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Abstract. Cosmic-ray interactions with the solar atmosphere are expected to produce par-
ticle showers which in turn produce neutrinos from weak decays of mesons. These solar
atmospheric neutrinos (SAvs) have never been observed experimentally. A detection would
be an important step in understanding cosmic-ray propagation in the inner solar system and
the dynamics of solar magnetic fields. SAvs also represent an irreducible background to solar
dark matter searches and a detection would allow precise characterization of this background.
Here, we present the first experimental search based on seven years of data collected from May
2010 to May 2017 in the austral winter with the IceCube Neutrino Observatory. An unbinned
likelihood analysis is performed for events reconstructed within 5 degrees of the center of the
Sun. No evidence for a SAv flux is observed. After inclusion of systematic uncertainties, we
set a 90% upper limit of 1.0273% . 10713 GeV~lem 257! at 1 TeV.
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1 Introduction

Neutrinos can be produced as a result of cosmic-ray interactions in the solar atmosphere.
Cosmic rays interact with nuclei in the solar atmosphere, producing particle showers including
pions and kaons. The decays of these mesons produce so called “Solar Atmospheric Neutrinos”
(SAws). Theoretical flux predictions of SAvs and detailed process discussions have been given
in [1-8]. The neutrino production process in the solar atmosphere is similar to that of the
terrestrial atmospheric neutrinos, with the notable difference that mesons generated in the
solar atmosphere tend to decay before they can re-interact or lose a significant fraction of their
energy, due to the larger and thinner atmosphere. As a result, the neutrino spectrum from
the solar atmosphere is expected to be harder compared to that from the Earth, where the
spectrum is steepened due to interactions of the secondary mesons, see e.g. [9]. This difference
makes the spectra distinguishable and is used as a main criteria in our search for the SAv
flux. A search for solar atmospheric neutrinos has never been experimentally performed and
this work is the first of its kind.

The production process of SAvs is closely connected to that of gamma-rays through the
decays of neutral pions and other mesons. Evidence for solar gamma rays was first reported in
a re-analysis of EGRET data [10]. Recently, the Fermi-LAT Collaboration reported the obser-
vation of a steady gamma-ray emission from the solar disk with energies up to 10 GeV [11]. In
addition to the solar disk emission predominantly due to neutral pion decays from cosmic-ray



interactions in the solar atmosphere, an extended inverse Compton signal from cosmic-ray
electron interactions with the solar photon field was also observed. A follow-up analysis on
the solar disk emission based on six years of the public Fermi-LAT data has shown that the
energy spectrum extends beyond 100 GeV and anticorrelates with the solar activity [12]. This
was confirmed with an extended nine year analysis [13]. Further, the observed gamma-ray
spectrum shows a potential dip [14] and points to an inhomogeneous emission between the
equatorial plane and the polar region of the Sun [13]. Unexpectedly, the observed gamma-ray
flux is about six times higher [12, 13| than theoretical predictions [1]. The High Altitude
Water Cherenkov (HAWC) gamma-ray observatory has searched for gamma rays beyond the
energies accessible by Fermi-LAT. HAWC reported no evidence of TeV gamma-ray emission in
three years data and has set flux bounds [15]. The recent observation of gamma-ray emission
from the Sun makes the search for solar atmospheric neutrinos very timely. The combined
gamma-ray and neutrino data are expected to be vital to understand the solar atmospheric
processes and cosmic-ray transport in the inner solar system [1, 16].

IceCube is the world’s largest neutrino telescope and is optimized to detect high-energy
(TeV) neutrinos. IceCube’s acceptance to high-energy neutrinos and sub-degree-scale angular
resolution to muon neutrinos makes it ideally suited to search for SAvs at TeV scales where
the flux of SAvs is expected to dominate over that from terrestrial atmospheric neutrino
backgrounds. In our analysis we rely on well established event selection criteria [17, 18] and
a data set that has previously been used to study distant neutrino sources [17, 19, 20].

This paper is structured as follows: Section 2 describes the IceCube detector. Predictions
for signal energy spectra and backgrounds to this analysis are given in Section 3. The data
samples and the simulations are described in Section 4. Analysis method to search for SAvs
and systematic uncertainties are given in Section 5. The results are presented in Section 6.
Finally, Section 7 presents our conclusions and we discuss the prospects for future analysis
and its applications.

