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Abstract. Solar Atmospheric Neutrinos (SAνs) are produced by the interaction of cosmic
rays with the solar medium. The detection of SAνs would provide useful information on the
composition of primary cosmic rays as well as the solar density. These neutrinos represent an
irreducible source of background for indirect searches for dark matter towards the Sun and
the measurement of their flux would allow for a better assessment of the uncertainties related
to these searches. In this paper we report on the analysis performed, based on an unbinned
likelihood maximisation, to search for SAνs with the ANTARES neutrino telescope. After
analysing the data collected over 11 years, no evidence for a solar atmospheric neutrino signal
has been found. An upper limit at 90% confidence level on the flux of solar atmospheric
neutrinos has been obtained, equal to 7×10−11 [ TeV−1 cm−2 s−1 ] at Eν = 1 TeV for the
reference cosmic ray model assumed.

Keywords: ANTARES, neutrino telescope, solar atmospheric neutrinos, dark matter.
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Introduction

Apart from the electromagnetic radiation, the Sun is also a source of neutrinos.1 An intense
flux of neutrinos is generated by nuclear fusion reactions in the Sun core at MeV energies
[1–3]. At higher energies (GeV to TeV), an additional flux of neutrinos is expected from the
Sun direction, coming from the decay products of the Cosmic Rays (CRs) interacting in the
Sun. The flux of these neutrinos, so-called Solar Atmospheric Neutrinos (SAνs), would then
reach the Earth [4, 5] after being modulated by oscillation phenomena. SAνs represent an
unavoidable source of background for Dark Matter (DM) indirect searches [6–10], even though
the sensitivity of current experiments has not yet been able to determine the intensity of their
flux. The detection of SAνs would allow for the characterisation of this potential background.
In addition, it also can shed light on understanding of the primary CR composition, the solar
density or even the parameters of neutrino oscillation [11]. In addition, a better understanding
of the gamma-ray flux arising from the CR interaction in the solar atmosphere would be
important to have a robust prediction of the SAν flux [12, 13].
Even though the production mechanism of SAνs is similar to the one of the terrestrial
atmospheric neutrinos, the flux of SAνs is expected to be slightly harder. Indeed, since the
solar atmosphere is less dense than the Earth’s atmosphere, the secondary particles produced by the CR interaction are more likely to decay than to interact in the solar medium.
Considering that at sufficiently large depth in the solar medium almost every secondary
cascade would have decayed, the overall neutrino production occurs on the solar surface. The
flux ratio at production site is approximately {νe } : {νµ } : {ντ } = 1 : 2 : 0. However, the final
neutrino flux at Earth, after oscillations, has a flavour ratio of 1 : 1 : 1 [11]. Since the solar
density and composition play a crucial role in the final neutrino flux (changing the production
flux up to a ±30% [11]), several models have been proposed in the literature over the years
[14–17].
1

Hereafter, the word neutrino refers to both, ν and ν̄ unless otherwise specified.

–1–

In this paper, a search for SAνs using 11 years of ANTARES data (2008–2018) is presented. The outline of the paper is the following: in section 2, the ANTARES detector, the
event topologies and the main background sources present in a neutrino telescope are described. The ANTARES simulation and reconstruction chain, as well as the event selection
and the different models tested in the analysis, are presented in section 3. Section 4 describes
the strategy used to search for an excess of SAνs over the background. Finally, the results
and conclusions of the analysis are presented and discussed in section 5.

