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We report on the first measurement of the astrophysical neutrino flux using particle showers (cascades) in
IceCube data from 2010–2015. Assuming standard oscillations, the astrophysical neutrinos in this dedicated
cascade sample are dominated (∼90%) by electron and tau flavors. The flux, observed in the sensitive energy
range from 16 TeV to 2.6 PeV, is consistent with a single power-law model as expected from Fermi-type
acceleration of high energy particles at astrophysical sources. We find the flux spectral index to be γ ¼
2.53� 0.07 and a flux normalization for each neutrino flavor of ϕastro ¼ 1.66þ0.25

−0.27 at E0 ¼ 100 TeV, in
agreement with IceCube’s complementary muon neutrino results and with all-neutrino flavor fit results. In
the measured energy range we reject spectral indices γ ≤ 2.28 at ≥ 3σ significance level. Because of high
neutrino energy resolution and low atmospheric neutrino backgrounds, this analysis provides the most
detailed characterization of the neutrino flux at energies below ∼100 TeV compared to previous IceCube
results. Results from fits assuming more complex neutrino flux models suggest a flux softening at high
energies and a flux hardening at low energies (p value≥ 0.06). The sizable and smooth flux measured below
∼100 TeV remains a puzzle. In order to not violate the isotropic diffuse gamma-ray background asmeasured
by the Fermi Large Area Telescope, it suggests the existence of astrophysical neutrino sources characterized
by dense environments which are opaque to gamma rays.

DOI: 10.1103/PhysRevLett.125.121104

In 2013 IceCube discovered a diffuse and isotropic flux
of neutrinos of astrophysical origin [1–3]. In 2018, an
active galactic nucleus (AGN) with a relativistic jet
pointing towards the Earth, the blazar TXS 0506þ 056,
was identified as the first possible extragalactic source of
astrophysical neutrinos and cosmic ray accelerator [4,5].
In diffuse neutrino flux measurements one aims to gain
insights into astrophysical neutrino production mecha-
nisms, typically associated with cosmic ray acceleration at
the source, and interactions either with surrounding gas
(pp) or photons (pγ). The Fermi shock acceleration
mechanism of high energy cosmic rays, in sources such
as an AGN [6–11], predicts the flux of neutrinos to follow
a single power law E−γ with a baseline spectral index of
γ ∼ 2 for strong shocks [12,13]. The spectral index
and flux normalization factors carry information about
neutrino sources and the environment [14,15]. Different
production mechanisms together with energy losses of
pions and muons lead, depending on energy, to different
neutrino flavor compositions at sources and, after neutrino
oscillations over astrophysical distances, at the Earth
[16–24]. The main goal of astrophysical neutrino flux
measurements is a characterization of its energy depend-
ence in a flavor dependent way and in a wide energy
range [25–32], relevant for ultrahigh energy cosmic rays
and QCD physics. Since the diffuse Galactic emission
component, based on models of galactic particle pro-
pagation and interactions [33], is subdominant [34,35], of
particular interest is the energy range ∼10–100 TeV.
In this energy region, hardly accessible to muon neutrinos,
several source models, including AGN cores [36,37],
predict a sizable energy dependent flux. In this Letter

we present the first results on the astrophysical flux of
electron and tau neutrinos determined with six years of
IceCube data.
IceCube is a neutrino observatory comprising 5160

digital optical modules (DOMs) [38] distributed over one
cubic kilometer in the Antarctic ice. Charged particles,
which are produced in neutrino interactions, emit
Cherenkov light while propagating through the ice. The
Cherenkov light detected by the optical sensors forms
three types of patterns, muon tracks (starting inside or
going through the detector) and cascades. Single cascades
are electromagnetic and/or hadronic particle showers
produced by (i) electron or low energy tau neutrinos
scattering inelastically off target nucleons through a W
boson, (ii) neutrinos of all flavors scattering inelastically
off target nucleons through a Z boson, or (iii) electron
antineutrinos interacting with atomic electrons to form a
W− boson, the Glashow resonance [39]. Although
the angular resolution of cascades is limited (> 8°)
[35], their energy resolution (∼15%) [40] as well as
their low atmospheric neutrino background make the
cascade channel particularly well suited for measuring
and characterizing the energy dependent astrophysical
neutrino flux [41].

We analyzed six years of IceCube cascade data,
collected in 2010–2015. We used IceCube Monte Carlo
simulation packages to simulate the cosmic ray background
with CORSIKA [42] and single muons from cosmic rays
withMuonGun [43]. For the cosmic ray primary flux
we used the Gaisser-H3a [44] model and SIBYLL 2.1
[45] as the hadronic interaction model. High energy
neutrino interactions were generated with the NuGen
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software package based on Ref. [46]. The total νN
deep inelastic scattering cross section is from Ref. [47].
Astrophysical neutrino event selection efficiencies were
tested assuming as baseline an E−2 flux with equal
numbers of neutrinos and antineutrinos, and with an
equal neutrino flavor mixture at Earth: ðνe∶νμ∶ντÞE ¼
ðν̄e∶ν̄μ∶ν̄τÞE ¼ 0.5∶0.5∶0.5. The conventional atmospheric
neutrino flux from pion and kaon decays was modeled
according to Ref. [48], with primary cosmic ray flux
modifications according to the Gaisser-H3a model [44].
It is in agreement, in the energy range relevant to this
analysis E > 400 GeV, with the atmospheric neutrino flux
measurements by Super-Kamiokande [49], AMANDA-II
[50,51], IceCube [52–54], and ANTARES [55].
Atmospheric neutrinos originating from the decays of
charm or heavier mesons produced in air showers,
so-called prompt neutrinos, are yet to be detected. We
used the BERSS model [56] to predict the contribution
from prompt neutrinos to the total neutrino flux, and the
atmospheric neutrino self-veto effect calculations from
Ref. [57], tuned to match our full CORSIKA Monte Carlo
simulations.
The analyzed data consist of two sets: 2010–2011 (two