2 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory consists of the IceTop surface array [21] and the in-
ice array [22| to detect Cherenkov light from relativistic charged particles, e.g. muons and
electrons produced by high-energy neutrino interactions. The in-ice array is installed in
the Antarctic ice at depths between 1450 m to 2450 m with 5160 Digital Optical Modules
(DOMs) [22]. The in-ice array is comprised of 86 vertical strings (IC86) arranged in an
approximately hexagonal geometry, instrumenting a volume of 1 km?3. Each DOM is made of
a downward-pointing 10-inch photomultiplier tube (PMT) 23] to detect Cherenkov photons.
The DOM includes readout electronics and a high-voltage power supply [24]. The PMT and
its electronics are protected by a spherical glass vessel. The optical properties of the ice have
been studied and are used to build a detailed response model of the detector [25]. This model
includes depth-dependent scattering and absorption, optical anisotropy and tilt. This analysis
uses data from the full array as well as one year of data from before IceCube construction was
complete, when it consisted of 79 strings (IC79). Since 2010, IceCube has run stably with an
average detector uptime greater than 99% [26].



3 Signal and background predictions

3.1 Signal predictions

The first theoretical calculations for SAvs date back to 1991 [1, 2]. The authors modeled
gamma-ray, neutrino, antiproton, neutron, and antineutron fluxes that are initiated by the
interactions of galactic cosmic rays with the solar atmosphere. The flux originates from the
solar disk as cosmic rays that are mirrored in the solar atmosphere are expected to contribute
significantly to the flux [1]. While these early predictions are based on semi-analytical calcu-
lations, full numerical simulations of the interactions based on the Monte Carlo method have
been performed in Ref. [4]. These predictions have been recently revisited and updated by
Refs. |7, 8]. The latest publications investigate uncertainties in the predicted neutrino energy
spectra from the choice of the primary cosmic-ray flux models, particle interaction models,
solar density models, and neutrino oscillation parameters. In addition, Ref. [7] presents a
prediction for the spatial distribution of the flux on the solar disk depending on the energy,
which we will discuss in detail in Sec. 5.3.1. The authors predict a dip toward the center of
the Sun where neutrino absorption becomes important. Though they neglect magnetic field
effects, those could change the spatial distribution, in particular via the production of neu-
trinos toward the direction of the Earth after cosmic-ray mirroring [1|. The resulting fluxes
have been implemented in the simulation framework, WIMPSim [27]. This analysis considers
only the v, + 7, channel to benefit from IceCube’s excellent angular resolution O(1°). The
selection of neutrinos is expected to contain a small contribution from v, and 7.. We do not
include these contributions in our signal hypothesis, which makes our approach conservative.
Ve and 7, are expected to have negligible contributions to the event selection. The impact
of additional flavor contributions are discussed as part of our systematic uncertainty studies
(see Sec. 4 and 5.3).

In Fig. 1, the v, + 7, neutrino flux predictions as well as their uncertainties are shown
as the shaded regions. The range of the shaded gray area spans the energy spectra of the
results published in [8, 29]. The red region represents the simulation results obtained by
running the built-in codes in WIMPSim [7, 27|. The neutrinos oscillate from the Sun to the
Earth and the theoretical fluxes from Refs. |7, 8] fully take the oscillations into account in
their calculations. As a result, the energy spectra of SAvs from Refs. |7, 8] have wiggles.
The oscillation of these high-energy neutrinos, however, cannot be resolved due to the limited
energy resolution of IceCube. The energy spectra of Refs. |7, 8] shown in Fig. 1 are averaged
over energy bins to avoid a potential bias by the wiggles. Only the parametrized energy flux
from Ref. [4] (IT1996) did not include neutrino oscillations. Ref. [6] has shown that if the
primary flavor ratio of SAvs (v. : v, : v7) is (1:2:0), it would be roughly close to (1:1:1)
at Earth. The flavor ratio of the IT1996 fluxes integrated in the range (1029, 107Y) GeV is
(0.92,2.08,0). For simplicity, IT1996 fluxes for v, + 1, + ve + Ve are divided by a factor
of 3 to apply neutrino oscillation effect, shown in Fig. 1 as the black line. Newer reference
fluxes |7, 8| already include the effect of the oscillations.