2

The ANTARES neutrino telescope

The ANTARES detector is anchored at a depth of ∼ 2500 m on the Mediterranean seabed,
40 km offshore from Toulon [18]. The ANTARES first detection line was deployed in 2006,
and the apparatus reached its full configuration in 2008. Since then, the ANTARES detector
has been taking data almost continuously.
ANTARES is made of 12 detection lines of 450 m height, spaced by about 60–75 m and
distributed on an octogonal grid. Each line holds 25 storeys vertically spaced by about 14 m.
Each storey hosts 3 optical modules (OMs), made of high-pressure resistant glass transparent
to 400–500 nm photons, and a local control module containing the electronics [19, 20]. The
12th line has 20 storeys equipped with OMs, and 5 storeys with acoustic devices for neutrino
detection [21] and additional instruments to measure environmental parameters [22].
The main component of the OM [23] is a 10" photomultiplier tube (PMT), oriented 45◦
downward in order to optimise the detection of light induced by relativistic upgoing charged
particles, and to mitigate the effect of sedimentation and biofouling [24]. A µ-metal cage is
used in order to shield the electron trajectory inside the PMT from the effect of the Earth
magnetic field.
Photons impinging in the sensitive area of a PMT generate a signal called “hit” [19],
which carries information of the arrival time and collected charge. The information of all
recorded hits in the detector is used to reconstruct the direction and energy of the event.
Apart from the light induced by charged particles yielded by the neutrino interaction in the
detector surroundings (the signal), other background light sources are present, the dominant
ones being: atmospheric downgoing muons, bioluminescence activity and 40 K decays [25].
The influence of the environmental background over the overall signal is reduced by applying
dedicated trigger algorithms [18].
Depending on the interaction process, neutrino induced events fall into two main categories: track-like and shower-like events. Charged Current (CC) interactions of νµ and CC
interactions of ντ with a subsequent muonic decay produce a long-range muon, the so-called
track-like event topology. All other neutrino interactions, both CC and Neutral Current (NC),
produce a cascade of charged particles, and are classified as shower-like events.
The ANTARES median angular resolution for muon tracks ranges from 1◦ for energies
below 1 TeV, to better than 0.4◦ for neutrino energies above 10 TeV [18].

3

Simulation, reconstruction and event selection

In this section the generation of the signal due to the SAν, the description of the background,
the reconstruction of tracks, and the event selection are described.
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3.1

SAν generation

The signal in this analysis is represented by SAνs produced by CR interactions in the Sun.
The expected neutrino flux depends on the used CR flux and interaction models, and on the
spatial distribution of the incoming neutrinos on Earth. Effects on oscillations must also be
considered.
The Hillas-Gaisser 3-generation model (H3a) [26] and the Gaisser-Stanev-Tilav 4-generation
model (GST4) [27] are chosen as input CR models. Concerning the solar density profiles, the
Ser+Stein [14] and the Grevesse & Sauval (referred to as Ser+GS98 [16]) are used.
All these models are available in the WimpSim 5.0 simulation framework [28, 29], which
includes tools in the solar_crnu package to calculate the neutrinos arising from CR interactions in the solar atmosphere. The detail of hadronic interactions are simulated with the
MCEq code2 . In WimpSim, the MCEq code has been run to create data files that give the production fluxes for different energies, impact parameters and depth in the solar atmosphere.
For more details, including discussion to systematics, refer to [11]. After generation in the
Sun, neutrinos are also propagated to a distance of 1 AU from the Sun, assuming standard
neutrino oscillations with parameters from world best-fit values [30] and assuming normal
mass ordering.
The spatial distribution of the neutrinos incoming to the detector are simulated following
three different shapes for the Sun: a) point-like, i.e., SAνs are emitted from a single point in
the sky coincident with the Sun centre; b) filled disk shape, with neutrinos produced uniformly
from a disk of 0.27◦ radius; c) ring-shaped, in which the outcoming neutrinos are yielded close
to the Sun surface and orthogonally with respect to the direction to the Sun centre (inner
radius of 0.26◦ and outer radius of 0.27◦ ).
The reference case selected for this analysis uses the H3a CR model with the Ser+Stein
solar density profile, and considers the Sun as a point source (this set of choices will be
referred to as the baseline case). As we focus on long tracks in the detector, the only flavour
that is considered at the detector location is the νµ 3 . The signal in the detector consists of
muons arising from the CC interactions close to the detector instrumented volume due to
the considered SAνµ flux models, in a period equivalent to the 11 years of ANTARES data.
The simulation includes the fact that the Sun is a moving source in the local sky coordinate
system, therefore the signal of SAνµ is expected to be found along the solar path (figure 1).
When the Sun is below the horizon (i.e., θzenith > 90◦ ), events that are upward going in the
detector can be produced. Due to the large flux of atmospheric muons, this study is restricted
to events that are reconstructed in local coordinates as upward going.
Figure 2 shows the SAνµ spectra at Earth corresponding to the four tested combinations of CR flux and solar density models. For comparison, the figure includes the Earth
atmospheric νµ flux according to Honda [31]. These neutrinos are produced with the same
CR flux and interaction models as the SAν, but the CR interactions occur with nuclei of the
atmosphere. In the figure, the Earth atmospheric νµ are integrated over the Sun solid angle
of Ω ' 6.8 × 10−5 sr. As expected, since the solar atmosphere is less dense than that of
the Earth, secondary mesons produced by the CR interaction in the Sun external regions are
more likely to decay than to interact. Thus, the Honda flux dominates for neutrino energies
below ∼ 40 GeV, while the SAν flux prevails for Eν & 40 GeV.
2
3

