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diffuse flux of neutrinos, which demonstrates strong evidence for structure in the spectrum beyond
a single power law, with a significance of 4.2 0.
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1. Introduction

The IceCube Neutrino Observatory is a cubic-kilometer ice Cherenkov telescope located at the
South Pole. The detector uses the clear Antarctic ice as a Cherenkov medium to detect high-energy
astrophysical neutrinos through interactions with nucleons in the ice. At energies above 1 TeV, the
dominant interaction mode is deep inelastic scattering (DIS). The Cherenkov radiation emitted in
these interactions is captured by an array of optical sensors embedded in the ice, which are known
as Digital Optical Modules (DOMs). The neutrino events are reconstructed using the pattern of
Cherenkov photons deposited inside the detector, using the number of photons as a proxy for the
deposited energy and the timing information to reconstruct the neutrino trajectory direction. The
events detected can be classified into different morphologies depending on the pattern of light
deposition.

» Cascades are shower-like events produced via charged-current (CC) interaction of electron
neutrinos (v.) and neutral-current (NC) interactions of all three neutrino flavours. Tau
neutrinos with a short decay length also contribute to this channel.

¢ Tracks are generated when muon neutrinos (v,) undergo CC interactions, with Cherenkov
photons emitted along a straight line by the outgoing muon.

* Double cascades are a distinct feature of tau neutrino (v,) CC interactions, where the tau
lepton created also decays inside the detector volume. Both the tau creation and decay vertices
observed as cascades.

A special class of IceCube events are named starting events. These are events where the interaction
vertex of the neutrino is contained within the detector volume and a majority of the initial hadronic
interaction is visible to the DOMs. The advantages of such ’starting event’ samples are that they
are sensitive to all neutrino flavours, and to events from all directions.

IceCube is uniquely suited to the detection and measurement of the spectrum of high energy
astrophysical neutrinos. These measurements were first reported in 2013 [1-3]. These neutrinos
are theorized to be produced at sites of cosmic ray acceleration in the Universe. When high
energy cosmic rays interact with matter or radiation in the ambient environment around these
accelerators, or during their propagation through space, they create charged mesons which decay to
yield neutrinos. Measurements of features in the all-sky neutrino energy spectrum are particularly
interesting as they can reveal the underlying dynamics of a source population [4], as well as shed
light on the physics of cosmic ray acceleration.

2. Diffuse Astrophysical Neutrino Spectral Measurements with MESE

IceCube has performed many measurements of the diffuse neutrino spectrum, most recently
a measurement using muon neutrino starting track events [5]. These measurements all favored a
single power law (SPL) astrophysical flux model as the best fit to data, although some deviations
from the SPL were noted in a measurement using cascade events, electrons and tau neutrinos [6].
We focus here on the measurement of the astrophysical neutrino flux with the Medium Energy
Starting Events (MESE) sample [7]. This is a sample sensitive to all flavors of neutrinos from
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the entire sky. This makes it ideal to resolve the diffuse neutrino spectrum, and test various flux
hypotheses down to energies around 1 TeV. The primary background in these measurements is
the large flux of atmospheric muons created in cosmic ray air showers. To gain sensitivity to the
subdominant astrophysical neutrino flux, we must devise techniques to reject the atmospheric muon
flux while retaining our neutrino signal. Created to lower the sensitivity threshold of the flagship
High Energy Starting Event (HESE) sample [1-3, 8] from 60 TeV to 1 TeV, MESE relies on a series
of veto cuts to eliminate muon events, which are overwhelmingly likely to appear as track events
originating outside the detector volume. The current iteration of the analysis is developed from a
prior version [9], with updated selection cuts and a new treatment of systematic uncertainties, in
addition to more data. The stages of the MESE event selection are as follows.

* The Outer Layer Veto: Using the outermost layer of strings and DOM modules as a peripheral
veto layer, we reject any event which deposits Cherenkov light in the veto layer before the
interior of the detector. As muons tend to deposit light throughout their trajectory, this is an
efficient way to reject atmospheric background

* The Downgoing Track Veto: The Outer Layer Veto is less efficient for low energy muons
(around 1-50 TeV) , which deposit less light and often sneak through the veto layer before
stochastically depositing light in the interior of the detector. To reject these muons, we search
for isolated DOM photon hits associated with multiple downgoing track hypotheses passing
through the vertex. If the number of hits is greater than a certain threshold, the event is likely
a muon and is vetoed.

* The Fiducial Volume Cut: To reject the most pernicious background of low energy muons,
we apply a charge- and zenith-dependent fiducial volume scaling. This essentially results in
a larger veto region for the events which deposit the least light, efficiently reducing our muon
background.

As MESE contains both cascade and track events, we apply a deep neural net (DNN) classifier [10]
to separate events into the two morphologies, which are then reconstructed with different algorithms.
Further details regarding the MESE event selection are available in [7].