We measure the flux normalization of the SAvs in this analysis. A comparison of signal
predictions [4, 7, 8] shows that the SAv spectral shapes are similar enough that we are
not expected to be sensitive to individual models. We therefore choose one representative
baseline energy spectrum (shown as the blue line in Fig. 1) that we will test for systematic
uncertainties. The baseline energy spectrum is chosen from |7] and uses the Hillas-Gaisser 3-
generation model [30] for the primary cosmic-ray spectrum, a combination of the Serenelli [31]
and the Stein et al. [32] models for the solar density profile, and the normal mass ordering.
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Figure 1. Predicted energy spectra of v, + 7, at Earth. The energy spectra are integrated over the
solid angle of the solar disk. The fluxes of SAvs are averaged along energy bins to smear out the
effects of neutrino oscillation. The blue line is the baseline energy spectrum for systematic studies.
The shaded areas cover the range of predictions from each reference (red for [7] and gray for [8]). The
black line is the result of [4] divided by a factor of three for neutrino oscillations. The green line is
the Honda 2006 flux prediction [28] for terrestrial atmospheric neutrinos, which is time-averaged for
the period when the Sun is below the horizon. It is added to demonstrate that the SAv spectrum
could be harder than that of neutrinos from the cosmic-ray interactions in the Earth’s atmosphere.

Finally, we note that the current leading models neglect solar magnetic field effects.
These effects influence cosmic-ray propagation and the cascade development, which in turn
influence the neutrino signal. The effect of magnetic fields on cosmic-ray propagation can be
indirectly measured through the absorption of cosmic rays in the Sun, which in turn makes
a corresponding deficit of cosmic rays in the direction of the Sun. The so-called cosmic-ray
Sun shadow has been observed by the Tibet air shower array, including a variation of the
intensity correlated with the solar cycle [33]. IceCube also observed the Sun shadow and
found a correlation with the sunspot number with a likelihood of 96% [34]. The Sun shadow
is sensitive to magnetic field models [35-38] and recent works with numerically computed
trajectories of charged cosmic rays confirm the observationally established correlation between
the magnitude of the shadowing effect and both the mean sunspot number and the polarity
of the magnetic field during a solar cycle [16]. In general, however, high-energy cosmic rays
are expected to be energetic enough not to be influenced by magnetic fields. Therefore,
only for neutrino production below 200 GeV [1] or 1 TeV [39] is it expected to become
significant. Theoretical works using HAWC’s Sun shadow observation predict a factor of
about two difference in SAv flux between solar minimum and maximum at 200 GeV [39].

3.2 Background predictions and competing signals

Most events in IceCube are downward-going atmospheric muons from cosmic-ray air show-
ers in the Earth atmosphere. These muons can be efficiently rejected by selecting events
reconstructed upward, ¢.e. with declination § > —5°. The well-established event selec-
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Figure 2. Reconstructed zenith angle and energy distributions for simulations (blue histogram)
and data (black crosses, only statistical uncertainties shown). The difference is defined by (Data
- Simulations) / Simulations as a percentage. The calculated rates are averaged over the analysis
livetime.

tion for the upward-going neutrino events has achieved a purity of 99.7% [18]. In the
remaining sample, the main background arises from terrestrial atmospheric neutrinos pro-
duced by decays of mesons within cosmic-rays air showers. Another irreducible, but sub-
dominant background is due to isotropic astrophysical neutrinos. They can be described
by an unbroken power-law with a spectral index of 2.19 4+ 0.1 and a flux normalization,
D190 Tev = 1.01f8:§g-10*18GeV*1cm*2sflsr*1 at 100 TeV, obtained from fits to the data [18|.
The astrophysical neutrinos are included as a background in this analysis, but the uncer-
tainties of the best-fit parameter values are negligible due to it’s small contribution to the
background rate.

Neutrinos from dark matter annihilations in the Sun could result in a competing signal
that has been extensively searched for at neutrino telescopes [40-45]. The expected neutrino
spectra from solar dark matter strongly depend on the dark matter mass and annihilation
channels. As dark matter annihilations are expected to occur in the center of the Sun,
neutrino absorption becomes important for energies above 100 GeV and fluxes are significantly
attenuated above that energy. As a result, spectra are expected to be significantly different
from that of SAws [46]. Purely based on event rate expectations at neutrino detectors, one can
compute a sensitivity floor for indirect dark matter searches from the Sun [7, 8, 39, 46]. Past
dark matter searches were not sensitive enough to have significant backgrounds from solar
atmospheric neutrinos. However, in the near future they are expected to reach the neutrino
floor from SAuws.