years, sample A) [58] and 2012–2015 (four years, sample B)
[59–61]. Events from both samples passed IceCube’s
dedicated online cascade filter, which utilizes results of
simple muon and cascade reconstruction algorithms.
The cascade filter reduces the cosmic ray background
rate from ∼2.7 kHz to ∼30 Hz, while retaining ∼90% of
the expected astrophysical neutrinos and ∼70% of the
conventional atmospheric neutrinos. In order to further
reduce backgrounds and ensure high neutrino induced
cascade signal efficiencies and good cascade energy
resolution, a fiducial volume selection on the reconstructed
cascade vertex position was imposed. A straight cut
selection method was used to select signal cascades in
sample A (E > 10 TeV) [58] and in the high energy
(E > 60 TeV) subset of sample B [59,61]. It builds
on methods developed in previous IceCube searches
dedicated to astrophysical cascades performed with partial
detector configurations during IceCube construction
periods [62–64]. A significant improvement was achieved
by applying a boosted decision tree [65] method in the
low energy (∼400 GeV < E < 60 TeV) subset of sample B
to classify events according to their topology into muon track
background, signal neutrino induced cascades, and
muon starting track events [59,60]. The obtained cascade
sample has low (8%) muon background contamination.
Lowering the energy threshold from 10 TeV (sample A)
to ∼400 GeV (sample B) substantially reduces systematic
uncertainties in this measurement. Reconstructed cascade
energy distributions for sample A and for sample B after all
selections are shown as black points in Fig. 1. About 60% of
the cascades identified in this analysis and with
reconstructed energies above 60 TeV do not contribute to

the high energy starting events (HESEs) [28] cascade data
sample for the same period (2010–2015). Monte Carlo
simulations show that at 10 TeV this analysis increases
the total expected number of electron neutrinos by a factor of
∼10 compared to the medium energy starting events
(MESEs) analysis [29].
We determined the astrophysical neutrino flux,

characterized by parameters θr, by maximizing a binned
Poisson likelihood Lðθr; θsjnÞ. The θs are the nuisance
parameters, and n ¼ ðn1;…; nmÞ is the vector of observed
event counts ni in the ith bin. The fit was performed in bins
of three observables: event type (cascade, muon track,
muon starting track), reconstructed energy, and recon-
structed zenith angle in the range 0–π, as shown in
Table I. In this analysis, the log-likelihood function is
defined, up to a constant, as

FIG. 1. Reconstructed cascade energy distribution. Black
points are data, with statistical uncertainties, acquired during
the observation period. Continuous lines are Monte Carlo sim-
ulations as labeled in the legend. The atmospheric background
histograms are stacked (filled colors). Shown are best fit
distributions assuming a single power-law model of the astro-
physical neutrino flux (Table II). Top: data from 2012–2015
(sample B). Bottom: data from 2010–2011 (sample A).
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logLðθr; θsjnÞ ¼
Xm
i¼1

½ni log μiðθr; θsÞ − μiðθr; θsÞ�

þ 1

2

��
ϵDOMeff − ϵ̂DOMeff

σDOMϵ

�
2

þ
�
ϵHIabs − ϵ̂HIabs

σHIϵ

�
2

þ
�
ΔγCR − Δ̂γCR

σΔγCR

�2�

þ 1

2
ðϵBI − ϵ̂BIÞTΣ−1

BI ðϵBI − ϵ̂BIÞ: ð1Þ

The expected, from Monte Carlo simulations, number of
events in the ith bin is defined as μi ¼ μatm:μ

i þ μconv:νi þ
μpromptν
i þ μastro:νi , the sum of background cosmic ray

muons, conventional and prompt atmospheric neutrinos,
and astrophysical neutrinos. The nuisance parameters
θs contribute additive penalty terms to the log-likelihood
function, Eq. (1). They account for detector related
systematic uncertainties, comprised of the DOM optical
efficiency, ϵDOMeff , optical properties (scattering and
absorption length) of the bulk ice (BI), ϵBIscat and ϵBIabs,
and of the refrozen drilled hole ice (HI), ϵHIscat. The bivariate
covariance matrix ΣBI takes into account correlations
between the two components of ϵBI ¼ ðϵBIscat; ϵBIabsÞ. Other
systematic uncertainties are due to uncertainties on the

cosmic ray flux index ΔγCR, on the flux normalizations of
the cosmic ray muon ϕmuon, atmospheric conventional
ϕconv and prompt ϕprompt neutrino backgrounds.
Uncertainties in the atmospheric neutrino flux prediction
related to hadronic interaction models [66–69] have been
studied using the MCEq [70] package. They were found
small and thus neglected.
We performed several fits considering different

functional forms of the astrophysical neutrino flux. All
models assume equal numbers of neutrinos and anti-

TABLE I. The binning of observables (reconstructed energy
and zenith) used in the maximum likelihood fit. Energy ranges
are given in logarithmic units, log10 E=GeV, and zenith ranges
are given in radians. The three bins’ ranges in cos(Zenith) are
ð−1; 0.2; 0.6; 1Þ

Sample & event
type

Energy
NBins

Energy
range

Zenith
NBins

Zenith
range

A cascade 15 4.0–7.0 3 0–π
B cascade 22 2.6–7.0 3 0–π
B μ starting track 11 2.6–4.8 1 0–π
B μ track 1 2.6–4.8 1 0–π

TABLE III. Number of events for the six years cascade data.
The number of astrophysical neutrinos results from the single
power-law best fit. Numbers of events given in brackets refer to
neutrinos with reconstructed energies above 10 TeV. The number
of atmospheric tau neutrinos is negligible. Number of Glashow
resonance (astro. GR) events are evaluated assuming pp-type
sources in the 4–8 PeV energy range.