See: A. Fedynitch et al, https://github.com/afedynitch/MCEq.
Here and in the following, both neutrinos and antineutrinos are consider in the symbol νµ .
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Figure 1. Solar path for the 2008–2018 period as seen from the ANTARES site. The red (yellow)
dashed line shows the solar path on January (July) 1st , as a reference. The shaded area corresponds
to the position of Sun above horizon, which represents the excluded region in this search.

3.2

Background generation

The main physics background for the present study is due to atmospheric neutrinos and
atmospheric muons. Although they can be generated in the detector using simulation tools,
as described in [32], given the small expected contribution of the signal in the overall data set,
the background rate is estimated directly from the measured data. Each reconstructed event
is identified by its direction in local coordinates (θzenith , φazimuth ) and arrival time. From
this information, the location on the celestial sphere, right ascension (RA) and declination
δ, are derived. The background rate is described as a function of the declination only. Due
to the Earth’s rotation and a sufficiently uniform exposure, the background is considered
independent of RA. Real events collected during 11 years of ANTARES data (2008–2018)
were scrambled in RA, i.e., real measured RA angles were replaced with a random number
between 0 and 2π.
3.3

Detector response

After the generation of the signal (muons induced by CC SAν interactions), particles are
propagated and tracked through the detector, and Cherenkov photons are simulated and
propagated to the optical modules. Finally, the data acquisition system is simulated. The
environmental conditions, bioluminescence processes and sea current changes to which an
undersea neutrino telescope is exposed, may affect the trigger and data acquisition system.
In order to reproduce the detector response under these conditions as accurately as possible,
a Monte Carlo run-by-run strategy [32] is followed, in which events are simulated according to
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Figure 2. Muon neutrino energy fluxes, from the four different models tested in this work (see
details in the text), after neutrino propagation, at the Earth position (color lines). Normal ordering
and neutrino oscillation parameters from the world best-fit values are assumed. The Honda flux
for Earth atmospheric muon neutrinos is shown for comparison (black dashed line) [31]. Fluxes are
integrated over the solar solid angle Ω ' 6.8 × 10−5 sr.

the corresponding detector state. After the generation of the detector hits, simulated events
follow the same data acquisition chain (filtering) of real data.
3.4

Reconstruction and event selection

After data filtering, the direction and energy of each triggered event (both in data and Monte
Carlo) can be reconstructed from the positions and times of photomultiplier hits by different
algorithms. In this work, the multi-line reconstruction fit employed in the search for pointlike cosmic sources has been used [33, 34]. In addition to the reconstructed direction in
local coordinates, (θzenith , φazimuth ), and the number of hits passing a pre-defined threshold
condition, Nhit , the algorithm provides also two quality parameters. The first one, denoted
as Λ, is a maximum likelihood estimator that describes the quality of the reconstruction. The
second is a parameter, referred to as β, related to the angular uncertainty on the reconstructed
muon direction. Finally, the number of hits used by the reconstruction algorithm, Nhit , is
employed as a proxy for the energy of the event. Details for this algorithm are given in [35].
Given the excellent angular resolution of ANTARES for track-like events, and the small
angular size of the Sun seen from Earth (θ ∼ 0.5◦ ), most of the sensitivity to SAν comes
from the νµ CC channel. The event selection in this work follows the criteria established for
the pointlike source search with the ANTARES neutrino telescope [33, 34]. A cut on the local
zenith angle, θ > 90◦ , is necessary to remove the huge background of atmospheric muons.
Similarly, cuts on the parameters related to the quality of the reconstruction algorithm,
Λ > −5.2 and β < 1◦ , are needed to obtain a sample of well reconstructed neutrino candidates
and to reject as much as possible the background of atmospheric muons mis-reconstructed as
upgoing.
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With this set of cuts, the background sample is mostly due to atmospheric neutrinos:
the contribution estimated from Monte Carlo is νµ CC ' 84.7%, atmospheric muons ' 14.8%
and ν NC + νe CC ' 0.5%. The total data sample after the aforementioned cuts consists of
7071 tracks, collected during 11 years of ANTARES data (2008–2018) with a livetime of 3022
days.