Another competing signal may arise from the interactions of cosmic rays with thermal
solar photons. These can interact to form A" baryons which quickly decay, producing muons
and neutrinos from subsequent pion decays [47]. The expected flux from A* is small and
few events are expected in IceCube, so we assume no contributions from the process in this
analysis. Larger active volumes, like those proposed for IceCube-Gen2 [48], may be needed
to observe events from these interactions.
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Figure 3. Reconstructed angular distributions from the baseline simulation assuming a filled disk
(see Sec. 5.3.1). The left and right plots show the expected signal and background, respectively. Axes
are differences between the center of the Sun (Usyn, fsun) and the reconstructed directions (U, 6,).
The x-axis is the difference in azimuthal angle, ¥, and the y-axis is the difference in zenith angle, 6,
while the z-axis is the event rate averaged for the total analysis livetime. The red circle represents the
angular extent of the Sun. Note that the coordinate system does not directly project to the angular
separation.

4 Data sample and simulations

4.1 Data sample

A good angular resolution is necessary to search for SAvs because the angular size of the
Sun is 05 ~ 0.27°. Muons traversing the entire detector are reconstructed with good angular
resolution as kilometer-long tracks, so-called “through-going muons.” We restrict ourselves
to IceCube’s neutrino sample of predominantly through-going muons [20] providing 1.0° and
0.6° median angular resolutions at 1 TeV and 10 TeV neutrino energy, respectively. As the
events are not fully contained in the detector volume, the energy resolutions are limited to
Alogo(E/1GeV) ~ 0.3 and ~ 0.5 at 1 TeV and 10 TeV, respectively.

The data samples consist of three sub-samples covering a total of seven years. There
are three time periods: 1C79-2010, 1C86-2011, and 1C86-(2012-2016). An optimized event
selection has been used for each configuration. The ranges of the reconstructed energies are
(10%2, 1072) GeV and (1020, 107%) GeV for IC79-2010 and 1C86-(2011,2012-2016). Events
below the horizon (declination, § > —5°) are selected to exclude atmospheric muon events.
Unlike Ref. [20], we only consider events where the Sun is below the horizon, resulting in a
total analysis livetime of 1406.62 days.

Angular separation () is defined as an angular distance between the reconstructed
directions and the center of the Sun. We define a Region of Interest (Rol) as a circular 5°
window around the center of the Sun. The Rol for the angular separations is sufficiently
large, as 96% of the reconstructed signal events is expected to fall within the Rol.



4.2 Simulations

Simulations are used to obtain probability density functions (PDFs) of the signal and back-
ground in the muon neutrino and muon anti-neutrino channels. The simulation samples
originate from IceCube’s point source analysis [20]. We reuse these simulations but apply
selection cuts on the angular separations within the Rol and reweight them with the effective
analysis livetime. The background expectations are constructed using simulation, weighted
to best-fit parameters for atmospheric and astrophysical neutrino backgrounds found from
previous fits to data [18]. In Fig. 2, the comparisons between the simulations for terrestrial
atmospheric neutrinos and the total data samples are shown for the reconstructed zenith an-
gle and energy distributions. The simulation samples and the data samples are well-matched
within 4% differences.

Signal simulations are obtained by re-weighting the simulated events with the given SAv
energy spectrum for muon neutrinos (see Sec. 3.1). The angular separations between the cen-
ter of the Sun and the events are calculated. The azimuthal directions of the signal events are
uniformly scrambled. Events are also randomized in zenith using the probability distribution
as a function of angular distance from the center of the Sun for the given source hypothesis.
We account for the movement of the Sun in zenith by weighting events using the fraction of
livetime spent by the Sun in 30 zenith bins from 85° to 113.4°. In Fig. 3, two-dimensional
angular distributions are shown for the baseline signal and background assumptions.

5 Analysis

5.1 TUnbinned likelihood analysis

An unbinned likelihood method [49] is applied to find evidence of SAvs in seven years of the
data sample. The likelihood function, L;, for each sub-sample, j, is defined by

Ntot, j

Lj(ns,j; Msig) = ] £

N i Ns. i
2L psig, (0 Ei; Maig) + (1 — —2) - prig, (65, i)}, (5.1)
Ntot, j Mot j

where j is the index of the sub-sample, 7 is the event index, nyqt, ; is the total number of events
and ng ; is a number of signal events. For each event, 6; is the angular separation to the Sun
and Fj; is the reconstructed muon energy. The function of pyg ; and pyig, ; are the signal and
background PDFs evaluated at the location of each event, respectively. In Fig. 4, PDFs of the
IC86-(2012-2016) sub-sample are shown. The PDFs are obtained from the simulations and the
corresponding likelihood functions are used to study a particular energy spectrum Mg;,. We
combine different sub-samples with a uniform signal emission and use the maximum likelihood
estimator to estimate the signal strength. The total likelihood function, L, is a multiplication
of the likelihood functions, L;, for the three sub-samples mentioned in Sec. 4.1. The fractions
(f;) of the total expected signal events for each sub-sample are calculated: f; = ns j/Xkns &
where 75 ; is an expected number of signal events from the simulations. The total likelihood
function is redefined as a function of the total signal strength p with converting ns ; to pfj:

Ntot, j

L =1]

J

i 00 Bl ) + (- 2T g 0,B)). (52)
tot, j Ntot, j

The theoretical distribution of flux across the solar disk is expected to depend on neutrino
energy via the energy dependence of IceCube reconstructions. To include this correlation, two
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Figure 4. Examples of PDFs in the likelihood functions. The left plot is a signal PDF, while the
right plot shows the background PDF for IC86-2011. The probability densities are normalized to 1
in the Rol of the angular separation and energy proxy range. The energy proxy range is all ranges of
the reconstructed energies in the simulation samples.

dimensional PDFs, shown in Fig. 4, are used to model the signal and background distributions
in the likelihood functions.
We define the test statistic (7.5)

TS = 2WnL(3)/L(0) for >0

=—2InL(a)/L(0) for <O, (5:3)

as the likelihood ratio between the best-fit value and the null hypothesis. The range of f is
not restricted to positive values. Therefore, we can track the sign of i to separately determine
sensitivities for a positive or negative signal strength. The negative signs of {i can appear
when the alternate hypothesis represents an under-fluctuation relative to the background
prediction, especially that the under-fluctuation can be enhanced by the Sun shadow, see
Sec. 5.3.3.

5.2 Sensitivity calculations

Pseudo-experiments are conducted to obtain the TS distribution for a given hypothesis. Each
pseudo-experiment consists of mock samples generated by random sampling based on each
PDF of a certain hypothesis. The number of signal and background events are random
variables that are Poisson distributed. The mean of the Poisson distribution for the number
of background events is given by the expected number of events from the simulations, fpre =
1147.4 in the Rol. Depending on the hypotheses, the mean for the signal f is scaled, e.g. p=0
for the null hypothesis and ji = Cj - i, where Cy is a scale factor to test C, times larger
signal hypotheses. ng, is the expected number of signal events determined by combining a
given signal model with the simulated detector response. The expected number of background
events, Npkg, and signal events, 7isig, also change with the PDFs according to the hypotheses
chosen.

In Fig. 5, the blue histogram is the T'S distribution for the null hypothesis. Negative
TS values appear when the likelihood function is maximized with a negative signal strength,
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Figure 5. The blue histogram is the TS distribution for the background only hypothesis, nor-
malized to 1. The TS is negative when the mock sample of the pseudo-experiment contains an
under-fluctuation relative to the expected background rate. The blue dashed line is the median of the
histogram. The red dashed line is the observed TS value from the experimental data.

due to under-fluctuations in the background rate. The median of the histogram, indicated by
the vertical dashed blue line in Fig. 5, is close to zero. The 90% confidence interval (C.1.) is
obtained with the Feldman-Cousins method [50] for each alternate hypothesis. jgg is defined
by fi of the Poisson mean when the minimum of the 90% C.I. is larger than the median of the
TS distribution for the null hypothesis. The 90% confidence level (C.L.) upper sensitivities
are set with pgo = Cs 90 - Misig for each SAv flux model given by Refs. [4, 7, 8]. PDFs are
used in the likelihood functions and the random sampling for the mock samples of the pseudo-
experiments. The sensitivities to each flux model are calculated with the corresponding PDFs.
The red solid line in Fig. 8 is the sensitivity to the baseline signal spectrum. It is 12.8 times
larger than the theoretical expected flux [7].

5.3 Systematic uncertainties

We investigate how the sensitivity of our analysis depends on different choices for flux distribu-
tions on the solar disk, oscillation parameters, the effect of the Sun shadow on the backgrounds
and detector uncertainties. The differences between the sensitivities are quantified relative to
the baseline model as systematic uncertainties.

