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The IceCube South Pole Neutrino Observatory has discovered the presence of a diffuse astrophysical
neutrino flux at energies of TeV and beyond using neutrino induced muon tracks and cascade events from
neutrino interactions. We present two analyses sensitive to neutrino events in the energy range 1 TeV to
10 PeV, using more than 10 years of IceCube data. Both analyses consistently reject a neutrino spectrum
following a single power-law with a significance of >4¢ in favor of a broken power law. We describe the
methods implemented in the two analyses, the spectral constraints obtained, and the validation of the
robustness of the results. Additionally, we report the detection of a muon neutrino in the medium energy
starting events sample, or MESE, with an energy of 1 1.43;;‘36 PeV, the highest energy neutrino observed by
IceCube to date. The results presented here show insights into the spectral shape of astrophysical neutrinos,

which has important implications for inferring their production processes in a multimessenger picture.
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The IceCube Neutrino Observatory is a neutrino detector
at the South Pole [1], which uses the Antarctic glacier as a
target and a medium to detect Cherenkov light from neutrino
interactions with nucleons in ice. An array of 5160 digital
optical modules (DOMs) is deployed along 86 strings at
depths of 1450 m to 2450 m below the surface of the ice. The
DOMs capture Cherenkov radiation emitted by charged
secondary particles created when neutrinos undergo deep
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inelastic scattering (DIS) with nucleons in the ice. This
radiation is recorded as a “pulse’, which is a measurement of
the charge and the arrival time of the detected light. One of
the primary science goals of IceCube is to study the
spectrum of high energy astrophysical neutrinos, first
detected in 2013 [2—4]. These neutrinos are produced in
astrophysical sources via the interaction of high-energy
cosmic rays (CRs) with matter or photons in the environ-
ment of these sources or during propagation of CRs through
space. The total observed neutrino flux reflects the super-
position of all contributing sources and thus constitutes a
calorimetric measurement of the total production of high-
energy neutrinos in the Universe [5]. Features in the energy
spectrum are particularly interesting as they can indicate
changes in the contributing source populations or regions of
production [6]. Measurements of the total neutrino energy
spectrum can therefore shed light on the populations of their
sources, as well as provide a window into the mechanisms
of CR acceleration. There are also models that predict the
contribution of new physics, such as neutrinos produced
from the annihilation of dark matter [7], which could leave a
characteristic imprint on the observed neutrino spectrum. A
precise measurement of the spectrum may allow the identifi-
cation and distinction of the various contributions. Although
Fermi acceleration models predict a single power-law
spectrum, more detailed models of neutrino production in
different sources often predict spectra with distinct features,
such as a spectral break. Models where muons lose or gain
energy before decaying will also exhibit spectral features.
Spectral features could also help elucidate the relative
contribution to the cosmic neutrino flux from y-opaque
and y-transparent sources [6,8].

The observed neutrino events in IceCube are typically
classified into two morphologies, “tracks” and ‘“‘cascades.”
Tracks are observed when muon neutrinos or antineutrinos
undergo a charged-current (CC) DIS interaction, resulting
in an elongated pattern of Cherenkov light photons follow-
ing the trajectory of the outgoing muon. Daughter muons
may also be created by the decay of a 7 lepton, formed by
the CC interaction of a v,, with a small branching fraction
of ~17%. As TeV muons propagate for several kilometers
in ice, track events are observable even when the interaction
vertex is far from the detector, leading to an effective
detection volume that extends far beyond the geometrical
detector boundary. Cascade events are generated when an
electron neutrino or antineutrino undergoes a CC inter-
action or when a neutrino or antineutrino of any flavor
undergoes a neutral current (NC) interaction. The resulting
electromagnetic, hadronic or mixed shower has a longi-
tudinal extension of typically less than ~10 m, a region
which is small compared to the 125 m horizontal spacing
between detector strings. It therefore results in a more
spherical emission of Cherenkov light around the cascade’s
position. Cascades can also result from tau neutrino
charged-current (CC) interactions, provided the tau lepton

lacks sufficient energy to travel enough distance to produce
a second cascade from its decay that is distinguishable from
the initial cascade. In cases where the two cascades can be
separated, the events can be classified as “double cascade”
events. Such a classification requires a specialized recon-
struction and is not applied for the events presented in this
paper. While cascades produced from CC interactions
deposit the majority of the neutrino energy inside the
detector, those from NC interactions have a fraction of
missing energy carried away by the outgoing neutrino. The
total number of Cherenkov photons emitted in these events
is proportional to the energy deposited within the detector
[9,10]. Track events have superior angular resolution when
compared to cascades due to the long lever arm of the track.
However, their energy resolution is limited because, in
most cases, only a fraction of the total energy is deposited
within the detector volume. Cascades on the other hand
have better energy resolution as most or all of the deposited
energy of the NC or CC event, respectively, is contained
within the detector boundaries, and thus visible to the
DOMs. Through-going tracks (tracks that originate outside
the detector volume) are detected at a much higher rate than
cascades. This is due to the larger flux of atmospheric muon
neutrinos with this morphology, as well as cosmic-ray
induced atmospheric muons entering the detector from
above. Another important factor is the larger effective
volume for through-going tracks, as their interaction vertex
is outside the detector. “Starting events” form an important
subset of both morphologies, defined as events where the
neutrino interaction vertex is contained within the detector
volume. This gives access to the initial interaction vertex of
the neutrino and is beneficial for distinguishing neutrino
events from atmospheric muon events. As the initial
hadronic cascade from the neutrino interaction lies within
the detector volume, the energy resolution is improved with
respect to through-going tracks. An illustration of the
different event types is shown in Fig. 1.

IceCube has measured the spectrum of astrophysical
neutrinos in multiple detection channels, depending on the
morphology of the events in the sample. These include the
first detection of high-energy astrophysical neutrinos in
2013 [2], using a sample of high-energy starting events
(HESE). The HESE measurement found evidence of a flux
of astrophysical neutrinos above 60 TeV statistically
compatible with a single power law (SPL, ® «x E77), a
measurement which was repeated with an extended HESE
dataset with additional years of data [11]. Further mea-
surements of the astrophysical neutrino flux were per-
formed using a sample of through-going muon neutrino
tracks (Northern tracks) [12] observed in 9.5 years of
IceCube data, along with a measurement using cascade
events dominated by electron and tau neutrino flavors with
6 years of IceCube data [13], and, most recently, enhanced
starting track event selection (ESTES), a sample of starting
tracks with a lower energy threshold than the HESE
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Schematic of the various event morphologies typically observed by IceCube. The dark grey circle represents the neutrino

interaction vertex, with the second double cascade vertex representing the tau lepton decay. The other circles represent DOMs, which see
light. The early pulses are in red, while later pulses are first in yellow, then green, and finally blue.

searches [14]. These measurements are compatible with an
SPL spectrum.

Here, we present an updated measurement of the
astrophysical flux with two complementary analyses:

(i) The medium energy starting events (MESE) analysis,
which updates the study reported in [15], focuses on
starting events. The study of starting events at TeV
energies has numerous advantages, including sensi-
tivity to all neutrino flavors and events from the entire
sky. The dataset consistently selects cascades and
tracks through the same background vetoing tech-
niques. Extending the veto-based approach of HESE
to lower energies allows us to study the cosmic neu-
trino spectrum across a wide energy range, of almost
4 orders of magnitude. This was the motivation behind
the MESE sample [15], which has been updated [16]
with improved veto techniques and additional years of
IceCube data, as detailed in Sec. II B.

(i) The Combined Fit (CF) analysis combines a sample
of contained cascades [13] with five additional years
of data [17] and a sample of through-going tracks [12]
that were used previously to measure the spectrum
separately. The advantages of performing a joint fit
with cascades and tracks were demonstrated in a
previous publication [18], where the high statistics of
the tracks sample and the low muon content of the
cascades sample helped strengthen the analysis. This
idea is also followed in the new CF analysis, which is
described further in Sec. II C.

Both analyses were developed separately to measure
the neutrino spectrum. We report the tested astrophysical
spectral shapes, also discussed in our companion Letter
[19]. In this paper, we also report the highest energy
neutrino detected by IceCube so far. IceCube has conducted
studies exclusively on neutrino events in the PeV scale [20],
with results consistent with background simulations, and
constrained the spectrum at extremely high energies with
the highest energy sample of events [21]. The highest
energy event reported here is also contained in the sample
used in [22] and was issued as a public alert via the General
Coordinates Network [23].

In Sec. II, we describe the data samples used for the two
analyses, including the simulations used for the studies.
Section III presents the analysis methodology, and the
obtained results are presented in Sec. IV. We further present
the cross-checks performed for the two analyses in Sec. V
and conclude with a discussion in Sec. VL.

II. DATA SAMPLES

In this section, we discuss the different data samples used
in the analyses, as well as the simulation used. The new
MESE selection, in particular, will be explained in detail
in this section. For the CF analysis, the respective data
selections for tracks and cascades remain unchanged with
respect to previous publications, and we refer to the
detailed descriptions in [12,24] for the track selection
and [13] for the cascade selection. The number of cascade
and track events in each analysis is shown in Table I.

A. Signal and background simulations

For the analyses presented here, the main background
comes from leptons produced in cosmic-ray air showers,
consisting of atmospheric muons and atmospheric neutrino
fluxes. The atmospheric neutrino background arises from
both the decay of pions and kaons, referred to as the
conventional flux, and the decay of charmed mesons,
known as the prompt flux. Both the signal, which is the
astrophysical neutrino flux, and the background are mod-
eled with the help of Monte Carlo (MC) simulations. Both
analyses consistently use the same set of MC simulations to
describe the physics processes of the observed events. The
NuGen software [25] is used to simulate the DIS interactions
of neutrinos in the detector volume. For the interactions, the
Cooper-Sarkar-Mertsch-Sarkar (CSMS) model [26] for the

TABLEI. Number of events in each data sample (E > 1 TeV).
MESE CF Overlap

Cascades 4949 10569 2514

Tracks 4908 231486 1799
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neutrino-nucleon cross sections is used with the Earth’s
density described by the preliminary reference earth model
(PREM). Using the MCEq software package [27,28], atmos-
pheric neutrino flux weights are calculated according to
model predictions from the Gaisser H4a primary CR flux
model [29] and assuming hadronic interactions as described
by the Sibyll 2.3c model [30]. Cosmic-ray muons, which
form another major portion of the background are simulated
with the MuonGun package [31], which generates samples of
single muons with properties derived from simulations of
cosmic-ray air showers generated with CORSIKA [32], using
Sibyll 2.1 [33] as the hadronic interaction model. The use of
MuonGun significantly reduces the computing time for the
MC generation compared to the direct simulation of CR air
showers with CORSIKA and thus enables us to generate the
background estimation with sufficient statistical power. The
secondary particles produced in the neutrino interactions
and the atmospheric muons are propagated through the
detector to obtain the light pulses recorded in the DOMs.
We use PROPOSAL [34] for the propagation of secondary
muons and taus, and “Cascade Monte Carlo” (cMmc) [35] for
electromagnetic cascades, with an appropriate scaling factor
applied for hadronic cascades. This energy-dependent
scaling factor, derived from phenomenological parametri-
zations, accounts for the fact that only a fraction of the
hadron energy appears as visible electromagnetic cascades
[31,36]. The ray-tracing software package CLSim [37] is used
for generating and propagating the photons in the ice that
eventually get detected in the DOMs. We apply flux weight-
ing schemes to the MC-generated neutrinos (generated with a
spectral index of 1 or 1.5) and the muons to efficiently obtain
adequate statistics for each component and energy range
contributing to the observed events: single muon, conven-
tional atmospheric neutrino, prompt atmospheric neutrino,
and astrophysical neutrino fluxes. Note that we do not
explicitly account for muon bundles (several muons boosted
along the trajectory of the primary) since comparisons of full
CORSIKA and MuonGun simulations have shown that they get
efficiently rejected at the final level of the event selection, as
studied and verified during the development of the contained
cascades sample used in the CF analysis [13] and the MESE
event selection described below.

B. MESE selection procedure

The main goal of the event selection is to reduce the
background from muons produced in CR air showers in the
data to a level where one can conduct measurements with
the neutrinos that interact within the detector volume. The
event selection is developed based on the MC samples of
neutrinos and muons, as described in Sec. Il A. A pre-
selection cut is applied to reject events with a low number
of hits (photons captured by the DOMs), which cannot
be reliably reconstructed. These preselection cuts are
the requirement that the event triggers one of the IceCube
event-filter streams [1], a minimum deposited-charge

threshold of 100 photoelectrons (pe), and a minimum
number of 3 strings to have hits on them. These events
are further used in the event selection.

