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We report improved measurements of the all flavor astrophysical neutrino spectrum with IceCube by
combining complementary neutrino samples in two independent analyses. Both analyses show evidence of
a harder spectrum at energies below ~30 TeV compared to higher energies where the spectrum is well
characterized by a power law. The spectrum is better described by a log parabola or a broken power law,
the latter being the preferred model. Both, however, reject a single power law over an energy range
5 TeV-10 PeV with a significance >4¢, providing new constraints on properties of cosmic neutrino

sources.
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Introduction—The IceCube South Pole Neutrino
Observatory uses an array of 5160 optical modules
(DOMs) deployed in a cubic kilometer of Antarctic glacial
ice to detect the Cherenkov radiation of secondary particles
produced in deep inelastic scattering (DIS) of neutrinos at
TeV—PeV energies. High-energy astrophysical neutrinos,
first observed by IceCube in 2013 [1-3], arise from the
interactions of cosmic rays (CRs) with surrounding matter
or photons in astrophysical sources and during their
propagation through the Universe [4]. The measured all-
sky diffuse flux of high-energy neutrinos represents the
superposition of the neutrino emission from all sources in
the observable Universe. An accurate characterization of
the spectrum enables a better understanding of the dom-
inant source populations and their relative contribution over
the measured energy range [5—7]. This helps elucidate the
environments in which CRs are accelerated to produce
neutrinos [8,9], and the relation between the sources of the
neutrino emission and other probes of CR acceleration in
the Universe [10]. The spectrum may also contain signa-
tures of new physics, e.g., from the annihilation of dark
matter into neutrinos [11]. Signatures of any of these
processes can appear as features other than a simple power
law in the neutrino spectrum. For example, a feature like a
spectral break could indicate changes in the contributing
source population, or help resolve the mechanisms for
neutrino production, e.g., via p-y interactions.

IceCube has studied the cosmic neutrino flux with
various detection morphologies [1,3,12-20]. Recorded
events from neutrino interactions can be split into two
main morphologies: cascades and tracks. Cascades, pro-
duced in charged-current (CC) electron and tau neutrino
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(v,, v,) DIS interactions, and neutral-current interactions of
Ves Uy, and v, can only be detected close to the instru-
mented volume. The energy transferred to the nucleus and
the outgoing charged lepton (if present) is deposited in a
particle shower over a few meters. The Cherenkov light
yield is proportional to the deposited energy, with a typical
energy resolution of ~8% at 100 TeV [21]. Tracks are
generated when muon neutrinos (v,) undergo CC DIS
interactions, resulting in a Cherenkov light pattern along
the trajectory of the secondary muon. A small fraction of
them may also be created by the decay of a 7 lepton created
by CC DIS of v,. The light yield is proportional to the muon
energy loss above a few TeV in muon energy. As high-
energy muons propagate for several kilometers in ice, the
effective detection volume for tracks is much larger than the
instrumented volume. This yields high statistics with a
good angular resolution (0.3° at 100 TeV) compared to
cascades, but at the cost of energy resolution (~65% for the
muon energy at 100 TeV [22]), as only a part of the
Cherenkov light is deposited inside the detector volume.
Starting events form a subset of both morphologies, where
the neutrino-interaction vertex lies within the detector
volume, depositing a majority of the initial hadronic energy
in this volume. In particular, starting tracks are a subset of
tracks with superior neutrino energy resolution (26% at
100 TeV [19]) due to the contained interaction vertex.
The main backgrounds for studying astrophysical neutri-
nos are atmospheric neutrinos and muons produced by
CR air showers, which are removed from event samples
using dedicated selection techniques [1,12,16,17,19]. The
atmospheric neutrino flux can be characterized as the
“conventional” flux, arising from the decay of pions and
kaons created by CR interactions with atmospheric nuclei,
and the “prompt” flux, originating mainly from the decay
of charmed hadrons in CR air showers.
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TABLEI. Number of events in each data sample (reconstructed
energy, E.., > 1 TeV). The live time in years is shown in
parentheses.