Number of events νe þ ν̄e νμ þ ν̄μ ντ þ ν̄τ

astro. 303þ46
−45 59þ8

−7 204þ28
−27

(127þ12
−12 ) (22þ2

−2 ) (80þ7
−7 )

astro. GR 0.73þ0.31
−0.22 � � � � � �

atmo. conv. 851þ23
−23 2901þ64

−65 � � �
(50þ3

−3 ) (143þ8
−8 ) � � �

atmo. prompt < 192 < 32 � � �
(< 57) (< 7) � � �

FIG. 2. 68% C.L. profile likelihood contours for the single
power-law astrophysical neutrino flux fit parameters, the flux
normalization (per neutrino flavor), and the spectral index.
Shown are results for the combined 2010–2015 (six years)
cascade analysis. Red (yellow) curves are obtained assuming a
pp (pγ) neutrino production mechanism at the source, respec-
tively. Other IceCube results are shown as blue, green, and gray
curves for νμ [26] and for all-neutrino flavor HESE [28] and
MESE [29] analyses.

TABLE II. Best fit values and uncertainties for all parameters
included in the single power-law fit.

Parameter Prior constraint Result �1σ (< 90% upper limit)

γ � � � 2.53� 0.07
ϕastro � � � 1.66þ0.25

−0.27
ϕconv � � � ð1.07þ0.13

−0.12 Þ ×ΦHKKMS06
ϕprompt � � � < 5.0 ×ΦBERSS
ϕmuon � � � 1.45� 0.04
ΔγCR 0.00� 0.05 0.02� 0.03

ϵBIscat 1.00� 0.07 1.02� 0.03

ϵBIabs 1.00� 0.07 1.03þ0.05
−0.04

ϵHIscat � � � 1.72� 0.19

ϵDOMeff 0.99� 0.10 1.03þ0.08
−0.07
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neutrinos and equal neutrino flavors at Earth. First we
describe the results obtained for the single power-law flux
model:

Φνþν̄
astroðEÞ=C0 ¼ ϕastro × ðE=E0Þ−γ; ð2Þ

where C0 ¼ 3 × 10−18 GeV−1 · cm−2 · s−1 · sr−1 and
E0 ¼ 100 TeV. We find the following best fit para-
meters: the flux spectral index γ ¼ 2.53� 0.07 and the
flux normalization for each neutrino flavor ϕastro ¼
1.66þ0.25

−0.27 at E0 ¼ 100 TeV. The result for the measured
electron and tau neutrino flux Φνeþν̄e

astro þΦντþν̄τ
astro changes

insignificantly, if we include variations in the injected
flavor ratio at astrophysical sources ðνe∶νμ∶ντÞS ¼
ð1 − fSμ∶fSμ∶0Þ through an additional nuisance parameter
0 ≤ fSμ ≤ 1, as shown in the Supplemental Material Fig. 1

(right) [71]. The sensitive energy range, defined as the
smallest range where a nonzero astrophysical flux is
consistent with the data at 90% C.L. [60], ranges from
16 TeV to 2.6 PeV. The best fit values of all physics and
nuisance fit parameters and their uncertainties are given
in Table II. Figure 1 shows the reconstructed cascade
energy distributions for data and for Monte Carlo sim-
ulations with the signal and background contributions
scaled according to the best fit values of all fit para-
meters. The agreement between data and simulations is
very good with a goodness-of-fit [72] p value of 0.88
[60]. The number of neutrino events based on the best fit
results are shown in Table III. The contribution from
astrophysical electron and tau neutrinos to the cascade
samples strongly dominates over the small (12%) con-
tribution from astrophysical muon neutrinos. The energy

TABLE IV. C0 ¼ 3 × 10−18 GeV−1 · cm−2 · s−1 · sr−1 and E0 ¼ 100 TeV. Fit results for different hypotheses, assuming the baseline
ðνe∶νμ∶ντÞE ¼ ðν̄e∶ν̄μ∶ν̄τÞE ¼ 0.5∶0.5∶0.5 flavor composition expected for pp sources (hypotheses A–F) and ðνe∶νμ∶ντÞE ¼
0.78∶0.61∶0.61, ðν̄e∶ν̄μ∶ν̄τÞE ¼ 0.22∶0.39∶0.39 expected for pγ sources (hypothesis G). Goodness of fit test used in this work is
the saturated Poisson likelihood test [60,72]. The corresponding goodness of fit p values have been calculated as described in Ref. [60]
(Section 5.5). Significance σ of alternative, more complex astrophysical flux models over single power-law model as determined from
toy experiments. The significance of the single-power law fit with respect to the background only hypothesis (Φastro ¼ 0) is 9.9σ. All
significances are given using the one-sided convention.

Hypothesis Flux model (νastro) Φνþν̄
astroðE; cos θÞ=C0 ¼ Result g.o.f Significance [σ]

A Single power law Φ0ðE=E0Þ−γ γ ¼ 2.53þ0.07
−0.07 0.88 � � �

Φ0 ¼ 1.66þ0.25
−0.27

B Single power law with cutoff Φ0ðE=E0Þ−γ exp ð−E=EcutÞ γ ¼ 2.45þ0.09
−0.11 0.79 1.0

