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The interaction of cosmic rays with the solar atmosphere generates a secondary flux of mesons that
decay into photons and neutrinos — the so-called solar atmospheric flux. Although the gamma-
ray component of this flux has been observed in Fermi-LAT and HAWC Observatory data, the
neutrino component remains undetected. The energy distribution of those neutrinos follows a soft
spectrum that extends from the GeV to the multi-TeV range, making large Cherenkov neutrino
telescopes a suitable for probing this flux. In this contribution, we will discuss current progress
of a search for the solar neutrino flux by the IceCube Neutrino Observatory using all available
data since 2011. Compared to the previous analysis which considered only high-energy muon
neutrino tracks, we will additionally consider events produced by all flavors of neutrinos down to
GeV-scale energies. These new events should improve our analysis sensitivity since the flux falls
quickly with energy. Determining the magnitude of the neutrino flux is essential, since it is an
irreducible background to indirect solar dark matter searches.
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Figure 1: Description of the solar atmospheric flux neutrino production by the collision of the cosmic ray
flux with the solar atmosphere. Together with the neutrino flux, a high-energy gamma ray flux is also created.

1. Introduction

The Sun is a non-stopping source of neutrinos. At the MeV scale, a flux of electron neutrinos
is produced in the thermonuclear reactions happening in the solar core. Two processes take place,
pp chains and CNO cycle [1], creating a neutrino flux that extends up to ~ 20 MeV. The weak neutrino
cross section, allows them to escape from the Sun and reach the Earth. The first observation of the
solar neutrino flux was done in Homestake experiment [2].

In addition to nuclear reactions, other processes that take place in the Sun also creates a
neutrino flux. At energies above the MeV scale, the interaction of the cosmic ray flux with the solar
atmosphere generates a secondary flux of mesons and muons, and its decay creates a neutrino flux.
Like the atmospheric neutrino flux created in the Earth’s atmosphere, this flux extends for seven
others of magnitude in energy, from ~ 10 MeV to ~ 100 TeV, making that flux accesible to neutrino
telescope experiments. In Figure 1, we have a schematic description of the solar atmospheric
neutrino flux production.

The neutral mesons decay, also produced in the cosmic ray interactions, leads to a high energy
photon flux that has been measured up to ~ 200 GeV. This energetic photon flux has already been
observed by Fermi-LAT [3] and HAWC [4] showing large discrepancies with the predicted flux.
The gamma ray spectrum shows a deep at energies close to ~ 50 GeV. The detection of the neutrino
flux produced with those photons will provide complementary information about the cosmic ray
interaction with the Sun, which can shed light over the anisotropies over the observed flux.

Additionally, the scattering of Dark Matter (DM) with the nucleons will accumulate DM inside
the Sun due to the loss of its kinetic energy after the scattering with the Sun nuclei. Different DM
annihilation channels can produce a multi-GeV neutrino flux in the Sun. Therefore, knowing the
solar atmospheric neutrinos is important since they are a background in DM searches.
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Figure 2: Expected solar atmospheric flux at the Earth surface. Several groups have estimated the
solar atmospheric neutrino flux and its uncertainties based on the different cosmic ray models, hadronic
interactions, and the impact of the solar magnetic field over cosmic ray propagation. In this plot, we show
the results from three different groups.

2. Flux Expectation

The interaction of the cosmic-ray flux with the solar atmosphere produces a flux of mesons,
comprised mainly of 7=, 7Y, K=, and K° mesons, with a small contribution from D mesons. The
subsequent decay of the charged mesons gives rise to a flux of neutrinos, either directly or through u
decay. This is the same process that gives rise to the terrestrial atmospheric flux; however, since the
solar atmosphere is less dense than that of the Earth, the intermediate mesons and u undergo fewer
interactions and thus lose less energy. Therefore, the solar flux follows a slightly harder spectrum
than its earthly counterpart. It should be noted, however, that this flux is still quickly falling relative
to the astrophysical neutrino spectrum. After crossing the Sun’s surface, the mesons lose their
energy in the hadronic interaction with the Solar nuclei, leading to a low-energy neutrino flux. The
low density in the solar atmosphere allows those mesons to propagate long distances without any
interaction, which contributes to generating a large neutrino flux at high energies.

While many attempts have been made to calculate this flux since it was first proposed, there is
still uncertainties on the flux arising from a variety of factors. For instance, the primary cosmic-ray
model, solar density model, and hadronic interaction modify the initial spectrum of neutrinos, while
uncertainties on the neutrino oscillation parameters alter the propagated spectrum. Additionally,
uncertainties on the interactions of charged mesons and cosmic rays with the solar magnetic field
have a large impact on the flux, especially at lower energies. In addition to these uncertainties, there
is disagreement on the overall normalization at the level of a factor of ~ 2 between calculations.