1. Outer-layer veto

The first stage of the event selection rejects events that
deposit a charge at the outer edges of the detector. This
region is called a “veto” layer. The veto layer is defined as:
all strings at the edge of the detector, a 90 m layer at the top
of the detector, and a single layer of DOMs at the bottom of
the detector. An additional 120 m thick layer of horizontal
veto region is also included. This region is below a band of
high dust concentration in the glacial ice [38]. The purpose
of this additional veto layer is to catch the muons that sneak
through the dust undetected and can therefore appear as
starting events in the clear ice below this layer of dust. Events
with a total deposited charge > 6000 pe are tagged as HESE
events within this sample. These HESE events are required
to deposit a maximum charge of 3 pe or less during the initial
phase of the event in the outer layer of the detector,
consistent with the requirement in previous selections
[11]. Lower-charge events (<6000 pe) have a strict require-
ment of zero charge in this veto layer within a time window
of 3 ps with respect to the vertex time. The vertex time is
approximated as the time at which the cumulative charge in
the event reaches a certain threshold. The threshold charge
that defines the vertex time is 250 pe for HESE-tagged
events and is adjusted for lower-charge events as 1/24th of
the total charge. This outer-layer veto condition vetoes a
majority of the bright and/or bundle muons and suppresses
the background by 4 orders of magnitude (see Fig. 2).

2. Down-going track veto

The second step removes muon tracks which sneak
undetected through the outer layer veto. For this, we calculate
the propagation time of light from the reconstructed neutrino
interaction vertex inside the detector to each DOM. This
restricts the allowed time range of detected photons to be
consistent with the expectation from a neutrino interaction.
We select pulses that are determined to not be causally
connected to the event vertex. The vertex used for the down-
going track veto is obtained from a cascade reconstruction
performed at this stage of the selection. It is then determined if
the selected noncausal pulses can be associated with an
incoming muon track by performing track reconstructions
along 104 down-going trajectories (centered on a HEALPIX
grid [39] with nside = 4) passing through the vertex. We look
within a 100m distance from the reconstructed track direction
to identify the veto pulses. Those that fall within a time
window of —15 ns to 1000 ns with respect to the propagation
time from the interaction vertex are retained as veto pulses.
The track-fit associated with the largest summed charge from
these veto pulses is chosen as the best-fit veto track. For events
with charge >1000 pe (<1000 pe), we require the veto
charge to be less than 2 pe (0.5 pe) for the event to be retained
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FIG. 2. MESE expected rates: The expected rates of astrophysi-
cal neutrinos and background atmospheric neutrinos and muons
derived from MC after each stage of the event selection. Here we
assume a single power-law astrophysical flux with normalization
Po = 2.06 x 10718 GeV~'em™2 s~ ! sr~!, and spectral index
y = 2.46 (from the two-year MESE analysis [15]) and the Gaisser
H4a with Sibyll 2.3c atmospheric flux model. The cuts (see text)
suppress the muon flux by 10 orders of magnitude at the final level
while retaining a larger proportion of signal neutrinos.

in the event sample. This procedure reduces the atmospheric
muon rate by an order of magnitude while retaining a majority
of the neutrino events, as shown in Fig. 2.

At this stage, we also classify events as cascades and tracks
using a deep neural network classifier [40,41] and perform
separate energy and angular reconstructions for them. A
maximum-likelihood fit is performed to obtain the recon-
structed energy and direction of the cascade events [10]. For
track events, we first perform a direction reconstruction using
a maximum-likelihood method that assumes an infinite muon
track and approximates all the deposited light to be emitted
by the Cherenkov emission from the muon [9]. We sub-
sequently perform an additional likelihood fit for energy
reconstruction which reconstructs stochastic energy losses
along the track direction [9,42]. We split the track into
consecutive small segments along its direction and fit the
light emission from each segment as a point-like emission.
The summed energy for all segments provides a good
energy estimate for starting tracks, since the initial hadronic
cascade also gets well reconstructed with this method.

The following list of cuts are also applied at this level to
eliminate pile-up events from coincident air showers. These
are cases where multiple events occur within the detector at
the same time, which are difficult to reconstruct. We first
compute the average charge-weighted distance from the
DOM: s to the reconstructed event direction' (for both the

'"The charge-weighted distance is defined as D, avg = M

where g represents the charge on each DOM, and d is the closest
distance from the DOM to the reconstructed direction.

cascade and the track hypotheses). If the hits in the detector
are from two coincident events, D,,, would be quite large
compared to causally connected hits from a single event. We
therefore remove events with D,,, > 150 m with respect to
the cascade reconstruction and D,,, > 110 m for the track
reconstruction. The next coincidence cut checks the opening
angles between different track fits using different algorithms
and seed guesses applied to the event. If the opening angle is
greater than 30°, this is likely a coincident event and is also
removed. Lastly, we apply a cut based on the reduced log-
likelihood of the reconstruction, a proxy for the goodness-of-
fit of the reconstruction. As these reconstructions attempt to
fit a single event within the detector, the goodness of the fit is
worse for coincident events.

3. Fiducial volume cut

The final stage of the event selection suppresses the
remaining muon background within the sample. The cut
achieves a reduction of the rate of low-energy muons
producing little light in the outer detector (“dim” muons)
by requiring that the vertex of the lower energy events lies
deeper inside the detector (see Fig. 3). A dim muon is more
likely to sneak through a single veto layer due to its reduced
light yield and the stochastic nature of its energy loss, which
may result in insufficient light deposition for detection.

A veto margin is defined by the amount of distance from
the top edge or side edge of the detector that is treated as a veto
layer. The probability of a muon mimicking a bright neutrino
interaction while being undetected strongly decreases with the
increasing observed event energy. Therefore, higher-energy
events required a smaller veto margin than lower-energy
events.

The applied fiducial volume cut depends on the total
charge (Q,y), the reconstructed zenith (6..,), and the
morphology, as explained in the following sentences.
The veto margins (M) to the side and top are parametrized
as a function of charge in each cos 6, bin. This function is
shown in Eq. (1),

M = a + blc — (logio(Qa/pe))] "/, (1)

where a, b, ¢, and d are fixed parameters in each zenith bin.
These parameters are obtained by fitting the polynomial in
Eq. (1) to the MC events. The desired veto margin cut for a
given charge is obtained by maximizing the ratio of the
atmospheric neutrino to atmospheric muon rates from
simulations, which keeps the cut agnostic to the astrophysi-
cal flux model. These margins are zenith-dependent as
muons mainly enter the sample from the down-going sky,
and we expect different muon rates from each direction due
to the difference in the overburden that the muons have to
travel through. Therefore, we apply stricter cuts to the near
vertically down-going bins when compared to the horizon-
tal directions. The amount of charge a muon deposits in the
top/side of the detector depends on the direction from which
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MESE fiducial volume cuts: The selection cut in MESE rejecting a majority of the dim muons, at the final stage of the event

selection. The cut depends on the charge, the zenith angle, and the morphology of the event. We use continuous functions of charge in
each zenith bin for this. The cuts shown here are representations at specific charges. A down-going event has more stringent cuts than an
up-going event. Down-going tracks in particular are subject to strict cuts. The two panels at the top show the views from the top and the
side of the detector. The allowed margins are shown for cascades events that fall within a given cos(8,..,) bin and have various total
deposited charges. X, Y, and Z represent the distance in a Cartesian coordinate system, where the origin is at the center of the detector.
The bottom two panels show the allowed fiducial volume for cascades (left) and tracks (right) with a given total deposited charge and
arriving from different directions. A maximum fiducial volume of 80 x 10" m? is allowed for all events.

it arrives. For example, the deposited charge on the side
margin for a horizontal muon is correlated with its energy.
Similarly, for the vertical muons it is the charge deposited in
the top margin that shows a correlation with the energy. A
small contamination of the event sample due to misrecon-
structed atmospheric muons is expected. However, their rate
is very low compared to the rate of down-going events.

Therefore, a softer cut on events reconstructed in the up-
going direction retains a majority of the events from these
directions. The zenith-angle dependence of the fiducial
volume cuts rejects a majority of the muon background
while retaining a large portion of signal events. This boosts
our event rates and improves our sensitivity, especially at
energies below 10 TeV.
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Furthermore, the fiducial volume cut is implemented to
be morphology-dependent. We expect more contamination
of muons in the starting tracks channel than in the starting
cascades channel, especially in the down-going direction.
These cuts are applied in 10 bins in cos(f..,) bins,
corresponding to the 10 analysis bins used for MESE
(see Sec. III for details on the analysis bins), for both
cascades and tracks independently. Additionally, we require
a minimum thickness of 100 m in the top margin, to reduce
the possibility of down-going muons accidentally failing the
veto condition. We also require that the vertex of the event
lies within the detector volume itself to ensure that the events
are truly starting events. These fiducial volume cuts are
applied only on the events not tagged as HESE in the event
selection. Figure 3 shows the side and top views of the
fiducial volume cuts at discrete charge values for cascades in
a given zenith bin (cos(f,) € (0.6,0.8)). The overall
dependence on cos(f,..,) for some example values of the
deposited charge in the detector is also shown in the figure
for cascades and tracks. The fiducial volume cut is
responsible for a significant reduction in muon rates during
the event selection process, suppressing muons by ~5
orders of magnitude, as shown in Fig. 2. The cut thresholds
for each of the selection variables were obtained by
comparing signal and background rates using simulated
events. To validate the consistency of these variables, we
compared a subsample of data (10% of two years) to
simulations using nominal values for the fit parameters, to
verify overall agreement. We checked this agreement at
each stage of the cuts for the MESE selection, for the
charge distributions along with the energy and direction
reconstructions once those are performed. This ensured that
no features in our selection were introduced while we
performed the cuts. We additionally checked for agreement
between simulations and the subsample data by removing a
single cut on the margins (side/top) at a time and verifying
that the simulation can explain the data observed. This
subsample of data was later discarded from the final
analysis to avoid bias. All events that pass these veto
stages are retained in the final sample. Events during data-
taking periods with at least 5035 active DOMs are used for
the MESE analysis described in Sec. IIL

C. Combined Fit (CF)

The CF analysis was developed as a framework to jointly
analyze event samples within IceCube in a consistent
manner. Here, specifically, the analysis combines the
through-going tracks data sample (Northern tracks)
[12,24] and the cascades data sample (contained cascades)
[13]. The tracks data sample utilizes the Earth as a shield to
remove atmospheric muons and retain only tracks from
neutrino events and therefore focuses on events from the
Northern Hemisphere. The cascades data sample picks out
cascades contained within the detectors with the help
of a boosted decision tree and therefore reduces the

atmospheric-muon background naturally. Both data sam-
ples are well established and are used in multiple IceCube
analyses [43-46], and particularly, some of the previous
measurements of the diffuse astrophysical neutrino spec-
trum were based on these samples. The samples differ
strongly in the experimental signatures, making them ideal
for use in combination. The selections result in a small
overlap of 70 common events, which is 0.5% of the cascade
signal sample and negligible in the through-going track
sample. By combining the two samples consistently, as
done in this analysis, we can fully exploit the complemen-
tarity of good energy resolution for cascades with high
statistics of through-going muons which strongly constrains
detector and background-rate uncertainties. The analysis
presented here combines these two samples. In this analy-
sis, the data from the preliminary configuration of IceCube
with only 59 strings has been excluded from the track
sample, and the cascade sample has been extended to
include 10.5 years of IceCube data. All data have been
uniformly reprocessed with improved detector calibrations
[47]. For achieving fully disjoint samples, events which
pass the cascade selection are excluded from the through-
going track sample where their contribution is marginal.
This analysis also contains a significant methodological
improvement over a previous combined fit performed using
tracks and cascades data [18] by utilizing a fully consistent
treatment of systematic uncertainties and jointly produced
MC data samples.

