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Parameter E�2 Fit Best Fit Prior

Astrophysical flux normalization per flavor 9.9+3.9
�3.4 ⇥ 10�19 1.7+0.6

�0.8 ⇥ 10�18 � 0
Astrophysical flux index fixed to 2 2.2+0.2

�0.2 none

HKKMS07 normalization 0.93+0.05
�0.04 0.93+0.04

�0.04 � 0
ERS normalization 0.94+1.50

�0.94 0+1.05 � 0
Cosmic ray spectral index change �0.024+0.011

�0.011 �0.023+.001
�.0008 0± 0.05

Detector optical e�ciency +9.1+0.5
�0.5% +9.1+0.5

�0.5% none
Kaon production normalization 1.15+0.08

�0.07 1.15+0.08
�0.07 1± 0.1

TABLE I. Fit parameters are shown for two case: when an E�2 astrophysical flux with equal flavor composition and equal
neutrino and antineutrino components is assumed (E�2 Fit), and when the index of the astrophysical flux is allowed to vary
(Best Fit). The listed error ranges are 68% confidence intervals. The gaussian priors are shown as the mean value ± the
standard deviation, but the fit results do not depend substantially on the priors. Units for the astrophysical flux normalization
are GeV�1 cm�2 sr�1 s�1, and HKKMS07 [20] and ERS [28] are the reference conventional and prompt atmospheric fluxes,
respectively.

angle and muon energy proxy are shown in Fig. 1, and
Fig. 2, respectively. The uncertainties shown for the fit
parameters include both statistical and systematic con-
tributions (at the 68% confidence level), via the profile
likelihood, using the �2 approximation [29]. Note that
the data point in Fig. 2 at muon energy proxy values of
around 1.4⇥105 should not be taken as an indication of a
spectral feature: A fluctuation of this size is expected to
occur in approximately 9% of experiments due to statis-
tical fluctuations, and even a delta function component
in the true neutrino spectrum would be broadened into
a far wider peak in the muon energy proxy [10].

The best fit for the astrophysical com-
ponent is a flux �(E⌫) = 9.9+3.9

�3.4 ⇥
10�19 GeV�1 cm�2 sr�1 s�1

�
E⌫

100TeV

��2
per flavor.

The best fit prompt component is 0.94 times the bench-
mark flux, but is consistent with zero. The significance
of the non-zero astrophysical flux is evaluated by a
likelihood ratio test to the null hypothesis that only
atmospheric neutrino fluxes are present, in which case
the fitted prompt atmospheric normalization rises to
4.0 times the ERS model. An ensemble of trials is used
to establish the distribution of the likelihood ratio test
statistic, yielding a p-value of 1.1⇥10�4 or a single-sided
significance of 3.7�.

The range of neutrino energies in which this astrophys-
ical flux is constrained by the data is calculated to be 330
TeV-1.4 PeV. The endpoints of this range are found by
applying a hard cuto↵ to one end of the astrophysical flux
template, refitting the data with the other astrophysical
flux parameters held constant, moving the cuto↵ inward
until the resulting fit likelihood is 0.5� worse than the
best fit. This gives a conservative estimate of the energy
range in which the astrophysical flux is necessary to ex-
plain the observed data, although the flux may actually
have a greater extent [30]. The flux should not be inter-
preted as existing strictly within this energy range; were
this the case simulation trials suggest that this analysis
would measure a flux normalization only 5-20% of the
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FIG. 3. Likelihood profile of the astrophysical flux power-
law index and the flux normalization at 100TeV in units
of 10�18 GeV�1 cm�2 sr�1 s�1. While the E�2 result is well
within the 68% contour, it is not the overall best fit. Also
shown are the best fits from various IceCube analyses of start-
ing events, which generally have good agreement: Starting
Events (HE) [4], Starting Events (LE 1) [31], Starting Events
(LE 2) [32].

result shown in Table I.

Since the true flux need not have a spectral index
of exactly 2, the fit was repeated allowing the index
to vary, leading to a result of �(E⌫) = 1.7+0.6

�0.8 ⇥
10�18 GeV�1 cm�2 sr�1 s�1

�
E⌫

100TeV

��2.2±0.2
. The nui-

sance parameters do not change significantly except the
prompt atmospheric normalization, which falls to zero, as
shown in Tab. I. Figure 3 shows the confidence regions for
the astrophysical flux normalization and spectral index,
and compares this result to three other IceCube analy-
ses using starting events [4, 31, 32]. The compatibility
of these results is noteworthy because this work uses an
independent set of data from the others (a single, near-
horizontal, high energy track event is shared with the


