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flux [20–22] Here we use the HKKMS07 calculation [20],
where the uncertainty of this calculation is estimated by
its authors to be less than 10% at few GeV energies,
which is consistent with measurements [23], and is ex-
pected to increase with energy to around 25% at 1 TeV.
Since this model was designed for relatively low ener-
gies (100 MeV-10 TeV) compared to those considered in
this analysis (⇠100 GeV-100 TeV), it is extended and
modified according to the procedure in [12] to take into
account the input cosmic ray spectrum [24] at high en-
ergies. An important feature of the conventional atmo-
spheric neutrino flux is that the parent mesons may be
destroyed by interactions with the medium before decay-
ing and producing neutrinos. The energy spectrum is
therefore steeper (/ E�3.7) than that of the cosmic rays
from which it is produced (/ E�2.7) [25]. This is then
markedly softer than the hypothesized spectrum of as-
trophysical neutrinos. The cosmic ray showering process
gives these neutrinos a characteristic distribution in di-
rection, peaked near the observer’s horizon, because of
the di↵erent profiles of atmospheric density the air show-
ers encounter.
The prompt atmospheric neutrinos are less well un-

derstood, as they have not yet been observed experimen-
tally, and the theoretical predictions depend on under-
standing heavy quark production in cosmic ray-air col-
lisions at high energies. Multiple calculations exist [26–
28], and here we choose the phenomenological ERS esti-
mate of the flux [28], again applying corrections for the
input cosmic ray spectrum. This model has a normal-
ization uncertainty of about a factor of two, and other
calculations predict substantially larger or smaller fluxes.
Like the conventional atmospheric neutrinos, the energy
spectrum of the prompt component arises from the spec-
trum of the cosmic rays. However, since the intermediate
mesons involved decay so rapidly (with a mean lifetime of
1.04⇥10�12 s for the D± at rest, as opposed to 2.60⇥10�8

s for the ⇡± or 1.24⇥10�8 s for the K±), losses via inter-
actions are suppressed and the spectrum remains similar
to E�2.7, and likewise remains essentially isotropic.
To fit the observed data, we implement the binned

Poisson profile likelihood construction described in [11].
Here, the expected event rates for each flux component
are computed by weighting a generalized simulation of
neutrinos traversing the Earth and interacting at IceCube
according to the model’s input neutrino flux. Compar-
isons are made in each bin to the observed data. For
this study, the data are binned in both the reconstructed
zenith angle and the energy proxy. The main parameter
of interest for this fit is the normalization assigned to the
astrophysical flux component, while the normalizations
of the background components are treated as nuisance
parameters. Additional nuisance parameters include the
di↵erence between the true slope of the cosmic ray spec-
trum and the assumed model, the e�ciency with which
the IceCube hardware detects photons emitted in the ice,
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FIG. 1. The distribution of reconstructed zenith angles of
events in the final sample, compared to the expected distribu-
tions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown, though in almost all bins
they are small enough to be hidden by the data markers.
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FIG. 2. The distribution of reconstructed muon energy proxy
for events in the final sample, compared to the expected distri-
butions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown. The energy proxy does not
have a linear relationship to actual muon energy, but values
⇠ 3⇥103 are roughly equivalent to the same quantity in GeV.
Larger proxy values increasingly tend to underestimate muon
energies, while smaller values tend to overestimate.

and the relative contributions to the conventional atmo-
spheric neutrino flux from kaon decays rather than pion
decays. The nuisance parameters can be constrained us-
ing prior information from external sources, and the pri-
ors used in this analysis are listed in the fourth column
of Table I.
The parameter values from fitting 659.5 days of de-

tector livetime using the benchmark set of fluxes are
summarized in Tab. I, and the projections of the ob-
served and fitted spectra into the reconstructed zenith