III. ANALYSIS METHODOLOGY

We use a binned forward folding method to fit both the
MESE sample and the samples used for CF, which is
performed using a common software tool (see Sec. I A).
Data counts in a two-dimensional (2D) binned representa-
tion of reconstructed energy and cos(8,.,) are compared to
expectations from both backgrounds and signals calculated
from simulations under several hypotheses with free
parameters (see Sec. III E for the tested hypotheses with
a description of the free parameters). This corresponds to a
binned likelihood of the form

Tpins

£ =T1]Lixwm: (2)
i=1

where ny;,, runs over all 2D-analysis bins. £; is a modified
Poisson likelihood under a signal hypothesis, and H and
n are the free and nuisance parameters, respectively. The
modified Poisson likelihood for the ith bin accounts for the
limited MC statistics available for calculating the bin
expectations and incorporates the additional uncertainty
related to this as described in [48]. The components that
enter the likelihood include the expected counts of astro-
physical neutrinos according to the given flux model,
which is the signal term, and is expressed via the normali-
zation, spectral index, and additional parameters where
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TABLE II. Two-dimensional binning used in both analyses.
Both the energy and the zenith angle, 6, are reconstructed
quantities. The binning is optimized for the sensitivity and the
resolution of the observable in the respective morphology.

Cascades Tracks
Analysis E (GeV) cos(#) E (GeV) cos(0)
(103-107) (-1, 1) (10°-107) (=1, 1
MESE 22 bins 10 bins 13 bins 10 bins
CF 4 x 102-107) | (=1, 1) (10*3-107) | (=1, 0.09)
22 bins 3 bins 45 bins 34 bins

applicable. We also include the background components:
conventional neutrino flux, the prompt neutrino flux,
and the muon background. They are included as separate
normalization parameters for each component. All consid-
ered systematic uncertainties are included as nuisance
parameters in the likelihood (see Secs. IIIF and III B).
The sensitivity of the analysis to the different flux models
was validated by performing injection-recovery tests,
where a given flux model is injected, and we attempt to
recover the input parameters. We repeated these tests for
values of the nuisance parameters which were shifted from
the nominal values, again recovering the injected spectrum.
This test confirms the ability of the analysis to recover the
underlying astrophysical flux model accurately. We first
perform a fit remaining blind to the astrophysical flux
parameters and ensure that the nuisance parameters are well
behaved and within the allowed bounds imposed on them.
This avoids any bias while performing the measurement.
We followed a staged unblinding procedure, where we first
performed a fit to only 10% of our data and checked
agreement between data and simulation. The degree of
agreement was computed using a y° fit to the log-likelihood
distribution generated from pseudodata, requiring a p-value
>0.05 to verify that the histograms were compatible. Upon
passing these criteria, we proceeded to fit the complete
dataset. This system of checks helped ensure that our
analysis was able to describe the observed data.

The bins used in both analyses are shown in Table II. The
samples use different binning based on their respective
resolutions and the available statistics. For the zenith angle,
the angular resolution between tracks and cascades strongly
differs, resulting, e.g., in only three not-equal-sized bins for
the cascades in the CF. In the case of the energy proxy, the
samples inherently provide a large variation of correlations
with the initial neutrino’s energy. Contained cascades
reflect a calorimetric measurement of the total neutrino
energy in case of charged current interactions but not for
neutral current interactions. In case of MESE starting
events the interaction is contained in the detector, but for
tracks and neutral current interactions part of the energy is
not observed. In the case of tracks for the CF, the initial

neutrino interaction is usually far outside the detector
boundaries, and instead of the neutrino energy, only the
muon energy within the detector volume can be estimated
from the observed energy loss.

A. Analysis framework

The procedure of likelihood maximization is computa-
tionally expensive, especially when dealing with large
MC samples to compute bin expectations. We use a
software toolkit, named NNMFit, to manage the computa-
tional challenge [49]. The NNMFit package propagates
parameter variations to the likelihood and minimizes the
negative log-likelihood for the chosen parameters. Each
data sample has a dedicated configuration, which gives
information on the treatment of the binning and detector
response uncertainties. Internally, the physics parameters of
interest are shared between the expectations calculated for
each data sample.

The per-bin expectation y; is the total sum of MC event
weights in bin i. Any change in the weight of an MC event
will change the expectation value in the given bin. The
MC event weight in turn is a sum of all contributing flux
components evaluated at the true energy and zenith of
that event.

We distinguish between fit parameters that can be
implemented by directly re-weighting the events (such as
flux normalizations and other components of the spectra)
and parameters of the detector response that cannot be
implemented by re-weighting since they can affect the
reconstruction of events. The total expected counts in
the i-th bin are given by

d,u?j .

i Zj:ﬂ,,, %;dﬁk

where ,u?_ ; 1s the baseline expectation of the weighted flux
component j. The second term in the equation represents
the expectation attributed to the detector response, where
& 1s the fit parameter associated with a given detector
systematic k, and & its baseline value. The details of this
component’s implementation are described in the next
section. The framework supports calculating analysis
sensitivities based on MC using either pseudoexperiments
or the Asimov set (measured “data” is exactly the same as
the bin expectation, as defined in [50]).

(& = &0 (3)

B. Treatment of detector systematics

We use the “SnowStorm” method introduced in [51] to
include the effect of systematic uncertainties related to the
detector response for both analyses presented here. Previous
IceCube analyses used individual sets of simulations that
included discrete variations of parameters related to the
detector response to estimate their contribution to the overall
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systematic uncertainty. However, this approach is computa-
tionally expensive and does not provide a uniform cover-
age of systematic variations of multiple parameters. The
SnowStorm approach overcomes this by generating an
ensemble of events, where each event in the ensemble is
simulated based on a varied combination of the parameters
describing the systematic uncertainties on the detector
response. The parameter values are chosen according to
sampling distributions for each parameter derived from
calibration measurements.

For each analysis bin and flux component, we calculate
the “nuisance gradient vector” which reflects the deriva-
tives in Eq. (3) with respect to the respective nuisance
parameter in the SnowStorm set.

Here, we ignore second-order corrections and correlations
under the assumption of linearity, considering only small
variations in the detector-response parameters. The justifi-
cation of this approach has been tested with simulation-
based pseudoexperiments where the absence of biases of the
reconstructed physics parameters was confirmed. In order to
avoid biases related to the range of varied detector-response
parameters, the bin expectations for the nominal detector
response, ﬂ?, ;» are determined from a dedicated high statistics
“baseline” simulation set without varied parameters. Thus,
only the gradients depend on the range of variations of the
detector response. Note that nonlinearities in the calculations
of the gradients would only affect the location of the global
minimum for the fitted nuisance parameters but not for the
signal parameters. The gradients can be recalculated iter-
atively if the fit moves away from the nominal values of the
nuisance parameters. However, we have not included this in
our analyses, as deviations from the nominal values were
sufficiently small (below 1¢). The nuisance parameters that

Ve

are treated with the SnowStorm method are five ice-related
parameters and one parameter that accounts for the optical
energy scale that is related to the DOM efficiency and the
Cherenkov light yield uncertainty. Two of the ice parameters
describe uncertainties in the absorption and scattering of
light in the ice between the detector strings, usually referred
to as “bulk ice.” Another parameter accounts for bulk ice
anisotropy (used as a fit parameter in MESE only); the CF
analysis does not include this parameter since the tracks are
not affected by this systematic effect, and the cascades
sample in the fit uses only three cos(@,., bins) arising from
the nonuniform layers of ice). These three bulk ice related
parameters govern the propagation of the Cherenkov light
that reaches the DOMs. Additional two parameters jointly
describe the refrozen ice surrounding the string (referred to
as “hole ice”). The refrozen ice is filled with trapped air
bubbles that modify the scattering properties of light in the
local volume surrounding the strings. For more details on the
implementation in the fit, see Sec. Il F.

C. Self-veto

Atmospheric neutrino self-veto is the phenomenon
where atmospheric neutrinos are accompanied by muons
originating from the same air shower and thus get vetoed by
the event selection [52,53]. This results in an energy and
zenith dependent suppression of the atmospheric neutrino
component from the Southern sky after the event selection.
This is illustrated in Fig. 4 for electron and muon neutrinos
from air showers in the MESE analysis. The suppression
depends on the specific selection cuts employed in each
analysis. Therefore, the effects of self veto are specifically
parametrized for each analysis. To account for this, both
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FIG. 4. Atmospheric self-veto: Atmospheric neutrinos from the Southern Hemisphere are often accompanied by muons from the same
cosmic-ray air shower. These muons can cause the neutrino to be vetoed, resulting in a suppression of the atmospheric neutrino flux from
the Southern sky. The effect of the self-veto on the final level atmospheric neutrino fluxes in the MESE event selection is depicted here

for electron (left) and muon (right) neutrinos.
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Self-veto passing fraction calculation: The calculation of the passing fractions for the atmospheric neutrino self-veto in each

analysis requires an estimation of the probability pji.h(E,) that a muon of a given energy (E,) (here measured at the detector boundary)
deposits a sufficient amount of light in the detector to be vetoed. The plot on the left compares the muon bundle injection approach to the
use of a Heaviside step function, H(E), at 500 GeV for the cascade sample of the CF analysis. Using pj;gp as an input, the nuveto package
[54] is used to evaluate the passing fractions as a function of neutrino energy, flavor, cos(0y,. ), and interaction vertex depth. An example
of the resulting passing fraction as a function of energy in the MESE analysis (orange) and the CF analysis (black) for a given depth and
zenith range is illustrated for v, (solid) and 7, (dashed) in the middle panel and v, (solid) and 7, (dashed) in the right panel.

MESE and CF analyses obtain these parametrizations from
the nuveto package [54], which estimates the atmospheric
neutrino passing fractions as a function of neutrino energy,
zenith, and interaction depth. The neutrino passing fraction
is defined as the probability that a given neutrino passes the
cuts and is retained in the sample because no accompanying
muon triggers the veto. The package requires pjign as an
input, which is the probability that a muon of a given
energy, zenith, and interaction depth deposits a sufficient
amount of light within the detector in order to trigger the
veto. The pjign function therefore varies from O for dim
low-energy muons to 1 for high-energy muons, which
deposit more light in the detector. The CF analysis
approximates this behavior with a Heaviside step function
at a given cutoff energy, H(E), which is a conservative
estimate of this behavior. The MESE analysis, on the other
hand, determines these functions by using simulation. To
this end, muon bundles, with energies and multiplicities
derived from CcORSIKA simulations of CR air showers, are
injected into simulated neutrino events that pass to the final
level of the event selection. We determine if the inclusion of
these muons will trigger the veto or not. By comparing the
number of events before (V) and after injecting the muon
(N,), we can estimate the probability as

N,

Piight = 1
We then parameterize pjg as a function of energy for a
given zenith angle and depth, with a combination of a
Gaussian and a sigmoid function. The respective piign
curves for MESE and CF are then processed through nuVveto

to calculate the passing fractions as a function of true
energy, flavor, cos(0y,), and detector depth. Figure 5

shows the pjig curves and passing fractions of the two
analyses. In order to account for the uncertainty of H(E),
the respective threshold is not fixed but included as one of
the free nuisance parameters in the CF analysis. A
description of all nuisance parameters is given in Sec. III F.

D. Treatment of low statistics backgrounds

In cases of efficient background rejection, only a small
number of MC events for the background components
survive the final selection level. When distributing these
events to the analysis bins, these background estimations
are subject to strong statistical fluctuations, even if the
overall statistics is sufficient for an estimation of the total
background rate. In the forward folding of the summed
expectations from all components in the analysis, fluctua-
tions in the assumed background rate will directly translate
into a bias of the estimated signal in that bin.

This is the case for the cosmic-ray muon template for the
tracks sample used in the CF analysis and the MuonGun
background in the MESE selection. Both components can
be reasonably assumed to follow a smooth distribution with
respect to the analysis observables: the reconstructed
energy and cos (0., ). Hence, we apply an adaptive kernel
density estimator (KDE) to generate a smooth template in
energy and cos(f,) (described in Appendix B in [55]).
We use the same method of generating the muon template
as in [12]. The template is generated by bootstrapping the
MuonGun MC distribution at the final level of the selection,
resulting in an ensemble of KDE-based templates. The
ensemble of bootstrapped templates are then used to obtain
the median template and its statistical variance to be used as
bin uncertainty in the modified likelihood described in
Eq. (2). The template is then included in the fit with a free
overall normalization parameter, denoted as ¢,on 1IN
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Table VIII and ¢yoniempiate in Table IX, to account for the
muon flux. We additionally validated the atmospheric muon
flux predicted by MuonGun by checking the consistency
between MC and data in the background region with the
MESE sample. The rates were checked for 500 GeV to
1 TeV events on the events that pass the down-going track
veto since this is outside the signal region and is muon
dominated. We define a Gaussian prior for the atmospheric
muon flux in the MESE analysis based on the difference in
scale between MC and data for the most vertical bins (see
Table VIII).