3. Analysis Results

We apply a forward-folding binned likelihood analysis to measure the astrophysical neutrino
spectrum, using various flux models. The likelihood of a given model is maximized by adjusting
parameters that reweight the simulation to better describe the data. This is a computationally inten-
sive multi-dimensional operation, due to the large statistics simulation dataset used, and the multiple
parameters that affect the predicted flux. The computation was performed using the NNMFit [11]
software package, which uses the aesara [12] library to efficiently handle large tensor operations.
Various models were tested for the astrophysical flux. For each model, in addition to the physics
parameters, we fit for various nuisance parameters that account for the different systematics uncer-
tainties that contribute to the total measured event rate. In addition to the SPL, we test other spectral
shapes, such as an exponential cutoff spectrum (SPE), a contribution from PeV-scale neutrinos from
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AGN cores [13], and a contribution from neutrinos from BL Lacertae objects [14]. The broken
power law (BPL) and log-parabolic (LP) flux models add curvature to the spectrum across different
energy ranges. Another model we tested includes a Gaussian bump in the SPL in order to account
for a potential excess at 30 TeV observed by the 2 year MESE result [9]. In addition to these fits,
we performed a model-independent fit of the astrophysical normalization in 13 energy segments
assuming a power law spectrum in each segment.

The full list of tested models are shown in Tab. 1, in order of decreasing log likelihood.
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Figure 1: Model Fits to Data: Results of a fit of the astrophysical neutrino flux in independent energy
bands. Left: The results are compared to the models fitted in the analysis. The solid lines show the energy
range where the dataset is sensitive to the respective model, and the dotted lines show the energy range
over which the fit is performed. Right: The segmented fit is compared to previous measurements from
IceCube, all favoring the SPL. model. The shaded region corresponds to the 68% confidence region for these
measurements, as do the error bars on the MESE points

4. Discussion

We see that the best fit to the data is provided by the broken power law spectral model, with the
test statistic TS = —2AInL = 27.3 when compared to the likelihood obtained for the SPL model.
This corresponds to a p-value of 1.2 x 1079, or 4.7 -, assuming Wilks’s Theorem [15]. Figure 2
shows the agreement between the data and the modeling of the various contributions to the neutrino
flux. This result, in conjunction with a contemporaneous measurement in [16], marks the first time
IceCube has been able to resolve structure in the diffuse neutrino spectrum beyond a single power
law to a degree above 4 0. As evident in Fig. 1, two features appear to drive this preference for
curvature in the spectrum. These are the excess at ~ 30 TeV and a deficit at a few hundred TeV,
when compared to the baseline SPL model.

Various tests were performed to validate the results obtained by this analysis, both before and after
unblinding the data. In particular, it was shown that any non-isotropic neutrino flux from the galactic
plane [17] failed to bias the best fit physics parameters to a significant degree. Similarly, possible
variations in the modeling of the atmospheric neutrino flux or a contribution from ‘prompt’ neutrinos
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Table 1: Results for the spectral models tested in the diffuse analysis.

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 —2Aln/L. The flux normalization is quoted per-flavour in units of
C =107'%/GeV/cm?/s/sr. All flux normalizations are at 100 TeV.
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Figure 2: Comparison of data and simulation for the best fit BPL spectral model: Displayed are
reconstructed cascade energy (upper left), cos(reco) (lower left), reconstructed track energy (upper right),
and cos(freco) (lower right). The atmospheric prompt neutrino flux normalization is a free parameter which
fits to zero and is therefore omitted. The bottom panel of each plot shows the ratio of data and simulation in

each bin.

from charmed meson decay in the atmosphere did not change the physics parameters significantly.

Full details of the robustness checks performed are provided in [18].

The observation of curvature in the neutrino spectrum is a departure from the results of IceCube’s
previous analyses, as illustrated in Fig. 1. The most recent ESTES measurement [5] is similarly
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sensitive down to O(1 TeV), and shows no preference for a departure from the single power law.
It is difficult to directly compare the ESTES and MESE analyses as both use different simulation
datasets, and a different treatment of systematic uncertainties. A particular point of difference is
the treatment of the atmospheric neutrino self-veto [19, 20]. It is worth noting that a segmented fit
performed using MESE’s tracks subset, which also contains primarily starting tracks, is compatible
with the ESTES measurement, and it is clear that further investigation is necessary to resolve the
differences in the various samples.

5. Conclusion

We present the results of the measurement of the diffuse astrophysical neutrino spectrum using the
MESE event selection. Using updated veto techniques to reject the atmospheric muon background,
MESE is sensitive to the astrophysical neutrino flux down to O(1 TeV). With this sensitivity, we
find a departure from the single power law, with a harder flux below ~ 30 TeV, and a steeper flux at
higher energies.

This result agrees with a contemporary combined measurement from IceCube’s cascades and
upgoing tracks samples [16, 21, 22], and is the first time IceCube has been able to resolve structure
in the cosmic neutrino spectrum beyond 4 o significance. A joint publication describing these
analyses is in preparation, and will describe the results more fully, along with the verification
checks performed.

The departure from IceCube’s prior single power law measurements, most recently the ESTES
analysis, requires further study. Efforts are currently underway to unify these channels into a
joint measurement, using the same treatment of systematic uncertainties and a common analysis
framework. The next generation of diffuse measurements will shed light on the features of the
astrophysical neutrino spectrum, and help uncover the dynamics of cosmic ray accelerators in the
Universe.
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