MESE CF Overlap
Cascades 4949 (11.4) 10569 (10.5) 2514
Tracks 4908 (11.4) 231486 (8.5) 1799

Here, we present two separate analyses, both leveraging
the strengths of the cascade and track channels. The first
analysis, henceforth referred to as the “Combined Fit”
(CF), is based on the combination of existing data samples:
tracks (focused on the Northern sky, where ~60% events
are through-going tracks) [16], and the improved all-sky
contained cascades sample [17] with extended live time.
The second analysis expands the concept of high-energy
starting events [1] to lower energies of a few TeV by
selecting “Medium Energy Starting Events” (MESE). The
MESE sample builds upon a prior analysis that used 2 yr of
IceCube data [18]. Improved selection strategies, event
reconstructions, and treatment of systematic uncertainties
compared to previous studies have now been applied by the
current MESE analysis. The MESE events are classified as
starting tracks and starting cascades to account for their
different backgrounds and uncertainties.

Data samples—The CF (MESE) analysis uses data taken
from May 2010 (May 2011) to May 2021 (June 2023),
processed using a uniform calibration and filtering
scheme [23]. This is a significant improvement over a
previous study combining IceCube track and cascade
samples [17], and is expanded on in a companion
paper [24]. Table I shows the live time of each sample.
Simulated datasets based on the in-ice light propagation
models from [25,26] were used for both analyses, proc-
essed in exactly the same way as the experimental data. The
CF analysis characterizes the astrophysical flux using a
combination of: (1) a high-statistics muon track sample
with good directionality and a high purity of muon neutrino
events to constrain atmospheric neutrino flux and detector
uncertainties; and (2) a sample of contained cascades
providing superior energy resolution, and a full-sky multi-
flavor acceptance. The MESE sample is composed of
events that start inside the instrumented volume. This is
achieved by rejecting events in veto regions that cover the
boundaries of the detector. The size of the veto regions

TABLE II.

depends on the amount of light deposited in the detector by
an event. The selected events are classified into tracks and
cascades using a neural-network classifier [27]. Additional
details regarding this refined event selection can be found
in the companion paper [24]. In both analyses, the cascades
are most sensitive to astrophysical neutrinos with energies
of O(10 TeV). The proportion of atmospheric neutrinos in
cascades is lower when compared to tracks due to the
strong dominance of v, in the atmospheric spectrum at
these energies [28]. In addition, the good energy resolution
and a self-veto effect [29] also contribute to lowering the
atmospheric neutrino background for cascades. This self-
veto effect, where muons accompanying the atmospheric
neutrinos from the same down going cosmic-ray air shower
trigger the veto, causes a suppression of the atmospheric-
neutrino flux in the Southern sky. This introduces a strong
angular dependence in the atmospheric neutrino flux in
contrast to the extragalactic astrophysical neutrino flux
which is expected to be isotropic. The samples used in the
CF analysis and the MESE dataset are not independent,
featuring a significant overlap especially for the cascade
events. The number of events split by morphology in each
sample and the corresponding overlap is presented in
Table 1.

Method—The MESE and the CF datasets have been
analyzed separately to measure the astrophysical spectrum
of diffuse neutrinos. Both analyses are based on a forward-
folding binned likelihood technique, using the framework
NNMFit [24]. A simultaneous maximum-likelihood fit of the
various components that contribute to the individual
samples is performed, including the astrophysical flux,
the conventional and prompt atmospheric neutrino back-
ground, and the atmospheric muon background. Systematic
uncertainties are included in the form of nuisance param-
eters that affect the predicted observations. Cascades and
tracks are binned individually in their respective recon-
structed energy and zenith, as illustrated in Table IL
Predictions for each flux component are obtained from
the simulations mentioned above and are fitted to the data.
The atmospheric neutrino fluxes were modeled from
simulation and reweighted assuming flux estimates from
the MCEq numerical framework [30,31], assuming H4a [32]
as the primary CR composition model and Sibyll 2.3¢ [28]
as the hadronic interaction model. The fit parameters
include separate normalizations for the conventional and
prompt fluxes. There are additional parameters for

2D Binning used in both analyses. € is the reconstructed zenith angle. The binning is optimized for the

sensitivity and the resolution of the observable in the respective morphology.