E. Astrophysical neutrino spectral models

We test several spectral models for the astrophysical
neutrino flux with both analyses, where we fit for the total
flux, @, ;, measured in units of 10" GeV~' cm=2s~! sr7!.
In these tests, we assume a total neutrino and antineutrino
astrophysical flavor ratio of v,: v,:v, =1:1:1, unless
specified otherwise. For each tested model we fit the
nuisance parameters that reflect systematic uncertainties
along with the physics parameters that describe the given
astrophysical model. The simplest model for nonthermal
emission is a single power law. In reality, we see structure
beyond the single power law in the spectra over many
decades in energy, and so we test the other models as
modifications to this flux model. The model hypotheses
tested in both analyses are as follows:

(1) Single power-law (SPL):

E, -y
®uis = o (100 TeV) ’

with the normalization ¢, and spectral index y as
free parameters. E, is the energy of the neutrino.
(2) Broken power-law (BPL):

-7
(Ei;k> 1 (E, < Ebreax)
(Dy+17 = ¢0.broken ( E )‘Vz <E o )
v break

E break

9

where

(1(%%\/) o (Epreak > 100 TeV)

(1(%{5132\/) o (Ebreak < 100 TCV)

¢0,br0ken = ¢O

with the normalization ¢, the spectral indices y, y,,
and the break energy Ey... as free parameters.
(3) Log parabola (LP):

3

E, —ap—Prrelogio (ey)
= ¢
100 TeV 00 TeV

where the normalization ¢, the spectral index «j p,
and the curvature parameter f; p are free parameters.
(4) Single power-law with an exponential cutoff (SPE):

Eu -7 F—E,,
®uir =P\ 100 Tev)

where the normalization ¢, the spectral index y, and
the cutoff energy E.,f are free parameters.

In the MESE analysis, we also tested three additional
models with specific predictions within the sensitive energy
range. The models were chosen before unblinding the data,
based on previous measurements from IceCube with data-
sets including starting events. These are

(5) A single power-law with an additional Gaussian

bump (SPB):

E —y _(E’Ebump)2
>
D, 5 =0o (100 Te V) + ¢bump (é *oump ) )

where the normalization ¢, the spectral index y, the
bump normalization ¢y, the bump energy Eyymps
and the width of the bump 6,, are free parameters.
(6) A single power-law and an additional template flux
from AGN cores [56] (SPL with AGN), where ¢, 7,
and the template normalization are free parameters.
(7) A single power-law along with model predictions
from BLLacs [57] (SPL with BLLac), where ¢, 7,
and the template normalization are free parameters.
The CF analysis also tested some additional flux models.
These additional models were chosen based on previous
IceCube studies of the tracks-only sample. These are
(8) A two-component flux model, to incorporate the
effect of additional source populations,

= do|(1-a) (o)
Puro = o 100 TeV
E, —r+A
T\ 100 Tev ’

where the normalization ¢, the mixture parameter
a, the spectral index y, and the modifier A are free
parameters.

(9) An extension of the single power-law flux model
with additional muon dampening at the source [58],
which includes a suppression in the v,, v, flux due to

dampened muon decay above a certain critical
energy E,.;. The damped flux is given by

q)y+l7.da.mpened = ¢undampened(Eu)

- E e\ —Ay/e
X S —
0.3 E,,eri¢ ’

with the additional free parameter E, e Pundampened
is the flux without damping, Ay = 2 represents the
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change in the spectrum across 2 orders of magnitude
in energy, and e, the smoothing parameter, is chosen
as 5 following [59,60].

(10) A broken power law with independent flavor nor-
malizations to model the effects of varying source
flavor compositions [61]. These are parametrized by
the scaling factors s, and s, . The relative fractions
of the various neutrino flavors are thus given by

fufu, and f, . where

fo = —
1+, 4,
1
e
Sy,
fy7_1+sye+syT.

In addition to the fits of predefined spectral models, we
aim in both analyses for a determination of the energy
distribution with minimal model dependence. For this, we fit
the normalization of the astrophysical neutrino flux inde-
pendently in 13 energy segments of the total spectrum (see
Table X), assuming a power-law spectrum with an index of 2
in each segment. This fit is denoted as “‘segmented” fit below.

F. Nuisance parameters

Systematic uncertainties are modeled with nuisance
parameters which are optimized concurrently with the signal
parameters. A summary of all nuisance parameters used in
the MESE fit is given in Table VIII, with the corresponding
parameters for the CF analysis in Table IX.

The fit includes parameters that describe the conventional
and prompt atmospheric neutrino flux normalizations and a
normalization parameter for the muon flux as nuisance
parameters. MESE analysis applies a Gaussian prior to the
muon normalization. This prior is derived from prefinal
level data, which is dominated by muons. Comparing this
data to MC in the down-going region allows us to determine
the corresponding prior to be applied to the muon normali-
zation. This is done at reconstructed-event energies of
500 GeV-1 TeV, which is outside the energy range used
for determining the astrophysical neutrino spectrum. In
order to allow for variations from the baseline assumption
for conventional atmospheric fluxes (see Sec. IT A), we
introduce additional nuisance parameters. The variations
arising from uncertainties in the hadronic interaction model
may lead to modifications in the z/K ratio in cosmic-ray
showers, following the work in [62]. These are modeled
using nuisance parameters which modify the expected
hadronic yield in a given energy range. We use four of
these parameters (h, w,y, z, described in Tables VIII and
IX), which have been identified to have a relevant effect in
the considered energy range of this measurement. An
additional parameter, Ay, which allows for variations in

the spectral index of the primary cosmic-ray spectrum, is
also included. CR composition uncertainties are included in
the fit using a parameter that interpolates between the H4a
and the GST [63] predictions of the cosmic-ray composi-
tion. We do not explicitly account for uncertainties in the
prompt atmospheric flux with additional nuisance param-
eters beyond the normalization. As the prompt neutrino flux
is subdominant in the energy range under consideration, any
uncertainty on the shape of the prompt neutrino spectrum is
expected to be absorbed by the nuisance parameters al-
ready included in the fit. Both analyses include a self-veto
parameter as a systematic uncertainty. This parameter
allows for modifications of the passing fractions from its
baseline assumption. The allowed modifications are derived
from the uncertainty bands of the passing-fraction curve.
The parameter € describing each realization of the passing-
fraction curve is treated as a nuisance parameter within the
fit. Any variation in € can be interpreted as a variation in the
threshold energy of H(E) for the CF analysis. Similarly, for
the MESE analysis, this corresponds to a variation in pygp,
which in turn changes the passing-fraction curve. A
Gaussian prior is applied on e for the MESE fit, while
the CF analysis does not apply a prior.

We also include nuisance parameters that describe the
detector response and the effect of the ice. They are “ice
absorption” and “ice scattering” parameters, which modify
the effect of light propagation through bulk ice by globally
scaling the depth-dependent absorption and scattering length
and two “hole ice” parameters that modify the angular
acceptance function of the DOMs. The MESE analysis
additionally includes a parameter that allows for variations
from the nominal model of anisotropy of light scattering in
the bulk of the ice. The CF analysis does not include this
parameter since the tracks are not affected by this systematic
effect and the cascades sample in the fit uses only 3 bins in
c08(Breco). For more details of these parameters see
Sec. III B. All the ice parameters are highly correlated to
each other in the fit. An additional nuisance parameter that
accounts for the uncertainties in the optical efficiency, that is,
the production of Cherenkov photons and the efficiency of
the DOMs to detect that light, is included in both analyses.
This parameter absorbs all effects that influence the overall
assumed energy scale of the Cherenkov detector. The CF
analysis utilizes the high statistics of the track sample to
limit the impact of these systematic parameters implicitly in
the analysis. MESE uses Gaussian priors on the ice
absorption and scattering, informed from calibration runs
of the detector, to constrain the fit.

Finally, the MESE analysis includes a parameter to
absorb the variations arising from the imperfect under-
standing of the inelasticity of neutrino interactions, follow-
ing the parametrization in [64]. This nuisance parameter
absorbs phenomena that can impact the inelasity, e.g., the
final state radiation described in [65]. The CF analysis
included this parameter in a cross-check study (see Sec. V).
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The standard cross sections used in the analysis are derived
from CSMS [26]. We allow for variations of the mean
inelasticity by up to 20% in the MESE analysis and include
a scaling factor that describes the relative value of the mean
inelasticity parameter with respect to the baseline from
CSMS as a nuisance parameter in the fit. This is defined as
a single parameter for the entire event sample over the
entire energy range. We additionally apply a Gaussian prior
with a width of 10% on this mean inelasticity scaling
parameter during the fit.

IV. RESULTS

A. Spectral measurements

The results for the models tested in both CF and MESE
analyses are summarized in Table III. The BPL model and
LP model are statistically preferred with a p-value equiv-
alent to 40 level with respect to the SPL model, while the
preference for the SPE model is not statistically significant
(see Table III). In this analysis, we calculate the test statistic
as the ratio of the maximized likelihoods, with
TS = =2(In Ly, () — In Ly, ), where Hy(n) represents
the SPL hypothesis and () the other spectral models.
The largest significance is found for the BPL model, with
an improvement of TS = —2A In £ = 27.3 for the MESE
analysis when compared to the SPL. model. The obtained
TS for the CF analysis is 24.7. We also obtain an improve-
ment of the likelihood when we compare the LP model to
an SPL spectrum (TS = 18.8 for MESE and 16.4 for CF).

We note that the BPL. model has more degrees of freedom
than the LP model and that these models are not a parametric

TABLE III.

family of hypotheses. Therefore, unlike the above tests of
nested hypotheses Wilks” theorem cannot be applied for
comparing the likelihood difference between the two model
fits directly. Hence, we run pseudoexperiments to obtain a
distribution of A In £ values, which can then be compared to
the value obtained from the data. The pseudoexperiments are
prepared by injecting the best fit obtained for the LLP model
for each analysis. Each pseudoexperiment is then fitted with
both, the BPL and the LP models from which the TS
(—2AIn £ = —21In Lgp;, — (—-21n Ly p)) is calculated. Based
on this test statistic and the pseudoexperiments, we derive
p-values of 0.008 for the MESE analysis and 0.018 for the
CF analysis for the observed preference of the BPL model
under the assumption that the true spectral model is the best-
fit LP spectrum. We therefore consider the BPL model as the
spectral parametrization that best fits the data among the
ones tested for both analyses.

The MESE analysis has also probed additional spectral
shapes not reported in [19]. These models and their results
are shown in Table IV. We note that the assumed spectral
shape of SPB, fit only for the MESE analysis, also provides a
significant deviation from an SPL with a TS of 22.3. We
again determine the chances of misidentifying a true SPB
model as a BPL model from pseudoexperiments. Here, we
inject the SPB best fit and calculate TS = -2AInL =
—21In Lgp;, — (=21In Lgpg) to compare the two model fits.
Obtaining a p-value of 0.09 for this test, we are not able
to distinguish this model from the best-fit model of
a BPL.

Similarly, the CF analysis tested for additional models
that can describe the shape of the astrophysical spectrum.

Results for the spectral models tested in both analyses. The uncertainties are derived from 1D profile likelihood scans,

assuming Wilks’ theorem [66] applies. We show the preference over the single power-law hypothesis in terms of —2A In £. The sensitive
energy range of each model is shown for both analyses. The flux is measured in units of 10~'® GeV~'ecm™2s~!sr~!. All flux

normalizations are at 100 TeV.

Astrophysical model

Analysis SPL SPE BPL LP
MESE ho = 2~13f8f1]§ Py = 3-9f1]f22 Py = 2~28f8f223 Py = 2«583())52
y = 2.548700% y =216} rn = 1725938 app = 2.6687012,

logio(‘gesf) = 5.52193

GeV

—2AInL =18
p =0.18 (0.90)

E: 5.3 TeV-6.5 PeV

E: 5.3 TeV-7.5 PeV
CF ¢o = 1.8007913
y = 2.52200%

do = 2.20%%1
y = 2386058

10g10(M) =6.1 Sfé’jil

GeV

—2AInL =175

p=6.17x1073 (2.50)
E: 3.8 TeV-1.8 PeV

E: 2.4 TeV-6.4 PeV

2 = 28397040
loglo(%) = 4.524%00%7

Pp = 0-359:?.'(;&!2

—2AInL =273
p=12x10"° (4.70)
E: 6.1 TeV-7.5 PeV

—2AInL = 18.84
p=142x107 (4.20)
E: 6.1 TeV-6.5 PeV

bo = 17708
y = 131703
n =2735145%
logyo(5ms) = 4.3910]
—2AInL =247
p=433x107° (4.40)
E: 13.7 TeV-4.7 PeV

0.16
0 = 2137518
arp = 2.572500%

0.098
LP — 0-228:).067

—2AInL =164
p=5.13x107 (3.90)
E: 7.5 TeV-2.2 PeV
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TABLE IV. Results for the additional spectral models tested in
the MESE analysis. The uncertainties are derived from 1D profile
likelihood scans, assuming Wilks’ theorem. We show the prefer-
ence over the single power-law hypothesis in terms of —2A In L.
The flux is measured in units of —18 GeV~! em=2s~! sr~!, and the
normalization is determined at an energy of 100 TeV.

