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Since the end of the eighties and in response to a reported increase in the total neutrino flux in the
Homestake experiment in coincidence with solar flares, solar neutrino detectors have searched for
solar flare signals. Hadronic acceleration in the magnetic structures of such flares leads to meson
production in the solar atmosphere. These mesons subsequently decay, resulting in gamma-rays
and neutrinos of O(MeV-GeV) energies. The study of such neutrinos, combined with existing
gamma-ray observations, would provide a novel window to the underlying physics of the
acceleration process. The IceCube Neutrino Observatory may be sensitive to solar flare neutrinos
and therefore provides a possibility to measure the signal or establish more stringent upper limits
on the solar flare neutrino flux. We present an original search dedicated to low energy neutrinos
coming from transient events. Combining a time profile analysis and an optimized selection of
solar flare events, this research represents a new approach allowing to strongly lower the energy
threshold of IceCube, which is initially foreseen to detect TeV neutrinos.
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1. Introduction

In 1988, the Homestake experiment reported an increase in the total number of neutrino events,
potentially correlated with energetic solar flares [1]. J.N. Bahcall predicted that if this increase were
indeed due to solar flares, it would lead to large characteristic signals in neutrino detectors [2]. In
response, experiments such as Kamiokande [3] and SNO [4] performed several studies. Using
different solar flare samples and analyses, the experiments were not able to confirm the potential
signal seen by Homestake.

Solar flares convert magnetic energy into plasma heating and kinetic energy of charged par-
ticles such as protons [5]. Injected downwards from the coronal acceleration region, protons can
interact with the dense plasma in the lower solar atmosphere through the processes indicated in
Eq. 1.1 where the energy thresholds are 280 MeV and 180 MeV for p-p and p-α respectively.

p + p or p + α −→


π++X ;
π0 +X ;
π−+X ;

π+ −→ µ++νµ ; µ+ −→ e++νe + ν̄µ

π0 −→ 2γ

π− −→ µ−+ ν̄µ ; µ− −→ e−+ ν̄e +νµ

(1.1)

Due to their hadronic origin, solar flare neutrinos are of great interest for investigating proton
acceleration and the subsequent interactions in the chromosphere. As demonstrated in several
studies (see e.g. [6, 7, 8]), this neutrino flux extends from MeV up to a few GeV. Neutrino facilities
sensitive to this energy regime could open a new window on solar flare physics and provide new
constraints on e.g. the proton spectral index, as it is shown in these proceedings. In the following,
we will focus on the IceCube Neutrino Telescope and its sensitivity to the high energy part of
the neutrino spectrum from solar flares. Section 2 introduces a new event selection lowering the
threshold of IceCube down to the GeV level. Combined with a dedicated time profile analysis
described in Section 4, this selection allows IceCube to be sensitive to astrophysical transient events
such as solar flares. The potential physics reach when applying this combination is described at the
end of Section 4.

2. The IceCube Neutrino Observatory: from TeV to GeV

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector installed in the ice
at the geographic South Pole between depths of 1450 m and 2450 m, completed in 2010 [9, 10].
A lower energy infill, the DeepCore subarray, includes 8 densely instrumented strings with smaller
spacing between its optical modules (7 m versus 17 m in the IceCube strings) and its strings (72
m in average versus 125 m in IceCube) [11]. When a neutrino interacts in the neighborhood of the
detector, the subsequent electromagnetic and/or hadronic cascade emit Cherenkov photons that can
be detected by one or several of the 5160 optical modules distributed over the 1 km3 volume.

Originally dedicated to observe TeV neutrinos, IceCube has demonstrated the ability to extend
its sensitivity to a larger energy range by the use of DeepCore. Indeed, since the observation of the
first astrophysical neutrinos in 2013 [12], the IceCube collaboration has set several noteworthy lim-
its on, among others, the existence of sterile neutrinos [13] and the spin-dependent WIMP-nucleon
cross section [15] as well as competitive measurements of neutrino oscillation parameters [14]. The
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(a) PeV neutrino interaction (b) GeV neutrino interaction (c) Detector noise event

Figure 1: Examples of neutrino interactions as seen in IceCube. A typical GeV neutrino interaction
is illustrated in 1b while 1a and 1c, respectively, show the well-known "Ernie" event in the PeV
range and a detector-noise event (see the text for more details).

collaboration has also joined the worldwide multimessenger effort studying the highest energetic
events in our Universe [16, 17, 18].

The work presented in these proceedings will demonstrate a new selection capable of ex-
tending the sensitivity to neutrino energies around 1 GeV as well as the use of external facili-
ties/experiments to define a time window of interest. With these two tools, IceCube will be able to
study astrophysical transient events down to GeV scales.

