 3.62-3.81 3.713 9.46 x 107° +0.4% —-9.5% +10.0%
10 3.81-4.00 3.903 5.16 x 107° +0.6% —12.6% +10.0%
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Fig. 12 Ratio of the unfolded annual average flux to model predictions.
The left panel displays the comparison to MCEq with H3a, SIBYLL-
2.3c, while the right panel compares it to daemonflux. The shaded areas

takes into account additional systematic uncertainties from
the data-driven model derivation.
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Fig. 13 Data-MC agreement with systematic uncertainties for both
energy proxies used in unfolding. Error bars reflect the impact of vary-
ing individual systematic parameters relative to the baseline simulation.
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depict the statistical and systematic uncertainties of the unfolded flux.
Additional uncertainties for the daemonflux model are included in the
right panel

Appendix A.3:Data-MC-agreement with systematic
uncertainties

To provide a detailed assessment of the agreement between
data and simulation across the unfolding proxies, the data-
MC-comparison including systematic uncertainties is shown
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The distribution of simulated events is normalized to the number of
events in the data set by a normalization factor of 1.2
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in Fig. 13. The error bars on the simulated distributions rep-
resent deviations from the baseline simulation arising from
variations in individual systematic parameters, as detailed in
Sect. 5.3. The level of agreement between data and simula-
tion is consistent with the estimated systematic uncertainties.

Appendix B: Testing the unfolding method on pseudo-
data

As a methodological test, in addition to an annual average
sample, two seasonal pseudo-samples — representing sum-
mer and winter — are generated by sampling events from the
respective MCEq-predicted seasonal fluxes. Each pseudo-
sample contains approximately 1 million events to ensure that
the resulting distributions closely follow the MCEq fluxes
and are minimally affected by statistical fluctuations.

The training spectrum consists of 1 million simulated neu-
trino events in the zenith range from 90° to 120°, whereas the
pseudo-sample covers the zenith range from 90° to 110° only,
matching the zenith range of the unfolded data set in Fig. 11.
As discussed in Ref. [37], the zenith range was restricted
from 90° to 120° to 90° to 110° due to the small average
seasonal variation amplitude (below £1%) observed in the

+

May-Aug (stat.)
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MCEq + NRLMSISE-00 (May-Aug)
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Fig. 14 The left panel shows the ratio of the unfolded seasonal flux
to the annual average, divided by the corresponding MC truth ratio
obtained from the seasonal pseudo-samples corresponding to 11.3 years
of experimental data, with statistical uncertainties depicted as error bars.
The mean of this ratio across pseudo-samples defines the unfolding bias,

10*

110° to 120° zenith band, based on atmospheric temperature
profiles from AIRS and ECMWE.

The left panel of Fig. 14 shows the ratio of the unfolded
seasonal flux to the annual average, divided by the corre-
sponding MC truth ratio obtained from the seasonal pseudo-
samples. The statistical uncertainties of the unfolded pseudo-
samples are calculated using a bootstrap approach detailed
in Sect. 5.3. The unfolded ratio of the two seasonal pseudo-
samples exhibits a flatter energy dependence compared to the
MC truth, resulting in deviations of up to = 1% in the three
lowest and highest energy bins (listed in Table 2). Notably,
the slope of this deviation reverses in sign when switch-
ing between seasons, indicating a systematic trend not fully
accounted for by statistical uncertainties. This suggests that
the unfolding procedure introduces a small energy-dependent
bias relative to the MC truth. The bias is added to the unfolded
ratio of seasonal to annual average flux in Fig. 11. As a con-
servative estimate, the uncertainty of the unfolded spectrum
arising from the unfolding method is estimated by an upper
bound of +5%, as depicted in Fig. 10.

The right panel of Fig. 14 compares the unfolded seasonal-
to-annual average flux ratio with the corresponding MCEq
predictions, which are consistent with the MC truth. The bias
given by the right panel is displayed in shaded bands, over-
layed with statistical uncertainties from the unfolding. The

MCEq + NRLMSISE-00 (Oct-Jan)
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quantifying the systematic deviation from the MC truth. The right panel
shows the ratio of the unfolded seasonal pseudo-samples to the annual
average. Dashed lines for the respective seasons represent the theoreti-
cal predictions from MCEq (H3a, SIBYLL-2.3c, NRLMSISE-00). The
bias from the left panel is depicted as shaded bands
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unfolded seasonal variation strength, shown as the seasonal
to annual average flux ratio, is consistent with the predicted
ratios from MCEq for both seasons within statistical uncer-
tainties and added bias. Adding the seasonal bias ensures that
the unfolding method accurately recovers the seasonal vari-
ation signal in the restricted zenith range, without requiring
retraining of the algorithm.
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