TABLE V. Results for the additional spectral models tested in the
CF analysis. The uncertainties are derived from 1D profile likelihood
scans, assuming Wilks’ theorem applies. We show the preference
over the single power-law hypothesis in terms of —2A In L. The flux
is measured in units of —18 GeV~! cm™2 s~! sr!, and the normali-

zation is determined at an energy of 100 TeV.

Astrophysical model Results Astrophysical Model Results
SPB ¢o = 1.42703 Two-component flux* ¢o = 1.807012
y = 2.512700 ¥ =2520
logo( b““"’) = 4301013 A =0.078
log o (Gay) = 4421707 a =00
Poump/ C = 24473 —2AInL =0
—2AInL =223 p = 1(00o)

p =5.65x 1075(3.90)

SPL with BLLac do = 21350
y = 2.548100%
¢m0del — 0+0.082
—2AInL =0
p = 1(0o)
do = 2131013
r = 2548180

SPL with AGN

¢mode1 — 0+0 0025
—2AInL=0
p = 1(00)

Of particular interest is the BPL with independent flavor
normalizations that demonstrates a higher deviation from
the SPL case when compared to the standard BPL model,
with a TS of 28.7. The results from these models are shown
in Table V.

A comparison of the data and the simulation reflecting
the best-fit BPL. model for the MESE analysis is shown in
Fig. 6 and for the CF analysis in Fig. 7. The figures show
the one-dimensional (1D)-projections of cos(0,..,) and the
reconstructed energy of the 2D-histograms used in the
analysis. Data and best-fit MC are compatible within 1 to
20 in the analysis bins of all four histograms, which can
also be seen in the panels showing the 1D-projections of the
ratios. The CF tracks sample exhibits small, percent-level
deviations between the data and MC at energies below
10 TeV, which do not impact the physics results (see the
checks performed in Sec. V).

It is important to note that the physical properties of the
shown data are very different between the four samples:
tracks and cascades, and the two analyses, as explained in
Sec. III. Hence, direct comparison of the reconstructed
quantities should be done with caution.

The MESE analysis is unable to measure a significant flux
of prompt neutrinos and sets an upper limit on the prompt
normalization as 0.5 in units of 107" GeV~! cm=2s~!sr7!.
This is hence not shown in the plots. The CF analy51s on the

b= 17603
Y= 1.20f?_‘55§
=27 132008
logio(Bst) = 4.447013

BPL, independent flavor

S = 0.0+0A24

5, = 2.62709
—2AInL =28.7
p = 8.99 x 10‘6(4.35)

do = 120758
= 0764458
loglo(ég\r}l) =3. 677:?83
—2AInL =245
p =743 x1077(4.80)

Muon dampening

*The two component flux model can identify a hardening in the
spectrum, and when « is either zero or one, this reduces to an SPL.
At the best-fit value of a = 0, the likelihood space for A is flat.

other hand, fits a nonzero prompt flux of 1.04!-7 | in units of
10718 GeV~'em™2s~!sr™!, consistent with a zero prompt
flux within a confidence level of lo. Predictions of the
prompt neutrino flux from hadronic interaction models (e.g.,
Sibyll 2.3¢ [30]) indicate an order of magnitude higher flux
of muon neutrinos from charmed mesons when compared to
the prompt flux of electron or tau neutrinos. Therefore, the
high statistics sample of tracks in the CF analysis can drive a
nonzero prompt flux in the best fit, while the cascades-
dominated MESE sample fits a zero prompt flux. For checks
on the prompt flux, see Sec. V. The c08(0,..,) distributions of
tracks and cascades both show the effect of the suppression
of the atmospheric flux in the Southern sky due to the
atmospheric self-veto. The total contribution from the muon
and astrophysical flux component is greater toward vertically
down-going zenith angles than that from the conventional
atmospheric neutrino flux due to the suppression by the
self-veto.

Two features drive the deviation from the SPL in both
analyses: an excess at ~30 TeV and a deficit at a few
hundred TeV when compared to the baseline SPL. model.
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FIG. 6. MESE data and MC: Comparison of data and MC simulation for the best-fit BPL spectral model. Displayed are reconstructed
cascade energy (upper left), cos(6,..,) (lower left), reconstructed track energy (upper right), and cos(8,,) (lower right). A DNN is used
to classify tracks and cascades, and we use separate reconstructions for them. The atmospheric prompt flux normalization is a free
parameter which fits to zero and is therefore not shown. The shaded regions show the MC error for the respective component. The
bottom panel of each plot shows the ratio data/MC.
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regions show the MC error for the respective component. The bottom panel of each plot shows the ratio data/MC.

Figure 8 shows the distribution of the reconstructed energy
proxy for cascades and tracks in the MESE analysis, where
simulations for the best-fit SPL. model are compared to
observed data. There is a visible excess of data compared to

this simulation around 30 TeV energy. This is more
prominent in the cascades channel and is also visible
within a 1 to 20 deviation for the MESE tracks sample.
The same features are also seen in the reconstructed energy
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fits to zero. The excess of data events at energies close to 30 TeV and the deficit of events above 100 TeV drive the preference for a
BPL spectral model. The excess disappears for a fit with a BPL model (cf. Fig. 6).
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deficit of events above 100 TeV drive the preference for a BPL spectral model.

062002-19



R. ABBASI et al.

PHYS. REV. D 113, 062002 (2026)

proxy distributions of the CF analysis when compared to
the best-fit SPL model, shown in Fig. 9. Another notice-
able feature in the energy distributions is the dip at
O(100 TeV) seen in the cascades dataset of both analyses
and in the starting-tracks sample of MESE. The poorer
energy resolution of the through-going tracks sample
renders it difficult to measure the possible dip with this
channel. However, this dip is not yet statistically signifi-
cant and more data is needed to confirm or reject its
existence.

Figure 10 shows the 2D-profile likelihood scans of the
parameters of the BPL spectral model (¢: the astrophysical
flux normalization at 100 TeV, y,: the low-energy spectral
index, y,: the high-energy spectral index, and E.,: the
break energy) for the two analyses presented in this paper.
The figure shows the relative strengths of each analysis in
measuring each component. The CF analysis shows better
constraints in the measurement of the flux normalization
and y,. This can be accounted for by the better constraints

on the atmospheric neutrino flux derived from the through-
going tracks sample. The MESE sample, on the other hand,
demonstrates better performance in constraining y;. This
can be attributed to the lower limit on the sensitive energy
range for MESE. The sensitive energy range for MESE
extends from 5 TeV to 7.5 PeV, while that of the CF
analysis extends from 13 TeV to 10 PeV. The sensitive
energy range is calculated by comparing the per-energy bin
likelihoods (£; in Eq. (2) of a background-only hypothesis
(no astrophysical flux) to the signal hypothesis with the
astrophysical flux component included. The difference in
L; with both hypotheses shows the energy bins which have
the most power to distinguish these two hypotheses. This
distribution is integrated to yield a cumulative distribution,
and the sensitive energy range is defined as the interval
covering the 5% to 95% region of this cumulative dis-
tribution. The MESE dataset’s sensitive energy range
extends to a lower value than that of CF. This may be
attributed to the finer zenith binning of MESE cascades,
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FIG. 10. BPL spectral parameters: Two-dimensional profile likelihood scans of all physics parameters in the BPL model fit. The star
markers indicate the best-fit parameter values with ¢y = 2.28, y; = 1.72, y, = 2.84, and log;o(Epea/GeV) = 4.52 for MESE and
¢o = 1.77,y, = 1.31, y, = 2.74, and log,((Epsea /GeV) = 4.39 for CF. The contours represent the 68% and 95% confidence regions

for the parameters based on Wilks’ theorem.
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which in turn can give better constraints, particularly in the
Southern Hemisphere, where the suppression of the atmos-
pheric flux by the self-veto effect becomes important. It
was also seen from Asimov studies that a softer spectral
index (similar to the MESE results) gives stronger con-
straints on the y; uncertainties than a harder index at lower
energies (similar to CF results). It is difficult to disentangle
this effect from the zenith-binning effect, both of which can
contribute to the observed differences in the constraints on
v, from the two analyses reported here.

Figure 11 compares the 2D-profile likelihood scans for
the parameters of the LP model (¢,,: the astrophysical
flux normalization at 100 TeV, a: the parameter describing
the spectral index, and f: the curvature parameter) for both
analyses. We note that both o and f are better constrained
by the CF analysis.

In addition to the fits of predefined spectral models, the
normalization of the astrophysical neutrino flux in 13
independent energy bands (three bins per decade and an
additional bin at the highest energy covering one decade)
was fitted for both analyses, assuming a power-law
spectrum with an index of 2 in each neutrino energy band.
This fit is denoted as “segmented” fit below. For bins where
the best-fit flux normalization is 0, we report the upper

limits at 68% confidence level (CL). The best-fit normal-
izations are provided in Appendix B.

Figures 12 and 13 show the best fits for the astrophysical
neutrino flux obtained with this method for the CF analysis
and the MESE analysis, respectively. The best-fit differ-
ential neutrino flux is compared to the astrophysical flux
models tested previously for each analysis. The SPL with
BLLac and SPL with AGN models tested with the MESE
dataset are not shown here since the best-fit value for the
nonpower-law model component is zero in both cases,
resulting in curves that look identical to the SPL fit. The fits
obtained in the CF and MESE analyses agree well with each
other, as demonstrated in [19]. A comparison with previous
measurements from IceCube is also shown in these figures,
where the 68% CL. envelopes obtained from previous
analyses are shown for the SPL model. The ESTES analysis
[14], which utilizes starting tracks to measure the neutrino
spectrum, also extends to the few TeV energy scale and is
consistent with a single power-law hypothesis in the entire
energy range (see Appendix D for a comparison of the
segmented fit results). The ESTES analysis used a different
treatment of systematic uncertainties and a different para-
metrization of the atmospheric and self-veto uncertainties
when compared to the MESE and the CF analyses.
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FIG. 11.

LP physics parameters: Two-dimensional profile likelihood scans of all physics parameters in the LP model fit. The star

markers indicate the best-fit parameter values with ¢y = 2.58, a;p = 2.67, and p;p = 0.36 for MESE and ¢y = 2.13, a1 p = 2.57, and
Prp = 0.23 for CF. The contours represent the 68% and 95% confidence regions based on Wilks’ theorem.
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FIG. 12. CF segmented flux: Results of a fit of the astrophysical neutrino flux in independent energy bands. The results are compared
to the models fitted in the analysis (left). The legend is ordered according to the likelihood obtained for each model. The solid lines show
the energy range where the dataset is sensitive to the respective model, and the dotted lines show the energy range over which the fit is
performed. The segmented fit is compared to previous measurements from IceCube, all under the assumption of a SPL (right).
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lines show the energy range where the dataset is sensitive to the respective model, and the dotted lines show the energy range over which
the fit is performed. An additional fit of SPL + Gaussian bump is performed for the MESE analysis. The segmented fit is compared to
previous measurements from IceCube, all under the assumption of an SPL (right).