3. Selection of GeV events

The event selection presented here is optimized for neutrino interactions happening in the
DeepCore volume. A softer trigger condition is implemented in this subdetector in order to in-
crease the sensitivity to lower neutrino energies. Three hit optical modules satisfying a Hard Local
Coincidence (HLC) 1 within a 2.5 µs time window are required to define an "event". Furthermore,
the sample only contains events that did not fulfill the conditions to pass the running filters [10], ex-
cept for the DeepCore Filter and either of two additional filters dedicated to low-energy neutrinos:
the Low-up filter (LowUp) and/or the Full-Sky-Starting filter (FSS). The LowUp filter has been
designed to target low-energy neutrinos coming from the Northern sky while the FSS filter uses
parts of the detector as veto for incoming muon events, allowing to search for low-energy neutrinos
from all directions. This results in a significant reduction of the number of atmospheric muons –
from the original rate of 1400 Hz to 15 Hz – while retaining more than 98% of signal events.

As illustrated in Fig.1, the main difference between TeV and GeV neutrino interactions is the
amount of light emitted in the ice. Putting strong constraints on the number of optical modules hit
eliminates neutrinos and remaining muons with an energy exceeding 5 GeV. A distinction is made
between IceCube strings (i.e. strings with a spacing of 125 m) and DeepCore strings (i.e. with a
72 m average spacing) to optimize the selection of DeepCore events. An upper limit on the number
of causally connected optical modules, i.e. the DOMs that have likely observed the same physics
interaction, further helps to select low energy events. A GeV neutrino interaction produces a small
cascade or a short track emitting light close to the interaction vertex, resulting in a small number

1At least two hit DOMs in a next- or next-to near neighbor vertical span in a time window of ±1µ s.
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Table 1: Summary of the conditions required for an event to be selected as a GeV-like neutrino
interaction.

Variable Passing condition
Trigger NHLC-DOMS ≥ 3

DeepCore
Passing filters or

DeepCore + (LowUp and/or FSS)
NHLC-DOMS in IceCube strings ≤ 6

NHLC-DOMS in DeepCore strings ≤ 7
NDOMS causally connected ≤ 10

of causally connected DOMs. A summary of the conditions required for an event to be selected as
a GeV-like neutrino interaction is listed in Table 1.

3.1 Minimizing the contribution of pure noise events

Besides high energy muons and neutrinos that could still contaminate the low energy event
sample, pure detector noise events may trigger DeepCore and pass the above selection. A detailed
simulation of noise in the detector helps to estimate the potential contamination of accidental trig-
gers caused by detector noise, hereafter referred to as "noise events". These include uncorrelated
thermal noise, uncorrelated radioactive noise, and correlated scintillation noise [19]. About 6 Hz
of pure noise survives the selection described above, being the dominant contribution of the event
sample. It is therefore important to minimize this contribution.

Events which have hits that are causally connected are kept, while events containing many
non-causally connected hits are removed. The causality between two hits is stated if their effective
speed - i.e. the distance between the two hits divided by the time separation between them - is
consistent with the speed of light in ice. Applying the causality condition significantly reduces the
rate of detector noise events, from 15 Hz to 0.2 Hz.

3.2 Rate and detector stability

After the event selection described above, the data rate is around 0.2 Hz while more than 50%
of the neutrino interactions below 5 GeV generated with Genie [20] with a generic E−2 spectrum
pass the selection.

Even if this rate is still substantially larger than the expectation of atmospheric neutrinos,
estimated to occur at the mHz level, the selection is sensitive both to single transient events as for
an event-stacking analysis. The sensitivity depends on the stability of the detector once the event
selection is applied. Fig. 2 shows the rate, smoothed with a low pass filter, for three periods of time
occurring in 2011-2013. Even though Poissonian fluctuations are present, the overall behavior of
the rate is constant along the seasons and the years.

The actual sensitivity of this event selection to astrophysical transient events depends on the
characteristics of the event class itself. In the next section, we focus on solar flares, defining a
specific framework that allows IceCube to be sensitive in the GeV energy range.
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Figure 2: Detector rate using a 10 s smoothing and an order 3 low-pass butterworth filter. Three
different periods of the year in 2011 (red), 2012 (yellow) and 2013 (blue) are shown. To prevent
unblinding issues with future transient searches using the same event selection, the absolute time
of the data has been omitted. Even though there are Poissonian fluctuations, the mean values,
0.22 Hz (2011), 0.20 Hz (2012) and 0.20 Hz (2013), are consistent with each other.