In Fig. 2, we show three recent calculations of the solar atmospheric neutrino flux after



All-Energy Search for Solar Atmospheric Neutrinos with IceCube

propagation from the point of creation to the Earth’s surface from [5-7]. Each calculation includes
different uncertainties, which are shown as the shaded regions. For example, the calculations
shown in red and purple both include uncertainties due to the primary cosmic-ray model, with the
calculation in red additionally including the effect uncertainties on the hadronic interaction model
and neutrino oscillation parameters. The calculation shown in blue includes the uncertainty on the
solar magnetic field.

In Fig. 2, we also show the nominal model used in this work as a black, dashed line, taken
from Argiielles, et al. [5]. This model uses the Hillas-Gaisser H4a as the cosmic-ray model and
SIBYLL-2.3 as the hadronic model. In Sec. 5, we give our sensitivity in terms of a normalization
on this model; however, we note that, since the effect of the shapes is subdominant in this analysis,
sensitivities to other models can be achieved by taking the ratio of the integrated fluxes.

3. The IceCube Neutrino Observatory

IceCube is a cubic-kilometer-scale neutrino telescope deployed in the ice beneath the geo-
graphic South Pole [8]. Over 5000 digital optical modules (DOMs) detect the Cherenkov radiation
emitted after neutrinos interact and create charged particle in or near the the detector. These DOMs
are deployed at depths ranging from 1450 m to 2450 m beneath the surface. The primary component
of the detector is comprised of 78 strings with a horizontal separation of ~ 125 m and a vertical
separation of 17 m between DOMs. This inter-DOM spacing allows for the efficient detection of
neutrinos with energies from 100 GeV to 108 GeV. Additionally, there are eight additional more
densely packed strings in the center of the detector. In this region, known as the DeepCore subarray,
the DOMs are vertically separated by 7 m—10 m. This allows for the detection of neutrinos with
energies as low as a few GeV.

In IceCube, events are usually classified into two different event morphologies. Tracks, are
long, line-like events that are generated as a 4™ from a v,, charged-current interaction travels through
the ice, and cascades are spherical events produced by v, and v, charged-current interactions or
by v, neutral-current interactions. Since at energies above ~ 500 GeV, u can travel > 1 km, track
events have good angular resolution—A68 < 1°) [9]—and thus, should be useful when looking for
a signal from the direction of the Sun. While the angular construction of cascade events is more
challenging, they may still provide some power in our analysis. At the lowest energies directional
reconstruction is difficult for all events, and since neutrino oscillations increase the relative number
of cascades in the solar atmospheric flux, including cascades may add to sensitivity.

4. Event selection

Previous searches focus in tracks with energies above the TeV scale. In this analysis, we want
to extend the search to lower energy covering the whole energy range to which IceCube is sensitive.
For the high energies, we use the northern-sky high-energy track selection [10], which provide a
good pointing resolution. This selection consider events with a reconstruction neutrino zenith angle
larger than 677°° > 85. The final analysis variables are the reconstructed neutrino energy and the
angular distance from the center of the Sun. Since the Sun is not at a fixed point in the sky, this latter
quantity depends on the time of the event and the reconstructed neutrino direction. The angular
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Figure 3: Event distribution in the OscNext and northern track event selections. Both distribution peaks
at ~ 20 GeV and ~ 1 TeV. For energies between 50 GeV and 300 GeV, there is an gap in the event rate due
to the lack of event selection targeting that energy region. One of the goal of this analysis is to create a
medium-energy event selection.

reconstruction is performed by branched decision tree and the reconstructed energy it is based on a

deep neural network.

For low energy, we use IceCube’s next generation low-energy oscillation event selection [11],
and contains events from all-flavors charged- and neutral currents. This analysis consider the lowest
energy events that IceCube is sensitive, from ~ 6 GeV to 100 GeV. To avoid any interference with
the other sample, we remove all the events passing the MuonFilter, which select the events where
the number of hit DOMs is larger than 8 for the up-going events, as it is the requisites to enter in

the high energy selection.