B. The highest energy event

The MESE dataset contains the highest-energy event
recorded by IceCube as of August 2024. The event was
observed on March 31, 2019 (issued as a public alert [23]),

and is identified as a down-going starting track. An event

deposited energy

062002-22

view is shown in Fig. 14. The event is tagged as a HESE
event within the event selection. It has a reconstructed

of ~3.7 PeV using the reconstruction
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FIG. 14. IceCube’s highest energy neutrino event: An event

view of the highest neutrino energy event recorded to date by
IceCube is shown (top). The size of the spheres indicates the
number of photoelectrons recorded by the respective DOMs. The
earliest deposits are shown in red, with later deposits depicted
first in yellow, then green, with the last deposits in blue. The
duration of the event is 22596 ns. This event stands out as an
exceptional instance of a starting track, where the initial muon-
neutrino interaction occurs inside the detector, creating a cascade
feature, and the outgoing muon lepton leaves a track signature in
the detector volume. The cascade and track portions of the event
are highlighted. The reconstructed neutrino energy distribution of
the highest neutrino energy event recorded to date during Ice-
Cube’s data taking is shown (bottom). The distribution is derived
from multiple simulations of the neutrino interaction that could
have occurred to produce the observed event. The median
neutrino energy is 11.4 PeV, assuming the best-fit broken
power-law spectral model for the astrophysical neutrino flux.

algorithms introduced above for the MESE analysis. The
event was also part of the 12-year HESE dataset which has
been released publicly [22], in addition to a sample of

extremely high energy (EHE) neutrino events observed
by IceCube [21]. A further detailed reconstruction of the
event was conducted using the DirectFit algorithm
[22,67].2 DirectFit uses the most recent ice models,
including details of ice layer undulations and ice model
anisotropy [69], not otherwise used in the standard
simulations generated for the measurement of the spec-
trum presented in this paper. The visible energy of the
event was reconstructed using these updates as a part of
the HESE data release [22]. The initial cascade’s visible
energy is estimated as 4.4 PeV, which can be approxi-
mated as the equivalent electromagnetic (EM) loss, and
scales up to 4.6 PeV for a hadronic cascade. The muon
energy is estimated by studying its energy losses along
the path in the detector. This energy loss is found to be
dE/dx ~1.125 TeVm™' after 400 m of traveling [70],
which is the distance of the track to the edge of the
detector. The energy loss for an equivalent EM cascade
for the whole event is therefore 4.8 PeV (scaled to 5 PeV
if the first cascade is hadronic). We draw samples from
an energy distribution from ~5 PeV to 100 PeV, assum-
ing a neutrino spectrum that follows a broken power-law
with the parameters obtained as our best fit, and perform
multiple repeated simulations. The lower limit of this
sampled energy distribution arises from the reconstructed
energy loss. These simulations are performed under the
constraint that the event deposits 440 TeV in these
400 m, obtained from the summed energy deposit along
the outgoing track. The muon energy distribution is
further constrained by the inelasticity relationship (neu-
trino cross section), assuming the first interaction is a
hadronic cascade with an energy of 4.6 PeV. This results
in an initial muon energy between 4.3 PeV to 9.3 PeV,
which corresponds to a total neutrino energy of 8.9 PeV
to 13.9 PeV (68% CL). If we assume that the spectrum,
instead, follows a SPL according to the best-fit values
from MESE, the estimated neutrino energy lies within the
interval 9.0-14.1 PeV. The event reported here is lower in
energy than the ultrahigh energy event reported by
KM3NeT in [71]. It is worth noting that the KM3NeT
observation of the O(100 PeV) event is in ~3¢ tension
with the limits reported by IceCube in [21].

Figure 14 shows a visualization of this event, as well as
the posterior (reconstructed) energy distribution.

“DirectFit operates by simulating several iterations similar to the
given event (~10, 000 for determining the solution and another
~10, 000 to calculate the uncertainties), exploring its allowed
parameter space and further propagating the event through ice to
obtain the deposited light in the DOMs. This procedure enables
accurate modeling of the reconstructed event, however, at very
high computational costs, and is therefore performed only for the
highest energy event reported in this paper. All events released in
[22] and additional interesting events such as the multi-PeV
track-like event in [24,68] have also been reconstructed using
DirectFit.
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V. ROBUSTNESS

The robustness of the analysis results was validated with
numerous checks, both before and after the spectral param-
eters were fitted. The primary purpose of these checks was to
ensure that the data was accurately modeled by the simu-
lations and no significant biases were introduced by unac-
counted or mismodeled systematic uncertainties. As the
MESE selection and datasets used in the CF utilize events
with similar morphologies, especially in the cascades chan-
nel, a substantial fraction of events exist in both samples.
Since both analyses consistently reject the SPL hypothesis, it
is pertinent to evaluate the degree of overlap in the samples.
The overlap of the cascade events as a function of energy is
illustrated by Fig. 15. A total of 55% of the MESE cascade
events are also present in the cascades dataset used in CF
analysis, and 19% of the cascade events of the CF analysis
are present in MESE. At energies below 10 TeV, there is only
a small fraction of MESE cascades present in the cascades
dataset of the CF analysis, and this fraction rises quickly to
about 50% at energies beyond 20 TeV [see Fig. 15 (left)]. On
the other hand, the overlap percentage consistently lies at
~50% for events from the CF cascades dataset which are
also in the MESE cascade sample, at all energy scales, as
seen in Fig. 15 (right). Only 0.8% of MESE track events
exist in the through-going tracks dataset while these over-
lapping track events account for 39% of the events within the
MESE tracks sample (see Table I).
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In accordance with IceCube’s strict blind analysis
procedures, numerous validation checks were performed
on the fit before the physics parameters were derived. Other
validation tests have been performed postunblinding. In
this case, the robustness of the fit results for spectral
parameters with respect to changes in the simulation model
and/or input data has been verified. Both MESE and CF
went through a series of checks individually defined for the
respective analysis. A selection of these robustness tests
and their outcomes are reported below.

A. Dataset splits

Several dataset split tests were performed for the MESE
analysis where the dataset was divided into disjoint sub-
samples based on various metrics, and then the fits were
rerun on these subsamples. These fits were then compared
to the results obtained with the full dataset. These metrics
included separating events into (a) the Antarctic summer vs
the winter, testing for seasonal variations in the data;
(b) events from the southern sky vs the northern sky since
we have different background rates in the two hemispheres;
(c) events with interaction vertices above and below the dust
band, as the ice below the dust band shows on average less
absorption and scattering than that above; and (d) events
from 2011-2017 compared to 2017-2022, in order to check
for variations in the data from the first and second half of the
total observation period. The compatibility of these splits
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Overlap of MESE and Cascades datasets: 55% of the cascade events in MESE overlap with the Cascades dataset and 19% of

the events in Cascades dataset overlap with MESE. The energy dependence of the overlap is shown here.
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was verified by comparing the 1D profile likelihoods of the
nuisance parameters where it was required that at least 7 out
of the 15 nuisance parameters are within the 1o regions of
the best fit with the full dataset to ensure that none of them
were being pulled away from the best fit with the full
dataset. All observed variations of the physics parameters
are within 3¢ of the best fit with the full dataset, as shown in
Table XI. A summer vs winter split was also performed with
the CF analysis. Here, instead of performing separate fits for
the summer and winter data, a joint fit was conducted but
with separate modeling of the baseline atmospheric flux for
the summer and winter seasons instead of an annual
average. This was done only for the cascades sample of
the CF analysis since the excess at 30 TeV is driven by the
cascades. This check also finds good agreement of the
spectral parameters between the annual and the seasonal fits.
The seasonal fit shows a marginal improvement of the
significance of BPL with respect to SPL by 0.1c.

B. Data/MC agreement of through-going track sample

The CF through-going track dataset, exhibits small,
percent-level deviations between data and simulations at
energies below 10 TeV. This region in energy is dominated
by the atmospheric muons and is defined as the background
region for the CF analysis. These deviations have, so far, not
been explained by known systematic uncertainties. A data-
driven method was developed and applied to evaluate
potential systematic effects of such deviations on the fit
results, in particular, on the parameters describing the
spectrum of the astrophysical neutrino flux. The difference
between data and simulation in the reconstructed energy vs
c08(0eo) distribution of the through-going tracks for
E < 10 TeV is decomposed into its Fourier modes using
the analysis binning (by discrete Fourier transform). A
correction to the baseline model is then calculated using
only the n lowest modes in the back-transformation.
Pseudoexperiments are drawn from the corrected model
for various choices of the cutoff mode n, which are then fit
using the expectation values from the baseline simulation.
The impact on the astrophysical parameters was observed to
be minimal for all tested modes. The results of the tests
confirmed that the physical parameters of interest in the
analysis are not impacted by the small data/simulation
discrepancies in the track dataset. More details on this
method can be found in [72,73].

C. Mean inelasticity of the neutrino interactions

Since the CF analysis does not explicitly include uncer-
tainties on the inelasticity model used within the simulation
in the baseline fit procedure, a test on this was performed on
the sample after unblinding. For this test, a scaling factor for
the mean inelasticity (from CSMS [26]) of the neutrino
interactions is included as an additional nuisance parameter
in the fit using a procedure outlined in [74]. A Gaussian prior
of £10% is included in the fit. The best-fit inelasticity scale

was 1.01 times the nominal mean inelasticities of the DIS
cross sections [26] used in IceCube simulations, only slightly
above the baseline. No bias in the signal parameters was
observed (see Table VII). The likelihood of the best fit
improved only by 0.96 units for the fit with an additional
inelasticity scale parameter, implying that the best-fit inelas-
ticity scale was compatible with the nominal value within 1o.

The MESE analysis includes a scale parameter for
uncertainties on the mean inelasticity as a fit parameter
in the baseline fit. The best-fit value for this nuisance
parameter pulls away from the baseline assumption from
CSMS. The best-fit value is ~11% lower for the BPL fit
and ~18% for the SPL fit when compared to the baseline
value from CSMS across all energies. This deviation is
larger than the uncertainties typically quoted for the mean
inelasticities in theoretical calculations [75,76]. However, it
is possible that this parameter is absorbing some unmod-
eled systematic effects. A reduction in the scale parameter
for the mean inelasticity (while holding all other parameters
fixed) results in a lower number of observed events in both
the cascades and tracks channels, as fewer events pass the
charge threshold of the MESE event selection. The inelas-
ticity scaling parameter is only weakly correlated to the
astrophysical flux parameters. Hence, the astrophysical
flux measurement is robust against the observed deviation.

D. Neutrino cross section

Another test performed on the CF sample tests for
possible variations in the overall scales of the baseline
neutrino DIS cross sections to identify any effects on the
spectral parameters. Here, a cross section dependent scaling
parameter is included in the fit. A Gaussian prior of +10%
for the scaling factor is included in the fit, with the best-fit
value of the cross section scaling factor at 1.1 (10% higher
than baseline). Note that to the first order, cross section
uncertainties are absorbed by other systematic parameters,
such as DOM efficiency. Any actual cross section uncer-
tainty is only different from the systematic effect from
DOM efficiency via the zenith distribution, as it affects
both the absorption and detection of neutrinos for up-going
events. With the inclusion of this parameter, the improve-
ment in the likelihood of the best fit is only minimal at ~1.4
and the best fit values remain consistent with the original
measurement (see Table VII), indicating that this does not
have a major impact on the measurement and that the result
is consistent with nominal cross sections.

E. Neutrinos from the galactic plane

IceCube has recently detected a flux of neutrinos from
the Milky Way [77], which contributes to the diffuse
neutrino spectrum measured by the two analyses. The
nonisotropic flux of neutrinos from the galactic plane could
affect the fitted parameters of the spectral models used to
describe the diffuse neutrino flux, which is assumed to be
isotropic. For the MESE analysis, the impact on the spectral
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TABLE VI. Results for systematics checks performed in the
MESE analysis. The uncertainties are derived from 1D profile
likelihood scans, assuming Wilks’ theorem applies. The flux is
measured in units of 1078 GeV~!em™?s~!sr~!. All flux nor-

malizations are at 100 TeV.

TABLE VII. Results for systematic checks performed in the CF
analysis. The uncertainties are derived from 1D profile likelihood
scans, assuming Wilks’ theorem applies. The flux is measured in
units of 10718 /GeV/cm?/s/sr. All flux normalizations are at
100 TeV.