5.3.1 Flux distribution on the solar disk

High-energy neutrinos above 1 TeV will be strongly suppressed when they propagate through
the center of the Sun (f;, = 0°), while the attenuation is much weaker at the edge of the
Sun (6 = 0.27°). For instance, the survival probability is larger than ~ 90% for neutrino
energies below 100 TeV [7] at the edge. On the other hand, ~ 20% (~ 35%) of 100 GeV
neutrinos (anti-neutrinos) survive when they traverse the entire Sun at the center and they
are almost completely absorbed above 1 TeV. Therefore, the high-energy events mostly arise
from the edge of the Sun. The low-energy signal events emanate relatively uniformly over the
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Figure 6. Schematic diagrams for the extreme cases of the distribution of the neutrino flux on the
solar disk. The red ring represents the scale of the Sun as 6z = 0.266°. The orange regions represent
the distributions of the signal. Left: the signal is uniformly distributed in the solar disk (Filled disk,
used as baseline). Middle: the signal is emitted at the edge of the Sun (Ring). Right: the signal only
emanates from the center of the Sun (Point source).

solar disk although a dip at the center is predicted by Ref. [7]. If we consider magnetic field
effects, however, these could act differently due to cosmic-ray mirroring, providing additional
contributions in particular toward the center of the disk. This would presumably lead to a
more uniform distribution for low energies. As a model-independent method, we consider
three extreme cases for the spatial distribution on the disk, shown in Fig. 6. Our baseline
model is Filled Disk where the signals are uniformly distributed on the solar disk. The
simplest assumption is that all neutrinos are coming from the center of the Sun, named Point
Source. This leads to the best sensitivity with 3% improvement compared to the baseline
model. In contrast, Ring assumes that the signals are only located at the edge of the Sun.
For high-energy neutrinos, the distribution is expected close to Ring due to absorption across
the solar core. The fluxes are equally normalized for all cases. The true spatial distribution
depends on the neutrino energy. We chose Filled Disk as the baseline and treat the others as
systematic uncertainties.

5.3.2 Neutrino oscillation parameters

After SAvs are produced in the Sun, the neutrinos oscillate while propagating to the Earth.
The uncertainties on the oscillation parameters can alter the energy spectrum. The oscillation
parameters used for the baseline energy spectrum are listed in the column denoted as baseline
in Tab. 1. We checked the effect of varying the parameters by 1o on the energy spectrum.
Also, the best-fit values for 03 in the both octants are considered. The uncertainties on
neutrino oscillation parameters are treated as systematic uncertainties but the sensitivities
for each mass ordering are calculated separately for the energy spectra given by Ref. [7].

5.3.3 Sun shadow effect on the backgrounds

The cosmic-ray flux coming from the direction of the Sun is expected to be less than that from
other directions because cosmic rays are absorbed by the Sun itself, creating what is referred
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Baseline lo Octant
Am3,/1073 (eV?) 2.51 | £0.05 | —2.56 +0.04
Am3,/107° (eV?) 7.53 | £0.18
sin? f15/1071 3.07 | £0.13
sin? 013 /1072 2.12 | £0.08
117 +0.25 | 4.2140.33 Octant 1
2 B3 /101 —-0.28 —-0.25
6.21 | 5.92+0.23 Octant 2
5.67 —0.30
Mass Ordering Normal Inverted

Table 1. The neutrino oscillation parameters for the flux calculation in WIMPSim. The values are
the best-fit results of Ref. [51]. The second column named “Baseline” lists the parameters for the
baseline energy spectrum. The energy spectra for the signal are obtained by WIMPSim, where we
independently vary a parameter in 1 ¢ region and allow sin® 63 to lie in either octants.

to as the Sun shadow. The Sun shadow effect has been observed as a deficit of atmospheric
muons [34]. The angular extent of the deficit can be approximated with one-sided Gaussian
functions for each season. While we use the case without the Sun shadow as the baseline, the
Sun shadow should also reduce the terrestrial atmospheric neutrinos which are the dominant
background in this analysis. However, the deficit of the terrestrial atmospheric neutrinos by
the Sun shadow has not been studied before. To take this into account, we assume that
the neutrino rate decreases with the same fractional strength and angular dependence as the
muons studied in Ref. [34]. In simulations, the terrestrial atmospheric neutrino events are
re-weighted with the one-sided Gaussian functions of Eq. 5.4:

A=0.11, o = 0.53° for IC79-2010
AN, /N, = —A-exp (=02 /20%) { A=0.08, o0 = 0.49° for [C86-2011 (5.4)
A =0.07, 0 = 0.57° for IC86-(2012-2016),

where A and o are the best-fit parameters for the observed muon deficits by IceCube [34]. The
parameters for IC86-(2012-2016) are averaged values to match time period of the sub-sample
(see Sec. 4). The parameters are time-dependent because they are correlated with solar ac-
tivities [16, 34]. Uncertainties on the best-fit parameters A and o are ~ 10%. Although
the deficit of the terrestrial atmospheric neutrinos is expected, we choose to set the baseline
background predictions without the Sun shadow effect. The baseline assumption is conserva-
tive because it expects higher background rates, and the Sun shadow effect is included as a
systematic uncertainty.