Φ0 ¼ 1.83þ0.37
−0.31

log10ðEcut=GeVÞ ¼ 6.4þ0.9
−0.4

C Log parabolic power law Φ0ðE=E0Þ−ΓðEÞ γ ¼ 2.58þ0.10
−0.10 0.79 1.6

ΓðEÞ ¼ γ þ b log ðE=E0Þ Φ0 ¼ 1.81þ0.31
−0.29

b ¼ 0.07þ0.05
−0.05

D Broken power law Φb

� ðE=EbÞ−γ1 E ≤ Eb

ðE=EbÞ−γ2 E > Eb
Φ0 ¼ 1.71þ0.65

−0.29 0.82 1.3
log10ðEb=GeVÞ ¼ 4.6þ0.5

−0.2
Φb ¼ Φ0 ×

� ðE0=EbÞγ1 Eb > E0

ðE0=EbÞγ2 Eb ≤ E0
γ1 ¼ 2.11þ0.29

−0.67

γ2 ¼ 2.75þ0.29
−0.14

E Single power lawwith cutoff
þP

BL Lac [Padovani BL Lac]
Φ0ðE=E0Þ−γ exp ð−E=EcutÞþ
Yνγ × fðEÞ

γ ¼ 2.0þ0.3
−0.4 0.78 1.1

Φ0 ¼ 4.3þ3.2
−1.6

log10ðEcut=GeVÞ ¼ 5.1þ0.3
−0.2

F Two hemispheres fΦNðE=E0Þ−γN cos θ ≤ 0

ΦSðE=E0Þ−γS cos θ > 0
Yνγ ¼ 0.20þ0.12

−0.09 0.87 0.0

γN ¼ 2.45þ0.17
−0.36

ΦN ¼ 1.3þ0.7
−1.0

γS ¼ 2.52þ0.10
−0.11

G Single power law (pγ) Φ0ðE=E0Þ−γ ΦS ¼ 1.62þ0.30
−0.29 0.88 0.7

γ ¼ 2.50þ0.07
−0.07

Φ0 ¼ 1.62þ0.25
−0.27
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and zenith angle dependence of the measured flux is
consistent with expectations for a flux of neutrinos of
astrophysical origin. The 68% C.L. profile likelihood
contours for the correlated spectral index and flux
normalization are shown in Fig. 2 as a red curve.
Similar results (yellow curve, γ ¼ 2.50� 0.07 and
ϕastro ¼ 1.62þ0.25

−0.27 ) were obtained under the assumption
that the astrophysical neutrino flux originated from the
pγ-type source where we used the at-earth flavor
ratios, ðνe∶νμ∶ντÞE ¼ 0.78∶0.61∶0.61 and ðν̄e∶ν̄μ∶ν̄τÞE ¼
0.22∶0.39∶0.39 [73], and assumed the single power-law
flux. No significant difference has been observed
between the fluxes from the northern and southern skies
(dashed cyan and blue lines in Fig. 2). Since the
atmospheric self-veto effect [43,57,74,75] reduces
atmospheric neutrino background in the southern sky,
the astrophysical flux is measured more precisely in the
southern than in the northern hemisphere, γS ¼ 2.52þ0.10

−0.11
and γN ¼ 2.45þ0.17

−0.36 (Table IV, hypothesis F). Other
IceCube results are shown as blue, green, and black
curves for the muon neutrinos [26], HESEs [28] and
MESEs (Medium Energy Starting Events, E > 25 TeV)
[29] analyses. Only the muon neutrino sample is
uncorrelated with cascade events from this analysis.
The muon neutrino flux, measured for energies above
40 TeV from the northern sky, is in agreement with the
cascade result at the level of 1.5σ corresponding to a p
value of 0.07. The electron and tau neutrino (cascade)
and all-neutrino flavor (HESE and MESE) measure-
ments, which are correlated, are consistenin the over-
lapping energy range.
The results from fits beyond a single power-law model

assumption are described below. In the differential model
we assumed the flux follows an E−2 spectrum in the
individual neutrino energy segments with independent
normalizations [60]. The corresponding fit results, which
indicate the strength of the astrophysical neutrino flux, are
shown as black points in Fig. 3. The fit results assuming
other hypotheses are shown as curves with functional
forms given in Table IV. The red curve is the result of the
single power-law fit (hypothesis A) with the band indicat-
ing allowed parameters at 68% C.L.. Single power-law fit
results, obtained in the southern and northern skies
separately (hypothesis F) lead to similar results. Other
models assume additional features in the flux shape, such
as a cutoff (hypotheses B and E), break in the spectrum
(hypothesis D), energy dependence of the spectral index
(hypothesis C) as well as an additional neutrino emission
component at high neutrino energies from the population
of Blazar Lacertae blazars (hypothesis E). The latter has
been modeled according to Ref. [76] with one free
parameter, the neutrino to γ-ray intensity ratio, Yνγ . The
fit results are given in Table IV. Although not statistically
significant, the results (hypotheses C, D, and E) indicate
an overall soft spectral index (γ ∼ 2.4–2.6), a softening of

spectral index with energy from γ ∼ 2.0 to γ ∼ 2.75 above
∼40TeV, or a cutoff in the flux from the low energy
component at energies as low as ∼0.1 PeV. The nonzero
contribution from the BL Lac neutrino flux component
(hypothesis E), which is proportional to the Yνγ, is
statistically nonsignificant. We thus placed an upper limit
on the ratio Yν;γ < 0.41 at 90% C.L., leading to the
conclusion that a significant fraction of the γ-ray emission
from BL Lacs is due to leptonic processes, in agreement
with the IceCube limit at ultrahigh energies [77,78].
Current statistics are not sufficient to distinguish between
models that go beyond the single power law (hypotheses
B–F, Table IV). The most significant extension to the
single power law is hypothesis C, assuming energy
dependent spectral indices, with a p value of 0.06.
In summary, our results are consistent with the hypo-

thesis that the flux of astrophysical electron and tau
neutrinos follows a single power law, with a spectral index
of γ ¼ 2.53� 0.07 and a flux normalization for each
neutrino flavor of ϕastro ¼ ð1.66þ0.25

−0.27Þ at E0 ¼ 100 TeV.
In the measured energy range we reject spectral indices
γ ≤ 2.28 at ≥ 3σ level. The sizable and smooth flux
measured below ∼100 TeV remains a puzzle. In order to
not violate the isotropic diffuse gamma-ray background
[79], it suggests the existence of astrophysical neutrino
sources characterized by dense environments which are
opaque to gamma rays [80,81].