Cascades Tracks
Analysis Eeco (GeV) | cos(0) E o (GeV) | cos(0)
MESE 103-107) 22 bins (=1, 1) 10 bins (103-107) 13 bins (=1, 1) 10 bins

Combined Fit (4 x 102-107) 22 bins

(=1, 1) 3 bins

(10%5-107) 45 bins (=1, 0.09) 34 bins
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modifications to the primary cosmic ray spectrum, includ-
ing a shift in its spectral index and a parameter that linearly
interpolates the atmospheric neutrino spectrum predicted
by the two primary CR composition models: H4a, which is
dominated by protons at higher energies, and GST4 [33],
which assumes a more even mixture of particles at higher
energies. We also account for variations in neutrino yields
from 7/ K decays in cosmic-ray showers [34], as employed
for the analysis of the large statistics through-going track
sample [16]. We do not account for uncertainties in the
prompt atmospheric flux with additional nuisance param-
eters, with more details provided in the companion
paper [24]. The atmospheric muon background is modeled
by a kernel density estimator (KDE) generated from
dedicated simulations [35] for MESE and the CF tracks,
while we use the simulations directly for the CF cascades.
The KDE compensates for the reduced availability of
background simulation events in samples which reject a
high proportion of muon events [24]. The KDE is only used
to model the background at the final level, after all selection
cuts have been applied. Both analyses include an overall
atmospheric muon normalization as a nuisance parameter
in the fit. The modeling of the atmospheric self-veto uses
the methodology of [36], but the two analyses use different
parametrizations of the selection-dependent muon detec-
tion efficiency. Further details on the parametrizations in
the fit can be found in the companion paper [24].
Various detector-related systematic uncertainties arise
due to optical properties of the ice, such as the light
absorption and scattering coefficients, as well as aniso-
tropic light propagation within the ice [37], which affect the
Cherenkov light patterns seen by the DOMs. In addition,
the refreezing of the water surrounding the optical modules

TABLE III.

during deployment creates a column of ice filled with air
bubbles, leading to a high local scattering coefficient. The
effect of this hole-ice on the photon angular acceptance of
the DOMs is also modeled, as is a free parameter for their
optical efficiency. These systematic effects are included in
the maximum-likelihood fit via the SnowStorm method
[38,39]. Based on simulated datasets that include system-
atic variations of the aforementioned ice and detector
parameters, predictions of observed events are calculated
from perturbations of these parameters around their nomi-
nal values. The fit parameters within the CF analysis are
largely unconstrained and the fit utilizes the large statistics
of the tracks sample to self-consistently constrain its
nuisance parameters. MESE, on the other hand, uses
several priors on the nuisance parameters that modify
the atmospheric flux and the detector response. These
priors arise from previous IceCube calibration cam-
paigns [24,40].

Results—We use the maximum-likelihood fit to test
several hypotheses on the spectral shape of the astrophysi-
cal neutrino flux: (1) a single power law (SPL); (2) a single
power law with an exponential cutoff (SPE), (3) a log-
parabolic (LP) flux; and (4) a broken power law (BPL) flux
model. Both analyses find the likelihood to be maximum
for the BPL model. A list of the tested flux models is
provided in Table III, along with the functional forms, best
fit parameters, and the difference in likelihood values when
the model is compared to the SPL. The SPE model test did
not result in a significant improvement of the likelihood
compared to the SPL model [-2A1n L =TS = 7.5(1.8)
for CF (MESE)]. The BPL model yields a noteworthy
improvement of the test statistic (TS) by 24.4 (27.3) in the
CF (MESE) analysis, corresponding to a significance of

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

assuming Wilks’s theorem applies. We show the preference over the single power-law hypothesis in terms of the test statistic
TS = —2AIn £, where L is the likelihood value at the best fit for the given model. The form of the tested model for the total flux, ®,_;,

is included in the table, and is measured in units of 10'®/GeV/cm?/s/sr. Here A = (E,/100 TeV), ypp. = {yl’ (Ey < Epvea) and

5 _4 { (Eprear /100 TeV) ™1, (Eppey, > 100 TeV)
Obroken SO (Eyreaic/100 TeV) 72, (Eppeq < 100 TeV)

72, (Eu > Ebreuk) ’

All fluxes are normalized at 100 TeV.