5.3.4 Uncertainty calculations

The uncertainties of the sensitivities for the source distributions, neutrino oscillation param-
eters in the signal prediction and the Sun shadow effect in the background prediction are
calculated with the same simulation samples. We randomize the positions of each signal
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Sources Unsc}ésrizriiiiz Comments

Detection efficiency of DOM -15% - 11%

SACZiE;EEgZ%I(Ijen(}y of ice 5% - 12%

Photo-nuclear interaction -3% - 4% | Uncertainties for high-energy muons
Morphology -3% - 3% | Filled disk — Ring, Point source

Sun shadow -11% | w/o Sun shadow — w/ Sun shadow
v, Uy contribution 4% | VpUy = VU, Vs, s

v oscillation parameters <1%

Total -19.7% - 17.8% | Assumed to be all items un-correlated

Table 2. Summary of impact on sensitivity. A plus sign corresponds to an improved sensitivity.

event from the distribution of locations allowed by each Sun model. The same simulations
are used for the oscillation parameters and the Sun shadow effect, but the weights in the simu-
lations are modified with the corresponding energy spectra and the deficit rates, respectively.
Another main systematic uncertainty arises from standard detector uncertainties including
the optical efficiency of DOMs for the Cherenkov light detection [23], the optical absorption
and scattering properties of the ice [52], and the uncertainties on photo-nuclear interaction
cross sections of high-energy muons [53-59]. The same simulations and detector uncertainties
are used as in Ref. [20].

We calculate the sensitivities for the systematic uncertainties as alternate hypotheses.
The signal and background PDFs for the baseline are tested against events sampled from PDFs
generated from variations of the systematic uncertainties. The uncertainties of the sensitivities
are quantified as the differences of the scale factor C g0 when the energy spectrum of the signal
is identical to the baseline. The uncertainties of the neutrino oscillation parameters change
the shape of the SAv spectra. To quantify the systematic uncertainties, the differences of the
oo are used for the uncertainties of the neutrino oscillation parameters.

Detector uncertainties give the largest systematic uncertainties in this analysis. When
we vary the efficiency of DOMs by £10%, the sensitivity changes in the range of (—15,+11)%,
with positive values indicating improved sensitivity. Simulation data sets with different op-
tical absorption and scattering lengths of the ice are available for the values of (410,0)%,
(0,+10)% and (—7.1,—7.1)%. We used those simulations to estimate the uncertainties due
to ice properties and they affect the sensitivity by —5% to 12%. The same simulation samples
in Ref. [20] are used for studying photo-nuclear interaction models of high energy muons [53—
59]. This leads to uncertainties on the sensitivity ranging from —3% to 4%. We consider this
estimate to be conservative as the models represent extreme cases which are outdated [20].

The neutrino oscillation parameters introduce less than 1% uncertainty. Tests of the
Ring and Point source emission distributions yield an uncertainty of £3%. As an uncertainty
of the background predictions, the Sun shadow effect has been studied. Compared to the
baseline background prediction, the number of background events decreases near the Sun due
to the shadow effect. As a result, the likelihood function is maximized with a negative signal
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Figure 7. Event distribution in the angular separation (fs) within the Rol. Black crosses represent
the experimental data, the green histogram shows the background prediction without the Sun shadow
effect. The blue histogram shows the baseline signal prediction scaled by a factor of 100. The
simulation and data are shown for the winter season. The difference is defined as (Data - Simulations)
/ Simulations in percent.

strength as the under-fluctuation of the null hypothesis. With the Sun shadow included in
the background prediction, a larger i is necessary to obtain the same sensitivity level with
the baseline prediction. It causes the sensitivity to worsen by 11%.

The simulations assume only muon neutrino and muon anti-neutrino interactions. The
fluxes of v, + 7 for SAvs can be calculated with WIMPSim for the baseline energy spectrum.
Similar amplitudes of v, + v and v, + 7, fluxes are expected through neutrino oscillations
from the Sun to the Earth. However, the detection efficiency for v, + v, is much smaller.
When we add the additional contribution on the signal by v, 4+ ¥ using the simulations used
in Ref. |20], the sensitivities improves by 4%. The contribution from v, + 7, is negligible due
to the event selection strongly favoring track-like events.