The IceCube collaboration acknowledges the significant
contributions to this Letter from the Stony Brook

FIG. 3. Astrophysical neutrino flux per neutrino flavor as a
function of energy. Black crosses represent the differential flux
model best fit results for the 2010–2015 (six years) cascade data.
Colored solid (dashed) curves represent astrophysical neutrino
flux models in (outside of) the sensitive energy range from
16 TeV to 2.6 PeV. Their functional forms as well as fit results are
given in Table IV. The 1σ data uncertainties, data limits, and
uncertainty band correspond to the 68% C.L. simultaneous
coverage for the unbroken single power-law flux.
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†Also at Università di Padova, I-35131 Padova, Italy.
‡Also at National Research Nuclear University, Moscow
Engineering Physics Institute (MEPhI), Moscow 115409,
Russia.

§Also at Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan.

[1] M. G. Aartsen et al. (IceCube Collaboration), First Obser-
vation of PeV-Energy Neutrinos with IceCube, Phys. Rev.
Lett. 111, 021103 (2013).

[2] M. G. Aartsen et al. (IceCube Collaboration), Evidence for
high-energy extraterrestrial neutrinos at the icecube detec-
tor, Science 342, 1242856 (2013).

[3] M. G. Aartsen et al. (IceCube Collaboration), Observation
of High-Energy Astrophysical Neutrinos in Three Years of
IceCube Data, Phys. Rev. Lett. 113, 101101 (2014).

[4] M. G. Aartsen et al. (IceCube, Fermi-LAT, MAGIC,
AGILE, ASAS-SN, HAWC, H.E.S.S., and INTEGRAL
Collaborations), Multimessenger observations of a flaring
blazar coincident with high-energy neutrino IceCube-
170922A, Science 361 (2018).

[5] M. G. Aartsen et al. (IceCube Collaboration), Neutrino
emission from the direction of the blazar TXS 0506+056
prior to the IceCube-170922A alert, Science 361, 147
(2018).

[6] R. J. Protheroe and D. Kazanas, On the origin of relativistic
particles and gamma-rays in quasars, Astrophys. J. 265, 620
(1983).

[7] D. Kazanas and D. Ellison, The central engine of quasars
and active galactic nuclei: hadronic interactions of shock-
accelerated relativistic protons, Astrophys. J. 304, 178
(1986).

[8] M. Sikora et al., Electron injection by relativistic protons in
active galactic nuclei, Astrophys. J. Lett. 320, L81
(1987).

[9] F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers,
High-Energy Neutrinos from Active Galactic Nuclei,
Phys. Rev. Lett. 66, 2697 (1991).

[10] F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers,
Erratum:High-Energy Neutrinos from Active Galactic
Nuclei, Phys. Rev. Lett. 69, 2738(E) (1992).

[11] K. Mannheim and P. L. Biermann, Photomeson production
in active galactic nuclei, Astron. Astrophys. 221, 211
(1989).

[12] A. R. Bell, The acceleration of cosmic rays in shock fronts,
Mon. Not. R. Astron. Soc. 182, 147 (1978).

[13] T. K. Gaisser, Cosmic Rays and Particle Physics (Cambridge
University Press, Cambridge, England, 1990).

[14] W. Winter, Photohadronic origin of the TeV-PeV neutrinos
observed in IceCube, Phys. Rev. D 88, 083007 (2013).

[15] K. Murase, M. Ahlers, and B. C. Lacki, Testing the
hadronuclear origin of PeV neutrinos observed with
IceCube, Phys. Rev. D 88, 121301(R) (2013).

[16] J. G. Learned and S. Pakvasa, Detecting ντ oscillations at
PeV energies, Astropart. Phys. 3, 267 (1995).

[17] H. Athar, C. S. Kim, and J. Lee, Intrinsic and oscillated
astrophysical neutrino flavor ratios revisited, Mod. Phys.
Lett. A 21, 1049 (2006).

[18] T. Kashti and E. Waxman, Astrophysical Neutrinos: Flavor
Ratios Depend on Energy, Phys. Rev. Lett. 95, 181101
(2005).

[19] S. R. Klein, R. E. Mikkelsen, and J. Becker Tjus,
Muon acceleration in cosmic-ray sources, Astrophys. J.
779, 106 (2013).

[20] P. Lipari, M. Lusignoli, and D. Meloni, Flavor composition
and energy spectrum of astrophysical neutrinos, Phys. Rev.
D 75, 123005 (2007).

[21] M. Bustamante, J. F. Beacom, and W. Winter, Theoretically
Palatable Flavor Combinations of Astrophysical Neutrinos,
Phys. Rev. Lett. 115, 161302 (2015).

[22] A. Esmaili and Y. Farzan, An analysis of cosmic neutrinos:
Flavor composition at source and neutrino mixing para-
meters, Nucl. Phys. B821, 197 (2009).