Astrophysical model

AnaIYSiS SPL [¢0(A)77} SPE [¢O(A)7ye(7Eh/Ecuwﬁ)} BPL [(/)(),broken(Eu/Ebreak)inPL] LP [¢0(A)7aLP7ﬁLP logm(/\)]
MESE ho = 2~13f8.'11§ P = 3'98f11f31§ P = 228:?% o = 2-58f8.‘2266
v =2.551004 y =2.16107 y1 = 17229032 ap = 2671000
10g10(Ecuofe/GeV) = 5.401033 v2 = 2.84105 Pre = 036558
logIO(Ebreak/GeV) = 452:())(;‘;

—2AInL =18 —2AInL =273 —2AInL =18.8

CF po = 1.807515 o = 2.20105¢ do = 177501 do = 2.13101§
y = 252503 y =23950% i = 131505 aip = 2.575508

lOglO(Ecutoff/GeV) = 615;?232

—2AImL =175

v2 = 2741009
1080 ( Eprear/GeV) = 4.3970 0%
—2AInL =247

0.10
Prp = O'23f0.07

—2AInL =164
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Combined Fit BPL Cascades and Tracks
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MESE BPL Cascades and Tracks
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Energy distribution of cascade- and track-identified events used in the CF and MESE analyses: contributions from

astrophysical neutrinos, assuming the best-fit broken power-law spectrum, total background (atmospheric neutrinos and muons) along
with the total contributions compared to data for CF on the left (8.5 yr of tracks and 10 yr of cascades) and MESE on the right (11.4 yr).
Note the different scales for tracks (left axis) and cascades (right axis). Here, energy proxy represents the reconstructed energy for the
given event type which is different for cascades, MESE tracks, and CF tracks. Hence these energy proxies are not directly comparable.

4406(4.70) over the SPL model based on Wilks’
theorem [41], with the TS distribution following a y? with
two degrees of freedom (d.o.f.). A better TS is also noted
for the LP model with TS = 16.4 (18.8) for CF (MESE)
with a significance of 4.06(4.35). Since the LP and BPL
models have a different number of free parameters and are
not nested, we calculate the preference of BPL over LP
directly from the TS distribution obtained from
pseudodata [24]. We find that the BPL is preferred over
LP with a p value of 0.008 for the MESE analysis and a p
value of 0.018 for the Combined Fit, when injecting the LP
best fit and fitting with both models. A comparison of the
agreement between data and Monte Carlo (MC) simula-
tions assuming the best-fit parameters of the BPL is shown
in Fig. 1. Goodness of fit tests have been performed for
each analysis and both morphologies, showing that they are
statistically compatible. We note a small deficit of data with
respect to MC at a few hundred TeV. As it is not yet
statistically significant, further investigation of this addi-
tional feature is required with more data. A comparison of
the constraints on the low- and high-energy spectral indices
obtained from the two analyses is shown in Fig. 2. The
figure illustrates the complementarity of the two analyses.
The CF (MESE) analysis allows stronger constraints on the
high-energy (low-energy) spectral index, as illustrated by
their respective sensitive energy ranges (see Fig. 3), [24].

3.4
" Yi=Y2 === Combined Fit
—— 68% CL = MESE
— 95% CL

000 05 1.0

FIG. 2. Two-dimensional profile likelihood scan on the spectral
indices of the broken power law: the star markers indicate the best
fit with y; = 1.72 and y, = 2.84 for MESE, and y, = 1.31 and
7> = 2.74 for CF. Contours represent the 68% and 95% con-
fidence regions based on Wilks’ theorem. The dotted line
signifies the expectation of y; = y,, indicating the transition to
a single power-law spectrum.