Fit type BPL fit values Fit type BPL fit values
Unblinded fit do = 228498 Unblinded fit do = 1777018
y1 = 1721020 i = 131103
72 =2.8391011 y2 = 27420001
log o (@) = 4.524 50057 logyo () = 4.39401
Fit with galactic plane flux ¢ =2.281032 Inelasticity ¢o = 1.80701%
r = 172503 yi = LI
y2 = 2.841014 72 = 2725000
logio() = 4.52101] log o) = 43815
Fit with DaemonFlux ¢o =2.22707 Galactic plane $o = 1.687013
71 = 1.8870% 1= 103105
7> = 2.8431012 r2 = 2725008
logio(E) = 4.55'01¢ logyo (st) = 43970
Fit with unbounded prompt ¢o = 2.38f8'§§ Cross section b = 1.62f8’21§
71 = 1.88030 71 = 129005
7> = 2.861019 r2 = 2735008
log o (Bs) = 4537010 logio () = 43970563
=—L181 S8 0.18
Pprompt 1.90 Energy scale do = 179705
yi = 126175
72 = 2730087
fits is tested by adding a galactic component to our spectral loglo(%) = 43970092
model using the emission template and spectrum from [77]
: Atmospheric neutrino flux ¢o = 1.747212
that showed the best agreement with the IceCube data 0 -0.19
« P I . . . .. _ 1.26+0'58
(“Fermi-z"”"). The normalization of the galactic-emission 71 ~120
template becomes an additional free parameter in the fit to 72 = 2735507
data. We find that in this case the spectral parameters for the logo (k) = 4391012
diffuse astrophysical neutrino flux remain stable at their KDE _ 181408
baseline best-fit values and that our best fit of the galactic MuonGun $o = 1. o
plane flux normalization is zero (see Table VI). = 1'40110-11)%8
A similar check was performed for the CF analysis using r2 = 21420076
a template for the galactic neutrino flux calculated in [78]. loglo(%ﬁ{}k )= 4-38f8j11 ?
There, the galactic plane flux normalization was a free Simultancous modifications do = 1.54102

parameter in the fit, under the constraints of a Gaussian
prior. The physics parameters did not significantly change
from their baseline best-fit values, i.e., when fitting without
a galactic component in the fit. The best-fit value of y,
reduced by 0.3, which is well within the 1o limits. The
likelihood for the best fit degraded by merely 0.8 units (see
Table VII).

F. Energy scale for tracks

The reconstruction used for the tracks sample in CF
analysis may incorrectly estimate the muon energy if
simulations do not correctly or completely describe the
energy losses. This would cause the energy scale of the

0.69
V1= 1D‘Wm

0.068
72 = 2.6820 66

logyo () = 437507

track events to be incorrect. An additional parameter is
introduced just for the track-like events, which accounts for
their optical efficiency, parametrized identically to the DOM
efficiency. A Gaussian prior of 5% is included in the fit, as
this is the maximum uncertainty we would expect for the
muon energy scale. This extension of the model did not affect
the measured spectral features and the likelihood of the best
fit changed only by 0.06 (see Table VII). The best fit for the
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optical efficiency scale of tracks was 99%, showing minimal
deviation from the nominal.

G. Atmospheric neutrino flux modeling

Atmospheric neutrinos are the most dominant background
in this analysis, where we search for the flux of astrophysical
neutrinos. Any mismodeling in its flux could thus impact the
astrophysical flux measurement. The robustness of the
baseline atmospheric-neutrino template is checked in both
the MESE and the CF analyses. A cross check was done with
the MESE dataset, where the atmospheric neutrino flux
template was changed. A fit was performed with updated
parametrizations of the atmospheric neutrino spectrum using
the DAta-drivEn MuOn-calibrated Neutrino Flux model
(DaemonFlux) [79]. DaemonFlux uses data-driven models
of the cosmic-ray composition [80], and the secondary
particle yields [81] as inputs to the MCEq code [28] to
produce the most constraining atmospheric neutrino flux
model to date. We perform the spectral model fits assuming
DaemonFlux to be our model for the atmospheric neutrino
flux and evaluate the effect on the physics parameters by
comparing this fit to the baseline (H4a with Sibyll 2.3c). We
observe that the physics parameters do not vary significantly
compared to the baseline, while the nuisance parameters
describing the uncertainties in the DaemonFlux predictions
fit well within their expected ranges (see Table VI). We
observe that the best-fit physics parameters using
DaemonFlux are within 1o of the physics parameters
obtained from the baseline fit. This test confirms that our
results do not depend significantly on the detailed CR
composition and hadronic interaction models.

The CF analysis performed checks on the atmospheric
neutrino spectrum through the cosmic-ray interpolation
parameter. This was updated as an interpolation between
the global spline fit (GSF) model and the H4a model, which
can account for variations in the atmospheric neutrino flux
arising from variations in the primary cosmic-ray and
hadronic-interaction models. The fit was repeated with
this updated parameter and the likelihood improved by only
0.21 units, where we observe minimal deviation (< 1o) in
the astrophysical flux parameters (see Table VII).

Statistics of MuonGun simulations: The baseline fit of the
CF analysis uses a template for the CR muon component that
is generated using simulations with the MuonGun package.
However, the number of muons that pass the selection
criteria is low, and the template is therefore strongly
dominated by statistical fluctuations. In contrast, for the
tracks sample used in the CF analysis and the MESE dataset,
a kernel density estimator (KDE) is used to create a
smoothed template approximating the true muon distribution
already for the baseline fits. The CF analysis was therefore
rerun with the KDE smoothed template in place of the
original MuonGun histogram, resulting in a TS = AL of 3.2
and minimal changes in the nuisance parameters. As a
further test of the robustness of the fit outcomes with respect

to the predicted CR muon contamination of the cascades
sample, the fit was repeated excluding the vertically down-
going bins, where most muons are expected to come from. A
refit of the BPL with this truncated sample yields physics
parameters that remain within the 68% uncertainty intervals
of the baseline fit.

H. Simultaneous modifications

Further checks were performed in the CF analysis where
several modifications were allowed in the fit simultane-
ously. These included the mean neutrino inelasticity,
galactic plane flux, neutrino cross section, and the track
energy scale modifications discussed above. A fit that
included all these modifications resulted in an improvement
in the best-fit likelihood by 3.92 units. The astrophysical
flux normalization decreased by less than 20, while the
other three flux parameters varied by less than 1o (see
Table VII). This demonstrates that the measurement of the
astrophysical neutrino flux with the CF analysis is robust.

I. Prompt atmospheric neutrinos

Profile likelihood scans of the physics parameters were
used to ensure that the best fit values were not in unphysical
regions of the parameter space. This is particularly impor-
tant if a specific parameter’s best fit is close to, or at, a
boundary in the baseline fit. As the best-fit value for the
normalization of the prompt atmospheric neutrino flux is
zero in the MESE analysis, a check was performed to ensure
that the prompt normalization hitting the boundary was not
biasing the remaining physics parameters. The fit was
therefore re-run by removing the physical bound on the
prompt flux normalization and allowing negative values in
the prompt flux normalization. The best-fit prompt
normalization for the unbounded fit was at
—1.1x 107" GeV-'ecm™2s~!sr~!, which is less than lo
away from zero, the result of the baseline fit. We also note
that the result of a negative prompt flux did not induce any
significant bias in any of the other physics parameters.
Effect of nuisance parameters: We estimate the impact of
each nuisance parameter on the fit by fixing the given
parameter, calculating its 1D profile likelihood, and com-
paring it to the nominal 1D profile likelihood. This is
repeated for each parameter of interest for the BPL fit. We
observe minimal pull to these profile likelihoods from this
procedure for both the CF and the MESE analyses. The
largest pull is seen on the astrophysical normalization by the
prompt atmospheric flux normalization for the CF analysis
and on y, by the ice anisotropy parameter for the MESE
analysis.

J. Cascades-only and tracks-only fits

As MESE and CF both classify events into cascades and
tracks subsamples, which are then fit simultaneously, it is
interesting to study the subsamples individually as well. For
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FIG. 16. MESE segmented fits with only MESE cascades and
only MESE tracks compared to the segmented fit including both
detection channels.

the MESE sample, we performed individual fits using the
segmented neutrino flux model on the cascades and tracks
samples and compared them to the fit with the whole dataset.
As seen in Fig. 16, the primary MESE fit is compatible with
both the MESE cascades and tracks results, although the
wide error bars on the tracks-only fit indicate the compa-
ratively lower sensitivity from this channel. In particular, the
sensitivity to the change in the spectral shape at 30 TeV is
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driven by the MESE cascades. It is also noteworthy that the
fit point at ~10 PeV is driven by the sensitivity of the tracks
sample, consistent with the observation of the highest energy
event being a starting track. The MESE tracks result is also
compatible with the ESTES diffuse measurement [14], which
solely used starting tracks for measuring the neutrino flux
above 1 TeV. Both the tracks-only result from MESE and the
results from ESTES indicate that the tracks morphology
alone does not exhibit a break in the astrophysical spectrum.
A measurement that also includes the cascades channel is
required to observe this structure in the spectrum. Further
investigations into this difference are underway (see
Appendix D). For CF, similar cascades-only and tracks-only
fits were performed for the BPL and LP flux models, and we
compare the 2D-profile likelihoods for the model parameters
in Fig. 17. The figures demonstrate the strength of combining
information from both tracks and cascades in observing the
structure in the spectrum.

K. Test statistic

Cross-model fitting tests were performed on the MESE
samples, evaluating how well different spectral models fit
the Asimov data set when the best fit was derived under the
assumption of another model. We used the best-fit values
obtained from data for each model for these cross-fit tests.
The test statistics obtained are illustrated in Fig. 18, where
we see that the BPL and LP models do not exhibit a strong
Aln £ difference when injecting each other as the alternate
best fit but allow for a significant rejection of the SPL
hypothesis, consistent with what we observe in the data. We

Cascades

T
Lo < —— Tracks
g
q —— Combined Fit
- 71t --- 68%CL
0 —:= 95%CL

4

3.5
e
2.8 o= \

2.2

a
\
Pauh
N\
\
-
44 ?N
\
\ I
\\ /I.
T
/
]
1
]
i
AN
—2ALLH

1.5 T

1.0 T

¥ 1 HIER 7 7
o)l VN iRy
0.7 4 Y 1 1 \ 7.
\ | Loy
@ [L L : \\ \'\ Vo
W\ \.’()—*!\ ’ R *, {r /
0.0 4= =z S
1.0 1.7 2.3 3.0 1.5 2.2 2.8 3.5 0.0
$o a

BPL and LP cascade-only and track-only fits spectral parameter comparison for CF: Two-dimensional profile likelihood

scans of all physics parameters in the BPL and LP model fits, with the blue and orange contours representing cascades-only and tracks-
only fits, respectively. The star markers indicate the best fit parameter values for each fit. The contours represent the 68% and
95% confidence regions for the parameters based on Wilks’ theorem.
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FIG. 18. Cross-fit test statistic for the MESE analysis: The best
fit for a given spectral model is injected and subsequently fitted
with another spectral model. The TS for these fits are shown in
the color scale where the LLH of the fitted model is compared to
the LLH of the fit from the injected model. The TS values indicate
the power of the analysis to distinguish between different
underlying models.

also note that the TS value for the rejection of the SPL
model is on similar scales to what we observe in the data.

L. Check on y; envelope

A comparison of the best-fit BPL parameters for the
two analyses was provided in Fig. 10, where the
two-dimensional profile likelihood scans show the comple-
mentarity of MESE and CF. The closing of the MESE y; —
v, contour along the y; axis illustrates that MESE has a
better sensitivity to the low-energy astrophysical neutrino
flux, while the narrower contour of CF along the y,-axis
indicates superior high-energy sensitivity. A validation check
was performed on the error envelope of y; using the MESE
dataset. The test aimed at identifying how often a fit of y,
similar to that observed with data occurred. A sample of
pseudodata were generated and a subsample of events whose
best-fit parameters are close to the data fit were selected so
that their contours are broadly compatible with that of the
data. For these pseudodata, we further fixed the y; parameter
to the £95% values in the data contour and evaluate
the likelihood value while allowing the remaining parame-
ters to fit freely. The AL distributions, where
AL = LLHgyeqy, — LLHyye, were determined for these
realizations of pseudodata and were compared to the AL
from observed data. A substantial fraction of the pseudodata
had AL greater than that of the observed data, indicating that
if the observed data follows those realizations, the likelihood
contour would close for them as well. This gives us
confidence that the closed contour is not the effect of
unmodeled systematics that artificially force the data fit to
exclude zero.

VI. DISCUSSION AND CONCLUSION

We have presented new results from the measurement of
the diffuse astrophysical neutrino spectrum using IceCube
data, combining information from the two main observa-
tion channels, cascades, and tracks. Two complementary
analyses have been developed to conduct this measure-
ment, one focusing on the combination of event samples
that have been used in previous IceCube analyses (CF
analysis), the other focused on a novel sample of starting
events (MESE analysis). Both analyses reject the spectral
model of a single power law between 5 TeV and 10 PeV by
greater than 4¢. This differs from the most recent IceCube
spectral measurement, which favored a single power- law
flux [14]. While some prior IceCube measurements have
indicated possible tensions of the single power law model
with the IceCube observations (e.g., [13,15]), the work
presented here marks the first time that this model can be
rejected at high statistical confidence. Both analyses con-
sistently favor a model with a soft spectrum with a power-
law index of ~2.8 at energies above ~30 TeV and a hard
spectrum with a power-law index <2 at lower energies.
While the CF analysis marks a first step toward a joint fit
with existing datasets, incorporating the MESE dataset and
other IceCube samples in a future joint fit could yield
stronger constraints on the cosmic neutrino spectrum than
those presented here. The best-fit spectral model is a broken
power-law. A log parabola spectral model and a model
where the neutrino emission has a local peak at ~20 TeV
on top of a single power-law spectrum can also be used to
reject the SPL hypothesis with at least 40 significance.
Likelihood ratio tests comparing the alternative models
to the BPL find a preference for the latter but only at a
20 level, so we are unable to firmly distinguish between the
various spectral shapes with analyses using currently
available data. We estimate that with 10 years of additional
data and with no improvements in performance, these
analyses will be able to distinguish between the BPL and
LP models at the best-fit values obtained in this paper, with
a median expected significance of ~5¢. An analysis that
performs a joint fit with all existing IceCube event samples,
built upon the concept of the CF analysis, can be the next
step toward improving the statistical strength of this test
with currently available data.