[23] I. Esteban, M. C. Gonzalez-Garcia, A. Hernandez-
Cabezudo, M. Maltoni, and T. Schwetz, Global analysis
of three-flavour neutrino oscillations: synergies and tensions

PHYSICAL REVIEW LETTERS 125, 121104 (2020)

121104-8

https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1126/science.1242856
https://doi.org/10.1103/PhysRevLett.113.101101
https://doi.org/10.1126/science.aat1378
https://doi.org/10.1126/science.aat2890
https://doi.org/10.1126/science.aat2890
https://doi.org/10.1086/160707
https://doi.org/10.1086/160707
https://doi.org/10.1086/164152
https://doi.org/10.1086/164152
https://doi.org/10.1086/184980
https://doi.org/10.1086/184980
https://doi.org/10.1103/PhysRevLett.66.2697
https://doi.org/10.1103/PhysRevLett.69.2738
https://doi.org/10.1093/mnras/182.2.147
https://doi.org/10.1103/PhysRevD.88.083007
https://doi.org/10.1103/PhysRevD.88.121301
https://doi.org/10.1016/0927-6505(94)00043-3
https://doi.org/10.1142/S021773230602038X
https://doi.org/10.1142/S021773230602038X
https://doi.org/10.1103/PhysRevLett.95.181101
https://doi.org/10.1103/PhysRevLett.95.181101
https://doi.org/10.1088/0004-637X/779/2/106
https://doi.org/10.1088/0004-637X/779/2/106
https://doi.org/10.1103/PhysRevD.75.123005
https://doi.org/10.1103/PhysRevD.75.123005
https://doi.org/10.1103/PhysRevLett.115.161302
https://doi.org/10.1016/j.nuclphysb.2009.06.017


in the determination of Î¸23, Î´CP, and the mass ordering,
J. High Energy Phys. 01 (2019) 106.

[24] NuFIT 4.1, www.nu-fit.org (2019).
[25] M. G. Aartsen et al. (IceCube Collaboration), Observation

and Characterization of a Cosmic Muon Neutrino Flux from
the Northern Hemisphere using six years of IceCube data,
Astrophys. J. 833, 3 (2016).

[26] M. G. Aartsen et al. (IceCube Collaboration), Measurement
of the diffuse astrophysical muon-neutrino spectrum with
ten years of IceCube data, Proc. Sci., ICRC2019 (2019)
1017.

[27] M. G. Aartsen et al. (IceCube Collaboration), Measure-
ments using the inelasticity distribution of multi-TeV
neutrino interactions in IceCube, Phys. Rev. D 99,
032004 (2019).

[28] M. G. Aartsen et al. (IceCube Collaboration), Characteri-
zation of the astrophysical diffuse neutrino flux with Ice-
Cube high-energy starting events, Proc. Sci., ICRC2019
(2019) 1004.

[29] M. G. Aartsen et al. (IceCube Collaboration), Atmospheric
and astrophysical neutrinos above 1 TeV interacting in
IceCube, Phys. Rev. D 91, 022001 (2015).

[30] M. G. Aartsen et al. (IceCube Collaboration), A combined
maximum-likelihood analysis of the high-energy astro-
physical neutrino flux measured with IceCube, Astrophys.
J. 809, 98 (2015).

[31] A. Albert et al. (Antares Collaboration), All-flavor search
for a diffuse flux of cosmic neutrinos with nine years of
ANTARES data, Astrophys. J. Lett. 853, L7 (2018).

[32] A. D. Avrorin et al. (Baikal-GVD Collaboration), Search for
cascade events with Baikal-GVD, Proc. Sci., ICRC2019
(2019) 0873.

[33] D. Gaggero, D. Grasso, A. Marinelli, A. Urbano, and
M. Valli, THE gamma-ray and neutrino sky: A consistent
picture of Fermi-lat, Milagro, and IceCube results,
Astrophys. J. Lett. 815, L25 (2015).

[34] A. Albert et al. (Antares and IceCube Collaborations), Joint
constraints on galactic diffuse neutrino emission from the
ANTARES and IceCube neutrino telescopes, Astrophys. J.
868, L20 (2018).

[35] M. G. Aartsen et al. (IceCube Collaboration), Search for
sources of astrophysical neutrinos using seven years of
IceCube cascade events, Astrophys. J. 886, 12 (2019).

[36] Y. Inoue, S. Khangulyan, D. Inoue, and A. Doi,
On high-energy particles in accretion disk coronae of
supermassive black holes: Implications for MeV gamma-
rays and high-energy neutrinos from AGN cores, Astrophys.
J. 880, 40 (2019).

[37] K. Murase, S. S. Kimura, and P. Meszaros, Hidden Cores of
Active Galactic Nuclei as the Origin of Medium-Energy
Neutrinos: Critical Tests with the MeV Gamma-Ray
Connection, Phys. Rev. Lett. 125, 011101 (2020).

[38] M. G. Aartsen et al. (IceCube Collaboration), The IceCube
neutrino observatory: Instrumentation and online systems,
J. Instrum. 12, P03012 (2017).

[39] S. L. Glashow, Resonant scattering of antineutrinos,
Phys. Rev. 118, 316 (1960).

[40] M. G. Aartsen et al. (IceCube Collaboration), Energy
reconstruction methods in the IceCube neutrino telescope,
J. Instrum. 9, P03009 (2014).

[41] J. F. Beacom and J. Candia, Shower power: Isolating the
prompt atmospheric neutrino flux using electron neutrinos,
J. Cosmol. Astropart. Phys. 11 (2004) 009.

[42] D. Heck et al., Technical Report No. FZKA 6019, Institute
for Nuclear Physics, Karlsruhe Institute of Technology
(KIT), 1998.

[43] J. van Santen, Ph.D. thesis, University of Wisconsin-
Madison, 2014.

[44] T. K. Gaisser, Spectrum of cosmic-ray nucleons, kaon
production, and the atmospheric muon charge ratio, As-
tropart. Phys. 35, 801 (2012).

[45] E. J. Ahn, R. Engel, T. K. Gaisser, P. Lipari, and T. Stanev,
Cosmic ray interaction event generator SIBYLL 2.1, Phys.
Rev. D 80, 094003 (2009).

[46] A. Gazizov and M. P. Kowalski, ANIS: High energy
neutrino generator for neutrino telescopes, Comput. Phys.
Commun. 172 (2005).

[47] A. Cooper-Sarkar, P. Mertsch, and S. Sarkar, The high
energy neutrino cross-section in the Standard Model and its
uncertainty, J. High Energy Phys. 08 (2011) 042.