In Figure 3, we can see the event distribution for the low- and high-energy event selections as
a function of the neutrino energy. OscNext and northern tracks covers the neutrino distribution for
E, <50GeV and E, > 700 GeV. For energies between those two ranges, the selection criteria used
by these to samples lead to gap in the sample, as shown in Figure 3. The goal of this analysis is
the development of an event selection that targets the energy region between the low- and the high-
energy event selections. To do that, we are considering the low energy events in the full IceCube
instrumented volume that passes the LowUp filter, which selects the low-energy up-going events
in IceCube. In this sample, all the events triggered by the LowUp filter are also removed. After
designing optimize cuts over the reconstructed vertex (COGy y ,), the uncertainty in the location
of the vertex (ocog), the distance travelled in the vertical direction (Zave1), and the reconstructed
zenith (Oreco) to maximize the relative gain in significance, we are developing a booster decision
tree (BDT) that allow us to reduce the rate of atmospheric muons in the selection.
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Figure 4: Combined analysis-level event distributions for high-energy and low-energy selections. The left
plot shows the event distribution for the nominal signal model, while the right plot shows the data-driven
background distribution. All events in the left plot originate from the Sun, i.e. at ¢ = 0, and the purple
region is evidence of the improved angular resolution of the high-energy track selection. Note also the faint
line one can see at ~ 100 GeV in the right plot, which is the manifestation of the energy gap in reconstructed
variables.

5. Statistical Treatment and Sensitivity

For this analysis, we do a binned likelihood. In the low- and high-energy selections, we bin
logarithmically in the reconstructed energy, and linearly in the reconstructed angular distance from
the enter of the Sun, as seen in Fig. 4. Additionally, we split the low-energy selection into three
bins dictated by a BDT score that separates tracks and cascades.

We use the Poisson likelihood for this analysis, i.e. the likelihood is given by:

L(6] <
n=[]—-

i v

where @ are the model parameters, n is the observed data, i indexes the bin, y; is the expected
number of events from a given model in the i bin, and n; is the observed number of events in the
i bin. We then define the log-likelihood, LLH as:

n;

e_”i
InL=In []—[ nf”

i 4

= Z—,ui+n,-lnu,- —lnni!.

i

We may optimize over the model parameters, g, in order to find the model which best describes
the observed data. In this analysis, these model parameters are the normalizations of the nominal
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Figure 5: Median and 10 test-statistics as a function of the injected signal normalization. The red line
gives the median test statistic for 10,000 pseudoéxperiments at each normalization. The gray band shows
the 10 range for the same set of pseudoé€xperiments. Horizontal, gray dashed lines indicate the positions
of certain background quantiles test-statistic values. We mark the point where we achieve our median 90%
sensitivity with a red “x.”

signal and background distributions, i.e. 6= (ng, np), and the model is given by

M =ns Us +Np Up.

We construct our sensitivity from trials for this analysis. To do this, we consider a model given

true

Jue, 1>, where we have set the background normalization

by a set of model parameters, gire = (n
to 1 since the background is derived from data. We then draw data realizations, i.e. for each bin,
we draw a number, n;, from a Poisson distribution with a mean A = ngu ; + up ;. We then fit then
maximize the likelihood under two different model assumptions: 0, = (fis, fip) and 0, = (O, ﬁb>,
called the signal-plus-background model, and the background-only model respectively. We then
define our test statistic as:

TS =2 [In L(d|n) —In L(8p]n)] .

Simply put, this quantifies the degree to which the signal-plus-background model better the data
than the background-only model. By repeating this procedure a number of times, we build a
test-statistic distribution for a particular model.

We then define our median sensitivity at g confidence, as the model whose test-statistic
distribution has a median value that is greater than g% of the background test-statistic distribution.
In words, this means that if this model were the true model, we would be able to reject the
background-only model at with a p-value of p = 1 — ¢ /100 half the time. We should note that this is
a slightly different definition of sensitivity than that typically used by IceCube point source searches,
in which the sensitivity is defined as the model at which 90% of test-statistics exceed the median
of the background test-statistic distribution. We believe that the definition we have chosen lends
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itself to a cleaner statistical interpretation and is more in line with the colloquial understanding of
the word “sensitivity." We find that using only the northern tracks selection, we have sensitivity to
2.55 times our nominal model. We also find that if the true model is the nominal model, we should
expect to be able to see it at 95% confidence 14% of the time. See Fig 5 for a visual representation
of this information. This sensitivty is comparable to a complimentary IceCube search for solar
atmospheric neutrinos [12]

6. Conclusion

In this proceeding, we have shown the current status of an on-going search for solar atmospheric
neutrinos with the IceCube Neutrino Observatory. This analysis aims to use neutrinos over the
whole energy range to which IceCube is sensitive. To do this we are combining existing low- and
high-energy selections with a new medium-energy selection. Using only the high- and low-energy
selections, we show a sensitivity to 2.55x the nominal model considered in this paper. Additionally,
we should that there is a chance of observing the nominal model at 95% confidence 15% of the
time.
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