4. Solar flare application

The work presented in these proceedings uses the event selection described above to search for
neutrinos from solar flares. As described in [21], one can select solar flares with high probability
of pion production in order to optimize this search for neutrinos. Due to their common production
channel through the decay of pions, gamma-rays and neutrinos are expected to be emitted simulta-
neously. Therefore, using observations from gamma-ray detectors such as Fermi-LAT [22] allows
one to define solar flare events of interest as well as precise time windows for an optimal neutrino
search.

It is also interesting to note that Fermi-LAT has been able to detect the impulsive phase in
some of the latest solar flare events. These impulsive phases are characterized by a small full-width
at half-maximum, narrowing down the neutrino search window to a few minutes. Moreover, the
analysis of the gamma rays detected during these short phases reveals a relatively hard initial proton
spectrum, with a spectral index around 3, as well as an enhanced gamma ray yield [23]. The long
duration emissions, on the contrary, show a softer proton spectral index (between 4 and 6) and a
spread of the gamma-ray emission over several hours. Focusing on the impulsive phase of bright
events of the last solar cycle therefore increases the chance of a neutrino detection in coincidence
with solar flares.

These proceedings focus on an observed event on March 7th, 2012, for which the Fermi-LAT
instrument was able to detect both the impulsive and long duration emissions [23]. Furthermore,
the Fermi collaboration could realize a spectral analysis of the impulsive phase. One can then
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Figure 3: Average neutrino yield per injected proton with a spectral index of 3.2 and a upper cutoff
of 7 GeV (blue) and 3 GeV (orange). A higher cutoff value leads to a higher neutrino yield in the
energy range targeted by the event selection presented in this work.

define the optimal time window using gamma-rays with an energy greater than 500 MeV, focusing
in this way on the energy range where the selection defined above is sensitive. In the following, the
first 20 minutes of the March 7th, 2012 event as detected by Fermi-LAT will be considered.

Following the method described in [6, 24], using the proton spectral index extracted from
gamma ray observations by Fermi-LAT [23] for this particular event, one can estimate the cor-
responding numbers of neutrino interactions detectable by IceCube. A potential upper cutoff of
the proton spectrum has been discussed in several studies (see e.g. [25]). While an exponen-
tially falling spectrum could be present after this cutoff, we use here a Heaviside step function
in order to be conservative on the expected neutrino flux. The proton flux is therefore defined as
dφ

dE = AE−δ H(Emax−E), where A is a normalisation constant, δ represents the spectral index and
Emax is the upper cutoff. The effect of this upper cutoff on the subsequent neutrino flux is illustrated
in Fig. 3, where the blue (orange) points show the average neutrino yield per injected proton with
δ = 3.2 and Emax =7 GeV (3 GeV). A higher cutoff value leads to a higher neutrino yield in the
energy range targeted by the event selection described in Section 3.

Table 2 shows the expected number of events passing the event selection described in Section 2
for different upper cutoff values. Fig. 4 illustrates these numbers together with the number of
events required for a 1–, 3–, and 5–sigma deviation from the background expectation in a counting
experiment. IceCube has the potential to find a signal or constrain this upper cutoff using the
strength of the signal detected during this solar flare. The same procedure can and will be repeated
for the brightest solar flare events from the 24th solar cycle listed in [26, 21].

5. Summary

These proceedings describe a new event selection that allows the IceCube telescope to be
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Table 2: Expected number of solar flare neutrino events passing the selection described in Section 2
for different values of the upper cutoff. These numbers have been obtained assuming a proton
spectral index of 3.2, averaged and derived from observations of the March 7th, 2012 event [23].
For comparison, the last line shows the background expectation.

Value of the upper cutoff Expected number of events in IceCube
3 GeV 19.5 ± 0.3 + Bkg
5 GeV 43.2 ± 0.4 + Bkg
7 GeV 94.3 ± 0.7 + Bkg

Bkg = No signal (2011) 264 ±16

Figure 4: Comparison of the expected number of events in IceCube for the solar flare of March
7th, 2012 and the required number of events for a 1–, 3–, and 5–sigma deviation from background
expectation in a counting experiment.

sensitive to GeV neutrinos, and therefore perform low-energy searches for astrophysical transient
events, such as solar flares or gamma-ray bursts. This sensitivity to low energy neutrinos can be
achieved by the use of electromagnetic observations to define the optimal time window for neutrino
searches. An application to solar flare events, and especially to the bright event of March 7th,
2012, was presented. In the framework of solar flares, the Fermi-LAT instrument can define the
events of interest as well as the optimal time window for a neutrino search. Assuming the proton
spectral index derived from the Fermi-LAT observations, the number of events expected to pass the
above selection has been established as a function of the upper cutoff of the proton spectrum. As
illustrated in Fig. 4, IceCube has e.g. the potential to constrain this upper cutoff using the strength
of the observed signal.
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