[48] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa, and T.
Sanuki, Calculation of atmospheric neutrino flux using the
interaction model calibrated with atmospheric muon data,
Phys. Rev. D 75, 043006 (2007).

[49] E. Richard et al. (Super-K Collaboration), Measurements of
the atmospheric neutrino flux by Super-Kamiokande: En-
ergy spectra, geomagnetic effects, and solar modulation,
Phys. Rev. D 94, 052001 (2016).

[50] R. Abbasi et al. (IceCube Collaboration), Determination of
the atmospheric neutrino flux and searches for new physics
with AMANDA-II, Phys. Rev. D 79, 102005 (2009).

[51] R. Abbasi, Y. Abdou, T. Abu-Zayyad, J. Adams, J.A.
Aguilar, M. Ahlers, K. Andeen, J. Auffenberg, X. Bai,
and M. Baker (IceCube Collaboration), The energy spec-
trum of atmospheric neutrinos between 2 and 200 TeV with
the AMANDA-II detector, Astropart. Phys. 34, 48 (2010).

[52] R. Abbasi et al. (IceCube Collaboration), Measurement of
the atmospheric neutrino energy spectrum from 100 GeV to
400 TeV with IceCube, Phys. Rev. D 83, 012001 (2011).

[53] M. G. Aartsen et al. (IceCube Collaboration), Measurement
of the atmospheric ve flux in IceCube, Phys. Rev. Lett. 110,
151105 (2013).

[54] M. G. Aartsen et al. (IceCube Collaboration), Measurement
of the Atmospheric ve Spectrum with IceCube, Phys. Rev. D
91, 122004 (2015).

[55] S. Adrian-Martinez et al. (ANTARES Collaboration),
Measurement of the atmospheric νμ energy spectrum from
100 GeV to 200 TeV with the ANTARES telescope,
Eur. Phys. J. C 73, 2606 (2013).

[56] A. Bhattacharya, R. Enberg, M. H. Reno, I. Sarcevic, and
A. Stasto, Perturbative charm production and the prompt
atmospheric neutrino flux in light of RHIC and LHC,
J. High Energy Phys. 06 (2015) 110.

[57] T. K. Gaisser, K. Jero, A. Karle, and J. van Santen,
Generalized self-veto probability for atmospheric neutrinos,
Phys. Rev. D 90, 023009 (2014).

[58] M. G. Aartsen et al. (IceCube Collaboration), High energy
astrophysical neutrino flux characteristics for neutrino-
induced cascades using IC79 and IC86-string IceCube conf,
Proc. Sci., ICRC2015 (2015) 1109.

PHYSICAL REVIEW LETTERS 125, 121104 (2020)

121104-9

https://doi.org/10.1007/JHEP01(2019)106
https://doi.org/10.3847/0004-637X/833/1/3
https://doi.org/10.22323/1.358.1017
https://doi.org/10.22323/1.358.1017
https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.1103/PhysRevD.99.032004
https://doi.org/10.22323/1.358.1004
https://doi.org/10.22323/1.358.1004
https://doi.org/10.1103/PhysRevD.91.022001
https://doi.org/10.1088/0004-637X/809/1/98
https://doi.org/10.1088/0004-637X/809/1/98
https://doi.org/10.3847/2041-8213/aaa4f6
https://doi.org/10.22323/1.358.0873
https://doi.org/10.22323/1.358.0873
https://doi.org/10.1088/2041-8205/815/2/L25
https://doi.org/10.3847/2041-8213/aaeecf
https://doi.org/10.3847/2041-8213/aaeecf
https://doi.org/10.3847/1538-4357/ab4ae2
https://doi.org/10.3847/1538-4357/ab2715
https://doi.org/10.3847/1538-4357/ab2715
https://doi.org/10.1103/PhysRevLett.125.011101
https://doi.org/10.1088/1748-0221/12/03/P03012
https://doi.org/10.1103/PhysRev.118.316
https://doi.org/10.1088/1748-0221/9/03/P03009
https://doi.org/10.1088/1475-7516/2004/11/009
https://doi.org/10.1016/j.astropartphys.2012.02.010
https://doi.org/10.1016/j.astropartphys.2012.02.010
https://doi.org/10.1103/PhysRevD.80.094003
https://doi.org/10.1103/PhysRevD.80.094003
https://doi.org/10.1016/j.cpc.2005.03.113
https://doi.org/10.1016/j.cpc.2005.03.113
https://doi.org/10.1007/JHEP08(2011)042
https://doi.org/10.1103/PhysRevD.75.043006
https://doi.org/10.1103/PhysRevD.94.052001
https://doi.org/10.1103/PhysRevD.79.102005
https://doi.org/10.1016/j.astropartphys.2010.05.001
https://doi.org/10.1103/PhysRevD.83.012001
https://doi.org/10.1103/PhysRevLett.110.151105
https://doi.org/10.1103/PhysRevLett.110.151105
https://doi.org/10.1103/PhysRevD.91.122004
https://doi.org/10.1103/PhysRevD.91.122004
https://doi.org/10.1140/epjc/s10052-013-2606-4
https://doi.org/10.1007/JHEP06(2015)110
https://doi.org/10.1103/PhysRevD.90.023009
https://doi.org/10.22323/1.236.1109


[59] M. G. Aartsen et al. (IceCube Collaboration), High Energy
Astrophysical Neutrino Flux Measurement Using Neutrino-
induced Cascades Observed in 4 Years of IceCube Data,
Proc. Sci., ICRC2017 (2017) 968.

[60] H. Niederhausen, Ph.D. thesis, Stony Brook University,
2018.

[61] Y. Xu, Ph.D. Thesis, Stony Brook University, 2019.
[62] R. Abbasi et al. (IceCube Collaboration), First search for

atmospheric and extraterrestrial neutrino-induced cascades
with the IceCube detector, Phys. Rev. D 84, 072001 (2011).

