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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 y =
2.53 £0.07 and a flux normalization for each neutrino flavor of ¢y, = 1.66f8:2275 at £y =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 y < 2.28 at > 3o 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 as measured
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 0506 + 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 (py). 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~7 with a baseline spectral index of
y ~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 vN
deep inelastic scattering cross section is from Ref. [47].
Astrophysical neutrino event selection efficiencies were
tested assuming as baseline an E~? flux with equal
numbers of neutrinos and antineutrinos, and with an
equal neutrino flavor mixture at Earth: (v,:v,:v,)p =
(Ue:0,:0;)p = 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 £ > 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 cCORSIKA Monte Carlo
simulations.

The analyzed data consist of two sets: 2010-2011 (two
years, sample A) [58] and 20122015 (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
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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).

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 6,, by maximizing a binned
Poisson likelihood L(6,,6,|n). The 6, are the nuisance
parameters, and n = (ny, ..., n,,) is the vector of observed
event counts 7, 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 O-z, as shown in
Table I. In this analysis, the log-likelihood function is
defined, up to a constant, as
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TABLE I. The binning of observables (reconstructed energy
and zenith) used in the maximum likelihood fit. Energy ranges
are given in logarithmic units, log,, £/GeV, and zenith ranges
are given in radians. The three bins’ ranges in cos(Zenith) are
(-1,0.2,0.6,1)

Sample & event  Energy Energy Zenith Zenith
type NBins range NBins range
A cascade 15 4.0-7.0 3 0-7
B cascade 22 2.6-7.0 3 0-7
B u starting track 11 2.6-4.8 1 0-7
B u track 1 2.6-4.8 1 0-7

[z

logL(0r70s|n) = [nilog:“i(arvas) _ﬂi(ar’as)]

1

Il
=

(R e
2 U?OM 6?1
+ <A}’CR - AJ’CR) 2]
OAycr
1 . _ .
+ 5 (€BI _ €BI)TEBII (€BI _ €BI). (1)

The expected, from Monte Carlo simulations, number of
events in the ith bin is defined as p; = g™ + psomVv 4
pPOmPY o ystor - the sum of background cosmic ray
muons, conventional and prompt atmospheric neutrinos,
and astrophysical neutrinos. The nuisance parameters
0, contribute additive penalty terms to the log-likelihood
function, Eq. (1). They account for detector related
systematic uncertainties, comprised of the DOM optical
efficiency, €OP™, optical properties (scattering and
absorption length) of the bulk ice (BI), €Bl, and €Bl,
and of the refrozen drilled hole ice (HI), €!ll,. The bivariate
covariance matrix Xp; takes into account correlations
between the two components of €®! = (eBl, eBl). Other
systematic uncertainties are due to uncertainties on the

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

Parameter Prior constraint Result +10 (< 90% upper limit)

4 2.53+0.07

Puso 1667833

¢c0nv (107i012) S (DHKKMSO()

¢prompt <35.0x CDBERSS
muon e 1.45+0.04

Aycr 0.00 £ 0.05 0.02 +£0.03

Bl 1.00 £ 0.07 1.02 £ 0.03

Bl 1.00 £ 0.07 1.0370%

€xtat 1.72 4 0.19

€DOM 0.99 £ 0.10 1.03750%

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 p p-type
sources in the 4-8 PeV energy range.

Number of events Ve + 0, v, + 0, v, + 0,
astro. 303758 5948 204133

(127519 (2273) (8017)
astro. GR 0.73595,
atmo. conv. 851753 2901782

(5073) (1431)
atmo. prompt <192 <32

(<57 (<7

cosmic ray flux index Aycgr, on the flux normalizations of
the cosmic ray muon ¢,,,.,, atmospheric conventional
$cony and  prompt  Ppomy  Deutrino  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-

4
% HESE (7.5yr, Yv, pp, >60TeV)
B MESE (2yr, Y v, pp, >25TeV)
®  Tracks (9.5yr, vy, >40TeV)
3 A Cascades (6yr, ve+ vy, pp, > 16TeV) |

Cascades (6yr, Ve + Vi, pY, > 16TeV)

1 Cascades, South
===~ Cascades, North (¢prompt =0)
------- Cascades, North

T T T T
2.2 2.4 2.6 2.8 3.0

Yastro

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 (py) neutrino production mechanism at the source, respec-
tively. Other IceCube results are shown as blue, green, and gray
curves for v, [26] and for all-neutrino flavor HESE [28] and
MESE [29] analyses.
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neutrinos and equal neutrino flavors at Earth. First we
describe the results obtained for the single power-law flux
model:

(I)Z;trl_;)(E)/CO = ¢astro X (E/EO)_77 (2)

where Cyp=3x10""® GeV™'-cm™2-s7!-sr7!  and
Ey =100 TeV. We find the following best fit para-
meters: the flux spectral index y = 2.53 + 0.07 and the
flux normalization for each neutrino flavor ¢, =
1.66702 at E; = 100 TeV. The result for the measured
electron and tau neutrino flux ®“% + ®“7'* changes
insignificantly, if we include variations in the injected
flavor ratio at astrophysical sources (v,:v,:v;)s=
(1= f5:f5:0) through an additional nuisance parameter
0< 54 < 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

TABLEIV. Cy=3x10""® GeV™'-cm™2-s7' - sr™! and E, = 100 TeV. Fit results for different hypotheses, assuming the baseline
(Veivyiv)p = (0o:0,:0;) = 0.5:0.5:0.5 flavor composition expected for pp sources (hypotheses A-F) and (v,:v,:v,)p =
0.78:0.61:0.61, (7,:7,:7,) = 0.22:0.39:0.39 expected for py 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 o 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 (D,y,, = 0) is 9.96. All

significances are given using the one-sided convention.

Hypothesis Flux model (Vygy0) @YY (E, cos0)/Cy = Result g.0.f Significance [6]
A Single power law ®y(E/Ey)" y =253 0.88
Py = 166197
B Single power law with cutoff ~ ®y(E/E,)~ exp (—E/Ey) y = 245700 0.79 1.0
@, = 1.83103] s
logo(Ecu/GeV) = 6.415,
C Log parabolic power law @y (E/Ey)TE) y =2.581010 0.79 1.6
T(E) =y + blog (E/Ey) @) = 1.8173
b =0.071002
. - 03
D Broken power law Qb{ Eg;?’g_y; g - ?’ @, = 1.7110% 0.82 1.3
b (Eo/E )hb E > E log,(E,/GeV) = 4-6:()]25
(I)b — q)o % 0 b b 0 Y = 2'llt0.29
(Eo/Ep)  Eyp <Eg 067
r2 = 275557
E Single power lawwith cutoff ~ ®o(E/E,) " exp (—E/Eqy)+ y =207 0.78 1.1
+ 3 BL Lac [Padovani BL Lac] Y,, x f(E)
D, =4.372
log o(Ecu/GeV) = 51103
» Qy(E/Eg)™ cos® <0 _ +0.12
F Two hemispheres { Og(E/Ey))"  cosd > 0 Y,, =0.2075 0.87 0.0
yn = 245037
Dy = 1~3ir?.'g
rs =252
G Single power law (py) Dy (E/Ey)" Og = 1.627539 0.88 0.7

y = 250150

@, = 1.62707
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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, y =2.50+£0.07 and
Dastro = 1.62f8_‘22§) were obtained under the assumption
that the astrophysical neutrino flux originated from the
py-type source where we used the at-earth flavor
ratios, (v, v, v;)p = 0.78:0.61:0.61 and (7,:0,:0,) =
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, yg = 2.521019
and yy = 2457017 (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, £ > 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 1.5¢ 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 I'V. 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 y-ray intensity ratio, Y,,. The
fit results are given in Table I'V. Although not statistically
significant, the results (hypotheses C, D, and E) indicate
an overall soft spectral index (y ~ 2.4-2.6), a softening of

1076
—— single power law (spl)

spl +1c
—— log parabola

spl with cutoff
1077 —— spl with cutoff + Y BL Lac
XN broken power law

T:: —}— =+ piecewise model
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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 1o data uncertainties, data limits, and
uncertainty band correspond to the 68% C.L. simultaneous
coverage for the unbroken single power-law flux.

spectral index with energy from y ~ 2.0 to y ~ 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 Y,,, is
statistically nonsignificant. We thus placed an upper limit
on the ratio Y¥,, <0.41 at 90% C.L., leading to the
conclusion that a significant fraction of the y-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 y =2534+0.07 and a flux normalization for each
neutrino flavor of Py = (1.667033) at Ey = 100 TeV.
In the measured energy range we reject spectral indices
y <2.28 at > 30 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].
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