4
4.1

Analysis
Likelihood function

Figure 3. Distribution of the β (left) and Nhit (right) parameters for the signal baseline model
(blue histogram) and for the expected background due (mainly) to Earth atmospheric neutrinos. The
selection cuts defined in section 3.4 have been applied to both sample, i.e., Λ > −5.2, β < 1◦ and
θ > 90◦ .

The present study searches for an excess of events from SAν with respect to the Earth
atmospheric neutrinos and atmospheric muons. It relies on the determination of neutrino
candidates from the Sun direction, using the number of hits as a proxy for their energy.
Discriminating variables, such as the reconstructed angular distance to the source, Ψ , the
angular uncertainty on the reconstructed muon direction, β, and the number of hits used for
the track reconstruction, Nhit as the energy proxy, are used to identify the signal. Differences
on the distribution of the β and Nhit variables for signal and background are visible in figure 3.
The normalised distributions of these variables are used to construct the probability density
functions (PDFs) in an extended likelihood function:
L(nsig ) = e−(nsig +nbkg )

N
Y

nsig · S(Ψ

,i , βi , Nhit,i )

+ nbkg · B(Ψ



,i , βi , Nhit,i )

.

(4.1)

i

The signal (S) and background (B) PDFs in eq. 4.1 are shown in figure 4. They are
built from simulated events assuming the baseline SAν flux and the background obtained
with the scrambled data set, respectively. To evaluate the signal significance, a large set of
pseudo-experiments (PE), or skymaps, are generated injecting a number of signal events, nsig ,
according to the signal PDF, over the total number of detected events in the data sample
N = nsig + nbkg , where the nbkg represents the expected number of background events.
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Figure 4. Signal (blue) and background (red) PDFs used as inputs in the likelihood function (eq. 4.1).
The PDFs of the angular distance between the direction of the reconstructed track and the position
of the center of the Sun (Ψ ) are plotted before (left) and after (right) normalising to the covered
solid angle.

The excess of events in the solar path is searched for using an unbinned likelihood method
[33, 36]. The likelihood maximisation process runs over the total number of reconstructed
events within a Region of Interest (RoI) of 30◦ around the Sun. Due to the small extension
of the source, it is possible to constrain the search to this RoI, preserving a good number of
reconstructed events without missing information and speeding up the maximisation process.
The RoI is chosen to be 30◦ to get a statistically significant sample of events to perform the
likelihood analysis. The outcome of the maximisation is the number of signal events, n̂sig ,
which maximises the likelihood for each skymap.
The significance of an observation of a given number of signal events n̂sig is evaluated
through a test statistic, TS, defined as the ratio between the maximum and the backgroundonly likelihoods:

TS = log10

L(n̂sig )
L(0)


.

(4.2)

The sensitivity of the detector is defined as the 90% CL median upper limit, which is
computed by comparing the background TS distribution to the signal plus background TS
distributions (see figure 5) [36]. The computation of the sensitivity is done following the next
equation
nsig =

n90%CL
sig, sensitivity

Z
if

∞

TSBkg
med

D(TS|nsig )dTS = 90%

(4.3)

The D(TS|nsig ) term in eq. 4.3 represents the TS distribution for a given number of signal
events, nsig , over which the integration is done. The TSBkg
med is the median of the background
TS distribution. The sensitivity is set to nsig = n90%CL
sig, sensitivity for the TS distribution that
fulfills the condition in eq. 4.3.
Following the same approach, the measured upper limit is computed from the observed
TS after unblinding the data. If the observed TS is below the median of the TS background
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Figure 5. Schematic of the sensitivity calculation. The blue curve represents the TS distribution for
zero number of injected signal (background-only hypothesis). The orange curve is the TS distribution
for a number of signal events (ns ) injected on the skymaps (signal hypothesis), corresponding to
the sensitivity. This curve has the 90% of the distribution over the median TS of the background
distribution. The upper limit is computed similarly, but instead of comparing with the TS of the
median of the background distribution, the measured TS is used.