[63] M. G. Aartsen et al. (IceCube Collaboration), Search for
neutrino-induced particle showers with IceCube-40, Phys.
Rev. D 89, 102001 (2014).

[64] M. G. Aartsen et al. (IceCube Collaboration), Search for
diffuse astrophysical neutrinos with cascade events in the
IceCube-59 detector, Proc. Sci., ICRC2013 (2013) 662,
https://arxiv.org/pdf/1309.7003.pdf.

[65] T. Chen and C. Guestrin, XGBoost: A Scalable Tree
Boosting System, Proceedings of the 22nd KDD (Associ-
ation for Computing Machinery, New York, 2016), p. 785.

[66] F. Riehn et al., A new version of the event generator Sibyll,
Proc. Sci., ICRC2015 (2015) 558.

[67] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with
data measured at the CERN Large Hadron Collider, Phys.
Rev. C 92, 034906 (2015).

[68] S. Roesler, R. Engel, and J. Ranft, The Monte Carlo Event
Generator DPMJET-III, Advanced Monte Carlo for
Radiation Physics, Particle Transport Simulation and
Applications (Springer, Berlin, Heidelberg, 2001).

[69] A. Fedynitch and R. Engel, Revision of the high energy
hadronic interaction models PHOJET/DPMJETIII, Pro-
ceedings of 14th International Conference on Nuclear
Reaction Mechanisms (CERN, Geneva, 2015).

[70] A. Fedynitch et al., Calculation of conventional and prompt
lepton fluxes at very high energy, EPJ Web Conf. 99, 08001
(2015).

[71] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.125.121104 for the

astrophysical neutrino flux parameters profile likelihood
contours with different assumptions on the neutrino flavor
composition.

[72] S. Baker and R. D. Cousins, Clarification of the use of chi
square and likelihood functions in fits to histograms,
Nucl. Instrum. Methods 221, 437 (1984).

[73] A. Bhattacharya, R. Gandhi, W. Rodejohann, and A.
Watanabe, The Glashow resonance at IceCube: signatures,
event rates and pp vs. pγ interactions, J. Cosmol. Astropart.
Phys. 10 (2011) 017.

[74] S. Schonert, T. K. Gaisser, E. Resconi, and O. Schulz,
Vetoing atmospheric neutrinos in a high energy neutrino
telescope, Phys. Rev. D 79, 043009 (2009).

[75] C. A. Argüelles, S. Palomares-Ruiz, A. Schneider, L. Wille,
and T. Yuan, Unified atmospheric neutrino passing fractions
for large-scale neutrino telescopes, J. Cosmol. Astropart.
Phys. 07 (2018) 047.

[76] P. Padovani, M. Petropoulou, P. Giommi, and E. Resconi, A
simplified view of blazars: the neutrino background, Mon.
Not. R. Astron. Soc. 452, 1877 (2015).

[77] M. G. Aartsen et al. (IceCube Collaboration), Constraints on
Ultrahigh-Energy Cosmic-Ray Sources from a Search for
Neutrinos above 10 PeV with IceCube, Phys. Rev. Lett. 117,
241101 (2016).

[78] M. G. Aartsen et al. (IceCube Collaboration), Erratum:
Constraints on Ultrahigh-Energy Cosmic-Ray Sources from
a Search for Neutrinos Above 10 PeV with IceCube,
Phys. Rev. Lett. 119, 259902(E) (2017).

[79] M. Ackermann et al. (Fermi-LAT Collaboration),
The spectrum of isotropic diffuse gamma-ray emission
between 100 MeV and 820 GeV, Astrophys. J. 799, 86
(2015).

[80] K. Murase, D. Guetta, and M. Ahlers, Hidden Cosmic-Ray
Accelerators as an Origin of TeV-PeV Cosmic Neutrinos,
Phys. Rev. Lett. 116, 071101 (2016).

[81] K. Bechtol, M. Ahlers, M. Di Mauro, M. Ajello, and J.
Vandenbroucke, Evidence against star-forming galaxies as
the dominant source of IceCube neutrinos, Astrophys. J.
836, 47 (2017).

PHYSICAL REVIEW LETTERS 125, 121104 (2020)

121104-10

https://doi.org/10.22323/1.301.0968
https://doi.org/10.1103/PhysRevD.84.072001
https://doi.org/10.1103/PhysRevD.89.102001
https://doi.org/10.1103/PhysRevD.89.102001
https://arxiv.org/pdf/1309.7003.pdf
https://arxiv.org/pdf/1309.7003.pdf
https://arxiv.org/pdf/1309.7003.pdf
https://arxiv.org/pdf/1309.7003.pdf
https://doi.org/10.22323/1.236.0558
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1051/epjconf/20159908001
https://doi.org/10.1051/epjconf/20159908001
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.121104
https://doi.org/10.1016/0167-5087(84)90016-4
https://doi.org/10.1088/1475-7516/2011/10/017
https://doi.org/10.1088/1475-7516/2011/10/017
https://doi.org/10.1103/PhysRevD.79.043009
https://doi.org/10.1088/1475-7516/2018/07/047
https://doi.org/10.1088/1475-7516/2018/07/047
https://doi.org/10.1093/mnras/stv1467
https://doi.org/10.1093/mnras/stv1467
https://doi.org/10.1103/PhysRevLett.117.241101
https://doi.org/10.1103/PhysRevLett.117.241101
https://doi.org/10.1103/PhysRevLett.119.259902
https://doi.org/10.1088/0004-637X/799/1/86
https://doi.org/10.1088/0004-637X/799/1/86
https://doi.org/10.1103/PhysRevLett.116.071101
https://doi.org/10.3847/1538-4357/836/1/47
https://doi.org/10.3847/1538-4357/836/1/47

