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Dark matter from the Galactic dark matter halo could scatter off of nuclei in the Sun and become
gravitationally captured, accumulating in the center. The accumulated dark matter may annihilate
into standard model particles and produce energetic neutrinos in sequent decays. Neutrinos with
energies below a few hundred GeV escape the Sun without any significant absorption and can
be searched for using a neutrino telescope. IceCube has produced the most stringent bounds on
spin-dependent scattering of dark matter with hydrogen by looking for this signal. We present
IceCube’s latest solar dark matter search results including a new all-neutrino flavor result that sub-
stantially improves IceCube’s sensitivity for dark matter particles with masses below O(100) GeV.
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1. Introduction

Dark matter (DM) annihilations in the Sun could result in observable signals at neutrino tele-
scopes. IceCube, the worlds largest neutrino observatory [1], located in South Pole, has searched
for such signals from the Sun and we present a status of on-going searches as well as an outlook
for future analyses and detector upgrades.

Dark matter (denoted ) ) from the Galactic dark matter halo can be gravitationally captured by
to the Sun after an initial scattering of Hydrogen or heavier nuclei. Dark matter will accumulate
in the center of the Sun and is expected to self-annihilate in many popular DM scenarios, such
as Weakly Interactive Massive Particles (WIMPs). Under the assumption that DM capture and
annihilation have reached equilibrium, the expected neutrino flux is independent of the dark matter
self-annihilation cross section and only depends on the scattering process that initiates capture. The
equilibrium assumption [2] is reasonable given the age of the Sun and allows for an easy conversion
of a neutrino flux to a corresponding WIMP-proton cross section. The expected neutrino energy
range of interest for IceCube is from few GeV to 1 TeV, as neutrino signals above 100 GeV start to
be attenuated due to absorption in the Sun.

In these proceedings we summarize results using muon neutrinos and three years of IceCube
data [3]. We present a new all-flavor search for solar WIMPs [4] and give an outlook in future solar
WIMP searches with IceCube and planned upgrades.

2. Solar Dark Matter annihilation search with 3 years of IceCube data

Solar Dark Matter annihilation search with IceCube-79strings (IC79) was performed in 2011
and we have updated this analysis with 3 years data with the final 86-string detector configuration
(IC86). The sensitivity is better than the previous due to the additional statistics and improved
analysis method. As a low energy point-like source analysis, the angular resolution of the detector
is important. Therefore, v, samples are the main focus of this analysis.

For the signal simulation, we used DarkSUSY [5] and WimpSim [6] to calculate the predicted
neutrino signal flux and the propagation to the Earth, taking neutrino oscillations into account.
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Figure 1: Right: simulation and data comparison as function of the cosine of zenith angle. Left: effective
area as function of the reconstructed energy.
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Backgrounds of this analysis are atmospheric neutrinos and muons. The CORSIKA package [7] is
used to calculate the interaction of comic rays with the Earths atmosphere for the atmospheric u
background. For the atmospheric v background, we used neutrino-generator (NuGen) and GENIE
respective for energies above and below 150 GeV.

2.1 Event selection and Analysis
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Figure 1 shows differential rates backgrounds at filter and final selection cut level for IC and
DC samples. The background predictions are compared to observed event rates and signal expec-
tations at current bounds. The points represent the data and lines show the simulation expectations.
Dotted lines show the simulation prediction before the event selection. The red dotted line repre-
sents simulated atmospheric 1 and green dotted line shows simulated atmospheric v,,. Downgoing
events are dominated by atmospheric u as without the Earth veto effect. The light blue and dark
blue lines are the predicted neutrino flux from solar WIMP annihilations in the Sun respective for
xx — Ttht and yy — WTW ™. After the event selection, we get green solid lines for the simu-
lation and white dots as data. In the right of figure 1 the effective area for the IC and DC event
selections are shown.

Figure 2 shows the distribution of neutrino events with respect to the cosine angular separation
of the Sun for IceCube (top) and DeepCore (bottom) samples. We estimate WIMP-proton cross
section limits with an unbinned maximum likelihood method. For N events with n; signal events,
the likelihood function is:
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S; and B; are probability density functions(p.d.f.) for signal and background respectively and de-
pend on the reconstructed energy and position of the events. Each p.d.f. can be written as

Si(fj,ti,Ej;m%,Cx) = K(|)?l _x_é|7ki) X Smxacl (El) (22)

Bi(%i, Ei) = D(&;) x P(E;|@aim) (2.3)

The energy part of signal p.d.f. is dependent on the WIMPs mass (m,) and capture coefficient
(cy). K represents the angular distribution of the signal with the concentration factor, k; and is
given by the Fisher-Binghan distribution [8]. The background p.d.f. consists of the declination
dependence (D) and the distribution (P) of the energy estimator, E in the event sample.

2.2 Results
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minimally super-symmetic standard model (pMSSM) calculated by micrtOMEGAs [9].