Assuming fully uncorrelated uncertainties, the total uncertainty on the median sensitiv-
ity is —19.7% to +17.8% and is dominated by detector uncertainties. Table 2 summarizes the
systematic studies. In Fig. 8, the systematic uncertainties on sensitivities are shown as the
red region. Some of the systematic uncertainties are similar to those in a previous study with
the same samples [20] but the results are slightly distinct because we track the Sun rather
than point sources at specific zenith angles.

6 Results

In the top panel of Fig. 7, the angular distribution of the experimental data in the Rol is
shown by the black crosses. The observed data are within 10% of the simulated background
prediction (green histogram), and the number of events in the Rol is statistically compatible
with the background expectation at 1.75¢. The best-fit values i for all energy spectra are
shown in Tab. 3 and are always negative, indicating an under-fluctuation in the data relative
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Figure 8. IceCube 90% C.L. upper limit is the black dashed line assumed the signal following the
baseline flux expectation, the blue solid line. For comparison, the blue dotted line shows the baseline
flux scaled by a factor of 20. The red shaded band illustrates the corresponding uncertainty of the
baseline model. In addition, we include results from gamma-ray observations in the plot. Red and
blue crosses are the observations of Fermi-LAT [13, 14]; green points correspond to HAWC’s 95% C.L
limit [15, 60].

to the expected background. No evidence of SAvs is found in seven years of IceCube data.
The observed TS for the baseline signal prediction is the red dashed line in Fig. 5. It is very
close to the median of the T'S distribution for the null hypothesis, with an observed p-value
of 0.55. Here, the p-value is defined as the area of the TS distribution above the observed
TS value.

The observed p-value being larger than 0.5 indicates that there is a slight under--
fluctuation in the background expectation. We place a 90% C.L. upper limit for pgg, when
the lower edge of the 90% C.I. is larger than the observed TS value. In Fig. 8, the black
dashed line represents this limit. The values obtained for gy (Cso0) are 36.5 (13.0). At
1 TeV, the limit on the flux normalization is 1.02f8€g -1071 GeV~lem™?s7! including the
systematic uncertainties. Table 3 contains the full analysis results with limits on all SAv flux
models. The limits calculated on the basis of Ref. [7] and Ref. 8] turn out to rather similar.
The strictest limit is obtained for the parametrized energy spectrum of Ref. [4] as it predicts
the hardest spectrum at high energy (see Fig. 1).

7 Conclusion and discussion

We have performed the first experimental search for SAv using data collected by the IceCube
Neutrino Observatory during a 7 year period for the austral winter season when the declination
of the Sun is above -5°. An unbinned likelihood analysis was performed with a total analysis
livetime of 1406.62 days but no evidence for SAvs was found in the experimental data. The
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experimental data show an under-fluctuation relative to the background prediction and are
consistent with a statistical fluctuation in the data. After inclusion of systematic uncertainties
on the background prediction and signal efficiency, a 90% confidence level upper limit is placed
on the SAv flux at 1 TeV of 1.02J_r8€g 1071 GeV~lem™2s7! for the benchmark signal energy
spectrum from Ref. [7]. At present, our limit is about a factor of 13 larger than the baseline
signal expectation. The results presented in this paper do not allow us to distinguish between
various model predictions. Future observatories, such as IceCube-Gen2 or KM3NeT, may
provide enough sensitivity to find evidence of SAvs.

The SAv production is closely related to that of gamma rays. From the public Fermi
data, Refs. [12-14] show a significant excess in the solar minimum. We point out that our
IceCube dataset analyzed here covered only the period from May 2010 till May 2017. There-
fore, our analysis does not include periods of the solar minimum, when the SA~y flux was
largest. The SAv flux is expected to be enhanced during the solar minimum [39]. Hence a
continuation of this analysis during the solar minimum of 2019-2020 is highly anticipated.

Measuring the SAv flux is also essential for solar dark matter searches to characterize
the SAv sensitivity floor |7, 8, 46|. If the SAv flux is experimentally measured, it will provide
the normalization of this irreducible background for solar dark matter searches.

Lastly, an observation of the SAvs can be exploited as a calibration source for neutrino
telescopes in the future. An observation of a high-energy neutrino signal from the Sun would
only be the second of its kind, following the recent evidence of a high-energy neutrino signal
from the blazar TXS 0506+056 (61, 62].
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