121002-4



PHYSICAL REVIEW LETTERS 136, 121002 (2026)

1076
Combined Fit BPL
MESE BPL

—_ —— NGC1068, 41 av.
TL --- Galactic v (Fermi n°), 4rt av.
n 1077 Segmented flux, Combined Fit
—
v » I 1 Segmented flux, MESE
D & t
c :
(G]
> 1078
o
S
s
®
u_;'>
& 107
N>
i

107104 . . . . .

103 104 10° 106 107 108
Neutrino energy [GeV]
FIG. 3. Segmented flux: the fit to the astrophysical flux

normalization assuming an E~2 spectrum is shown in each
segment. Orange markers and shaded regions represent CF while
MESE is shown in blue. The shaded regions show the 68%
uncertainties and sensitive energy ranges for each analysis
obtained from profile likelihood scans of the four parameters
of the BPL model. The flux from NGC1068 [42] and the galactic
plane [43] measured with IceCube lie at much lower scales.

Finally, a segmented fit is performed, where the total
neutrino flux, E?®Q = .¢,0(E — E;)O(E;; — E), is
represented by the sum of fluxes ¢; in 13 independent
energy bands [E;, E;, ] with a spectral index of 2 in each
band, and O(x) represents the unit step function. It is
important to note here that the fit is performed by
independently fitting the contribution from each segment
in true neutrino energy, rather than the reconstructed
energy proxy. This allows the characterization of energy-
dependent features in the spectrum. The results are shown
in Fig. 3 and compared to the best-fit BPL. model. There is
generally good agreement between the segmented fit,
which has 14 d.o.f. and the measured BPL spectrum with
4 d.o.f., which is reflected in the small likelihood difference
between them [TS = 6 (1.7) for CF (MESE)].

Various studies were performed on both samples to
probe the robustness of the results by including additional
nuisance parameters with appropriate priors. Uncertainties
on the inelasticity in neutrino-nucleon DIS [44,45] were
included by adding the mean inelasticity as a parameter to
the fit using the description in [15]. Data-driven para-
metrizations of the atmospheric neutrino spectrum [46] not
included in the baseline fit were tested, as well as the
impact of a neutrino flux from the galactic plane [43] on the
model’s fit parameters. In addition, the data samples were
split into data collected during the summer and winter
months and fit separately. None of the tests lead to a
significant change in the spectral parameters reported here.
Details of the studies are discussed in [24].

Discussion and conclusion—Previous results from
IceCube have hinted toward the existence of an excess [18]
or a break [17] at ~30 TeV energy. This Letter has, for the
first time, made a statistically significant observation of a
break in the spectrum. The strength of both analyses
reported here lies in the combination of complementary
information from cascades and tracks. The larger statistics
of the CF samples precisely constrains the high-energy
spectral index and allows a self-consistent fit with minimal
priors on systematic uncertainties. The MESE sample
demonstrates superior sensitivity at energies below the
break, leading to a better constraint on the low-energy
spectral index [24].

We note that the contribution to the neutrino flux from
the galactic plane [43] and the brightest individual source
NGC1068 [42] to the measured total astrophysical neutrino
spectrum reported here is minimal (see Fig. 3). The
neutrino spectrum of both NGC1068 and the Milky Way
is softer than the diffuse neutrino spectrum below the break
energy, indicating contributions from sources with a harder
spectrum to the total extragalactic neutrino flux. An
important consequence of our results is that the extraga-
lactic neutrino flux at O(10 TeV) is lower compared to
expectations from an SPL, favored by previous IceCube
results. Various calculations hint toward the incompatibility
of an SPL spectrum extrapolated to the 1 to 10 TeV energy
range and the diffuse extragalactic gamma-ray spectrum
[5,47]. This is potentially alleviated by the spectrum
reported here. Our results can also provide new constraints
on the properties of extragalactic neutrino emitters
(e.g., [48]). Several theoretical models indeed predict a
break or peak of the extragalactic diffuse emission in the
TeV range [49], which can now be refined.
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