distribution, the upper limit is set equal to the sensitivity. The p-value for the upper limit is
computed comparing the measured TS with the background-only TS distribution as
Z ∞
D(TS|nsig = 0)dTS
(4.4)
p-value =
TSmeasured

If no signal is observed, a limit on the neutrino flux is computed from the limit on the
number of signal events, n90%CL
, according to the following expression:
sig
CL (E)
dΦ90%
νµ

dE

=

CL
n90%
dΦtheor
νµ (E)
sig

n̄theor
sig

dE

= C90 ·

dΦtheor
νµ (E)
dE

.

(4.5)

The first term in equation 4.5 corresponds to the flux upper limit. The second and third
terms represent the theoretical flux model multiplied by a scale factor, C90 , defined as the
ratio between n90%CL
and the expected number of signal events n̄theor
detected. The expected
sig
sig
theor
number of signal events n̄sig is computed in the following way:

Z X  theor
dΦl
(E) eff
theor
Al (E) dE,
(4.6)
n̄sig = T
dE
l∈νµ ,ν̄µ
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where T is the livetime of data taking, Aeff is the ANTARES effective area for this analysis
(see figure 6), and dΦtheor
(E)/dE is the theoretical flux model.
l
In the considered baseline scenario of SAνs, the expected number of signal events for
the 3022 days of livetime is n̄theor
= 0.37.
sig
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Figure 6. ANTARES effective area for νµ , ν̄µ and the sum of the two, arriving from the Sun direction,
after the selection cuts (Λ > −5.2, β < 1◦ and θ > 90◦ ). The effective area depends on the local
zenith angle θ and the plot is made by averaging the Sun positions during the considered period
(2008–2018).

4.2

Systematic uncertainties

The systematic uncertainties arise from the signal simulation and from the detector response.
The former includes the differences on the νµ spectra from different CR models and solar
density profiles (as shown in figure 2) up to a 30% uncertainty in the neutrino production
flux as discussed in [11, 37], and those arising from different spatial distribution when the
three different shapes for the Sun (point-like, filled disk and ring-shaped) are assumed. The
latter includes effects on the detector absolute pointing accuracy, the angular resolution for
upgoing muon tracks, and the detector acceptance.
The effect on these systematic uncertainties are considered with respect to the selected
reference case mentioned in section 3, i.e., the baseline scenario obtained with the H3a CR
model, the Ser+Stein solar density profile, the Sun as a point-like source, and nominal detector
performances. For the signal, normal mass ordering and neutrino oscillation parameters
from best-fits values are assumed [11, 30]. The analysis is optimised for νµ CC interactions
yielding muons crossing the detector. The inclusion of systematics uncertainties will worsen
the sensitivity as determined for the baseline scenario case.
Systematics due to the detector response includes different effects, as studied in previous
ANTARES papers [33, 34, 38]. The ANTARES absolute pointing accuracy uncertainty was
determined using the Moon [39] and Sun [40] shadows. To consider the possible displacement
of the Sun from the nominally expected reconstructed position, randomly generated offsets
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have been added to the φazimuth and θzenith variables describing the centre of the Sun (Figure
1) of simulated events. The offsets are generated according to two Gaussian distributions
with the width according to [40]. The angular resolution of the track reconstruction algorithm can be affected by the accuracy of the detected hit times. A smearing of these times
was performed in simulations, leading to up to 15% degradation on the angular resolution for
reconstructed muons. Uncertainties on the knowledge of water properties (attenuation, scattering length) and optical modules efficiencies induces an uncertainty on the detector effective
area (corresponding to the detector acceptance in neutrino telescopes). To constrain this systematic uncertainty, a comparison is performed between the events obtained with nominal
detector parameters and simulations in which water properties, or the efficiency of the optical
modules, are varied according to the known uncertainties on the values used for the simulation. The corresponding effect induces variations up to 15% on the detector acceptance in
the considered energy range.
When considering all these uncertainties, it is found that the median sensitivity at 90%
CL would worsen by about 5% with respect to the baseline scenario. An effect of less than
2% arises when considering the other combinations of CR model and solar density profile.
Finally, it turns out that the largest systematic effect on sensitivity’s uncertainty arises from
CL
the different shapes of the Sun. The different values of sensitivities, n90%
sig, sens , represented by
the number of events obtained by eq. 4.3 for the three Sun shapes considered, are included
in the first column of Table 1.