Various cross-checks have been performed to validate
the robustness of the result. In particular, we observe that
incorporating a nonisotropic contribution from the galactic
plane as an additional component of the diffuse neutrino
flux in the fit does not affect the fit results significantly,
disfavoring the hypothesis that the observed spectral
features around ~30 TeV are caused by neutrinos from
the galactic plane. Fitting the spectrum with an atmospheric
neutrino component that is derived from a data-driven CR
composition and hadronic interaction model (DaemonFlux)
also does not significantly change the fit results.
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The harder spectral index for energies below ~30 TeV
implies a lower flux of astrophysical neutrinos below 10 TeV
than the one expected for the SPL model. This has
significant implications in searches for neutrino emitters
from a multimessenger perspective. The extrapolation of the
SPL spectrum from prior measurements of IceCube toward
lower energies leads to tensions with the observed intensity
of the extragalactic gamma-ray background at GeV energies.
The tension can be resolved if a substantial fraction of the
astrophysical neutrinos is produced in environments that
are opaque to GeV gamma rays [6,82]. The change in the
spectral index measured here alleviates some of these
tensions, putting less constraints on the environments that
accelerate cosmic rays and produce neutrinos. The observed
feature in the spectral shape will also be a powerful input for
future modeling of the origin of astrophysical neutrinos,
potentially constraining source population properties. The
observed diffuse flux can provide insight on possible source
classes and inform the search for individual neutrino sources,
e.g., models on the population of AGN predict a natural
break in the neutrino spectrum [83,84]. The relevant energy
range for each possible source class can also be informed by
the diffuse flux, e.g., starburst galaxies are predicted as
possible sources at hundreds of TeV, while a lower energy
neutrino flux can be composed of sources with a galactic
origin [5,85-87]. They also serve as a test of maximum CR
acceleration energies in such sources [83] and test neutrino
production target properties [8].
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APPENDIX A: NUISANCE PARAMETERS IN BOTH ANALYSES

A summary of the nuisance parameters used in both analyses are shown in Tables VIII and IX.

TABLE VIII. Summary of all nuisance parameters used in the measurement of the astrophysical diffuse flux using MESE. All parameters
are assumed to be independent. The flux is measured in units of 107'® GeV~' cm™2s~!sr~!. All flux normalizations are at 100 TeV.

Parameter Range Prior Nominal value  BPL best fit Description

Flux parameters

Prmuon [0, ) Gaussian 1.43 4+0.75 1.087013 Atmospheric muon flux normalization

Deony [0, ) Gaussian 1.00 £0.25 1.20f8_’1137 Atmospheric conventional neutrino flux normalization
P prompt [0, 4 e 1.00 0.00+0-50 Atmospheric prompt neutrino flux normalization
Ay [-1, 1] Gaussian  0.00 £ 0.055 0,040j8_-8§‘2 Variations in the primary cosmic-ray spectral index
cR -1, +2] Gaussian 0.00 + 1.00 (),50j8~5559 H4a-GST4 cosmic-ray flux model interpolation

H [-0.8, 0.8] Gaussian 0.00 +0.15 0_00j8:f2 pion uncertainty parametrization from [62]

W [-0.6, 0.6] Gaussian 0.00 £ 0.40 0.24j8§76 kaon uncertainty parametrization from [62]

Y [-0.6, 0.6] Gaussian 0.00 £ 0.30 0.19:?:%16 kaon uncertainty parametrization from [62]

Z [-0.244, 0.6]  Gaussian ~ 0.00 +0.12 0.009109Y7 kaon uncertainty parametrization from [62]
Ninelasticity [-2.0, 2.0] Gaussian 0.00 £+ 1.00 _1,20j8-35§ Variations from the inelasticity of neutrino interactions
HSelf—Veto [-5, 15] Gaussian  0.00 £ 3.00 0.7912%2 Self-veto interpolation term

Detector systematic parameters

€Scattering [0.9, 1.1] Gaussian ~ 1.00 4 0.050 1.007 901 Bulk ice model scattering coefficient scaling

€ Anisotropy [0.0, 2.0] Uniform 1.00 0.527931 Bulk ice model anisotropy variation

€ Absorption [0.9, 1.1] Gaussian ~ 1.00 %= 0.050 1.02070:002 Bulk ice model absorption coefficient scaling
€Holelce(py) [-0.84, 0.3] Uniform -0.27 -0.347013 Hole ice angular acceptance parameter pQO
€Holelce(p,)  [—0.134, 0.05]  Uniform -0.042 —0.04279013 Hole ice angular acceptance parameter pl

€pOM [0.9, 1.1] Uniform 1.00 0.98™ 8:82212 DOM efficiency

TABLE IX. Summary of all nuisance parameters used in the measurement of the astrophysical diffuse flux using CF. All parameters

are assumed to be independent. The flux is measured in units of 1071% GeV~' cm™2 s~ sr~!. All flux normalizations are at 100 TeV.

Parameter Range Prior Nominal value BPL best fit Description

Atmospheric flux parameters

DMuonGun [0, o0) e 1.00 1127993 Atmospheric muon flux normalization (cascades)
@ rmuontemplate [0, o) Gaussian ~ 1.00 & 0.50 150754 Atmospheric muon template flux normalization (tracks)
Deony [0, 00) e 1.00 125704 Atmospheric conventional neutrino flux normalization
Pprompt [0, o0) e 1.00 1.1017 Atmospheric prompt neutrino flux normalization
Ay [-1, 1] Uniform 0.00 0,049j8'-8§? Variations in the spectral index of

the primary cosmic-ray spectrum
1cr -1, +2] Gaussian ~ 0.00 & 1.00 122792 H4a-GST4 cosmic-ray flux model interpolation
H [-0.8,0.8]  Gaussian  0.00 £0.15 —0.056701% pion uncertainty parametrization from [62]
w [-0.6, 0.6] Gaussian ~ 0.00 4= 0.40 -0.2170% kaon uncertainty parametrization from [62]
Y [-0.6, 0.6] Gaussian ~ 0.00 &= 0.30 0.0297 812; kaon uncertainty parametrization from [62]
Z [-0.244, 0.6] Gaussian  0.00 £ 0.12 0,043j8:71§ kaon uncertainty parametrization from [62]
Self—Veto [5, 2000] Uniform 0.00 467.741389 Self-veto effective threshold (GeV) (cascades)
Detector systematic parameters
€Scattering [0.9, 1.1] Uniform 1.00 1.01610096 Bulk ice model scattering coefficient scaling
€ Absorption [0.9, 1.1] Uniform 1.00 0.9975:%%¢ Bulk ice model absorption coefficient scaling
€Holelce(po) [-0.84, 0.3]  Uniform -0.27 —-0.261008 Hole ice angular acceptance parameter p0
€Holelce(p;) [-0.134, 0.05] Uniform —-0.042 —0.0657000%] Hole ice angular acceptance parameter pl
€DoM [0.9, 1.1] Uniform 1.00 1.02()j8~88272 DOM efficiency
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APPENDIX B: SEGMENTED FLUX NORMALIZATIONS

The best fit parameters for the segmented flux model are provided in Table X.

TABLE X. Results for the segmented power law tested in the MESE and CF analyses. The uncertainties are
derived from 1D profile likelihood scans, assuming Wilks’ theorem applies. The flux is measured in units of
107" GeV~'em™2s~!sr! and all normalization components are fit simultaneously, assuming a power-law
spectrum with index 2 in each neutrino energy band.

Energy bins (TeV) (range, center) MESE CF
(1.0, 2.15), 1.47 0+32 (O
(2.15, 4.64), 3.16 5.4138 019
(4.64, 10.0), 6.81 3.9120 3.1
(10.0, 21.5), 14.7 4411593 3.3610 45
(21.5, 46.4), 31.6 5511072 4421078
(46.4, 100), 68.1 3.34108 2.032959
(100, 215.4), 146.8 1.55032 1.81703%
(215.4, 464.2), 316.2 0.31193 0.08979 5%
(464.2, 1000), 681.3 0.59102 0.851045
(1000, 2154.4), 1467.8 0.3277032) 0.411938
(2154.4, 4641.6), 3162.3 0.07019 0020
(4641.6, 10000), 6812.9 0.2540% 0.0179973
(10000, 100000), 31622.8 0+076 0.069 008

APPENDIX C: RESULTS FROM DATASET SPLIT CROSS-CHECK STUDIES WITH MESE
The fit values from all cross-check studies performed with MESE is shown in Table XI.

APPENDIX D: CROSS-CHECKS WITH PREVIOUS RESULTS

The segmented spectra presented here are consistent with previously reported results with HESE [11], the cascades sample
[13], the tracks sample [12], and the two-year MESE sample [15]. However, there is a large overlap in the those data
selections with the data samples shown in this paper. An exception is the enhanced starting track event selection (ESTES)
[14], where only ~30% of MESE tracks are included in the ESTES sample, and ~0.7% of events in the tracks sample exist in
ESTES. There is no overlap with the cascade sample of the CF and the MESE cascades, both of which dominate the
segmented spectra of the respective analysis. The best fit astrophysical neutrino flux with the ESTES sample was consistent
with a single power law [14], which was also the case for an earlier measurement with a starting event sample developed to
measure inelasticity [64]. A comparison of the segmented fits of MESE and CF with that of ESTES is shown in Fig 19. The
segmented fit from ESTES was rebinned to match the previous cascades analysis [13] and reported in [14], and we use this
for the comparison shown in the figure. An apparent difference is the nonobservation of a break in ESTES, which,
however, relies on a single data point at the bin of 4-10 TeV. This point is in tension with the results shown in this paper
at the 20 level. More significant at the 3¢ level is the deviation at 21 TeV to 46 TeV, where the ESTES flux is smaller than
the results reported here. There exist several notable differences between the ESTES analysis and the analyses presented
here. The ESTES analysis was based on a single flavor fit of muon neutrinos with different angular acceptances and
backgrounds when compared to the MESE and the CF analyses. ESTES used a different energy reconstruction when
compared to the tracks sample of the CF, which can result in a shift of energy scale, a different treatment of systematic
uncertainties, and a different parametrization of the atmospheric and self-veto uncertainties. With these differences, the
origin of the tension is not fully understood. A comparison of the results obtained with the MESE and CF analyses
reported in this paper with previous measurements from IceCube is shown in Table. XII. Future analyses will revisit these
differences and make use of a more consistent systematics treatment across analyses or will even integrate the ESTES data
into a fully combined fit with the data samples used here.
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FIG. 19. Segmented fits for the MESE, CF, and ESTES [14] with similar energy bins. The ESTES fits shown here represent the
rebinned postunblinding fit reported in [14], which has a binning scheme more consistent with that of MESE and CF.

TABLE XII. Comparison of past results from IceCube and the results from the Combined Fit and MESE analysis.
The uncertainties are derived from 1D profile likelihood scans, assuming Wilks’ theorem. The flux is measured in
units of 10718 GeV~'em™2 57! sr™!, and the normalization is determined at an energy of 100 TeV.

Analysis Best fit model parameters

Cascades SPL [13]

HESE SPL [11]

Tracks SPL [12]

ESTES SPL [14]

CF BPL (this work)

MESE BPL (this work)

logo(

log;o(

b0 = 1.6605
y = 25300
¢o = 6.37"14%
y = 28753
do = 144203
y =237500
$o = 168153
y = 25810
o = 1~77f8f11§
1= 131103

0.067

v2 = 2735155

Bbreak) — +0.1
Ge ) - 4'39—0.1

v
o = 22853
7= 1721538
0.1
72 = 2.8391000,

Epreak) +0.097
o) = 4.524 7087
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