5

Results and conclusions

As described in section 4.1, the excess of events in the solar path is searched for through an
unbinned likelihood function that uses events contained in a RoI of 30◦ around the Sun centre.
The percentage of expected signal falling inside the RoI is ∼ 99.6%. The expected number
of background events is 470. When opening the (2008–2018) real data set, the number of
detected events in the data sample contained in the RoI is 461. The unbinned likelihood
function yields no excess of SAν signal over the expected background in the 11 years of
analysed data.
Sun Shape
Point-like
Filled disk
Ring-shaped

CL
n90%
sig, sens

Ratio

CL
n90%
sig, up-lim

p-val

2.70
2.80
3.45

1.00
1.04
1.28

3.15
3.25
3.45

0.41
0.43
0.50

CL
Table 1. First column: Sensitivities in terms of n90%
sig, sens for the three different Sun shapes considered
in the SAν baseline model. The second column is the ratio of the sensitivities with respect to the
point-like case. The third and fourth columns report the corresponding 90% CL upper limits and the
p-values corresponding to the quoted upper limits for the real data set.

In the baseline scenario, the 90% CL upper limit obtained after analysing the unblinded
CL
data is n90%
sig, up-lim = 3.15, corresponding to a flux scale factor of C90 = 8.6. This value
of the scale factor indicates the possibility of excluding at 90% CL the tested model. A
value smaller than one will directly constrain the model. In this study the flux that can be
constrained would be 8.6 times larger than the one of the baseline model. Figure 7 shows
the distribution of the events within the RoI of 30◦ around the Sun, for the expected signal
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(blue histogram) and background (green line), alongside the observed data (black dots). The
intensity of the signal is magnified by a factor 8.6 for comparison. In table 1 the upper
CL
limits on n90%
sig, up-lim obtained after data unblinding for the three Sun shapes considered, as
well as the corresponding p-values, are reported. The first column contains the evaluated
sensitivities.

Angular distance from source
[deg]
25
20
15

30

10

50

Number of Entries

101
Averaged Expected Background (from MC)
Solar Model Baseline (× 8.6) [Edsjö et al.]
ANTARES Data (2008-2018)

100

10

1

10

2

10

3

0.88

0.90

0.92

cos(

0.94
)

Signal × 8.6

0.96

0.98

1.00

Figure 7. Number of detected events (black dots) as a function of the reconstructed angular separation Ψ with respect to the Sun centre. The expected signal, in blue, is scaled up by a factor 8.6.
The expected background (green line) is shown with a 2σ band along the data (black dots).

Figure 8 presents the 90% CL upper limit (solid red line) on the baseline SAν flux as
a function of the neutrino energy obtained by the ANTARES detector using 3022 days of
livetime. The corresponding sensitivity is also indicated as a dotted red line. The limit covers
the energy range which contains 90% of the expected number of SAν events. The theoretical
flux model (solid blue line) and the upper limits obtained by the IceCube collaboration (solid
black line) [41] are included in the figure for comparison. The GST4 cosmic ray model and
the Ser+GS98 solar density profile have been tested in combination with the models used in
the baseline scenario (see figure 2), and the results are within a 2% difference with respect to
the values shown in table 1.
After analysing 11 years of ANTARES data, corresponding to 3022 days of total livetime,
with an unbinned likelihood method, using three different sun shapes, no signal evidence of
SAνs is observed. As a result, a 90% CL upper limit on the flux of 7×10−11 TeV−1 cm−2 s−1 at
1 TeV is established. In this context, the advent of the new neutrino telescope in the Mediterranean Sea (the KM3NeT detector [42]) that will improve both the mentioned requirements
would represent a significant progress toward the important observation of SAνs.
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Figure 8. ANTARES upper limit (solid red) and sensitivity (dashed red) for 11 years of data,
assuming the Sun as a point-like source for the baseline model H3a-Ser+Stein (solid blue line).
For comparison, the current 6 years IceCube upper limit [41] is also shown (solid black line). The
ANTARES limit and sensitivity lines expand in the energy range which contains 90% of the expected
number of events.
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