3. All-flavor search for solar WIMPS

The denser low energy infill, DeepCore, considerably improves neutrino detection with ener-
gies below 100 GeV due to the higher sensor granularity and the veto capacity of the surrounding
IceCube strings. IceCube can detect all flavors of active neutrinos through Cherenkov light emis-
sion from secondary particles created when a neutrino interacts in the ice. The reconstruction
of electron and tau neutrino interactions, leaving cascade-like signatures in the detector, is more
challenging than the reconstruction of track-like signatures. However, all-neutrino searches have
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become in focus recently. The reasons are obvious [11]: the measured flux is enhanced, the neu-
trino energies may be determined to a better precision, backgrounds from atmospheric v. and v;
are smaller and cosmic ray muons tend to be rejected better by requiring that the events have a
cascade-like signature.
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tion parameters, the resulting angular resolutions are similar to the ones seeded by the true direction
and vertex.

The energy dependent median spatial angle resolution is shown in Fig. 4. Since no reliable
flavor identification is possible on an event by event basis without substantial efficiency losses, the
cascade hypothesis is used for all events. It is evident from Fig. 4 that the cascade reconstruction
is actually superior to the track hypothesis reconstruction for all all neutrino species with energies
below 35 GeV.

Individual event resolutions may vary from the average resolution dependent on the event’s
exact topology and the amount of light deposited in the detector volume. Since event-based resolu-
tions allow for a reconstruction quality based event weighting, a resolution estimator, based on the
Cramer-Rao upper bound on the variance, was coded [4].

In a series of selection levels, the dominant background from atmospheric muons is reduced,
followed by filters that effectively remove noise clusters and coincidences,

bb Tt~ /an
90% X.P 90% X.P 90% P
my € My Osp € M Osp € Mg Osp

[GeV/c?] | [%] | [events] | [fb] | [%)] | [events] | [fb] | [%] | [events] | [fb]
35 12.0 157 1.8 | 10.2 145 0.1 - - -
50 10.6 141 20 | 81 137 0.1 - - -
100 7.9 139 27 | 43 103 0.1 | 47 106 0.22
250 4.5 119 5.0 | 2.3 72 0.14 | 2.2 69 0.34
500 3.3 113 10 1.6 54 029 | 1.5 47 0.72
1000 2.0 77 23 1.2 40 0.75 | 1.1 39 2.6

Table 1: Selected final level efficiencies (€) with respect to level 2, best fit sensitivity on number of signal
events and spin-dependent WIMP cross section limits, Ggﬁp (excluding systematic uncertainties).

Finally, a set of Boosted Decision Trees (BDTs) using 12 variables, including reconstructed
direction, energy and vertex, reconstruction quality parameters as well as veto and geometrical
quantities, was trained to discriminate signal-like from background-like events [4]. The BDT score
cut was optimized to provide the best sensitivity for a given WIMP mass and annihilation channel.
Signal efficiencies (€) for WIMPs with masses below 250 GeV/c? are listed in Table 1.

For the distinction of signal and background events, a likelihood code [13] commonly em-
ployed in IceCube point source searches was adapted. The code, which includes event-based en-
ergy and angular uncertainty information, was altered substantially to work for cascade-shaped
events with large angular uncertainties. For example, the signal PDF was expressed analytically
by a von Mises-Fisher distribution and the background and energy PDFs were represented by a

spline-smoothed two-dimensional histogram, where the binning was optimized automatically for
each BDT score.

3.2 Systematic uncertainties

The likelihood analysis uses scrambled experimental data for the background level estimation,
which therefore is not subject to atmospheric flux models, neutrino cross sections and the detector
modeling. The sensitivities and upper limits, however, are calculated by injecting simulated signal
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events and as such depend on the correct modeling of the detector response and particle physics
uncertainties, such as oscillation parameters and neutrino cross section in the transition region to
deep inelastic scattering. Astrophysical uncertainties, like the local dark matter density and local
velocity, are also important.
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Figure 6: Upper limits and sensitivities for the bb and 717~ channels.

trino cross sections and oscilla-
tions,ranges between 16.6% and 21%, slightly depending on the annihilation channel and assume
WIMP mass. For this study a local dark matter density of py = 0.30 GeV/c*/cm?® was adapted. The
results can be easily rescaled as the limits scale inversely with the assumed matter density (larger
densities yield sensitivities to smaller WIMP scattering cross sections).

4. Solar WIMP sensitivity for IceCube-Gen2/PINGU

IceCube-Gen2/PINGU is a proposed extension of IceCube envisioned to include the deploy-
ment of 20 densely instrumented strings in the central region of IceCube. IceCube-Gen2/PINGU
is expected to significantly improve the sensitivity for WIMP masses in the energy range between
5 and 50 GeV. Building on the experience gained with DeepCore analyses we perform a straight-
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Figure 7: Sensitivity of the 26 x 192 IceCube-Gen2/PINGU baseline geometry to o, sp (left figure) and
O s1 (right figure) for hard (solid lines) and soft (dashed lines) annihilation channels over a range of WIMP
masses for livetimes of one (magenta) and five (green) years. The sensitivities are compared to the present
IceCube limits [3] and limits from Super-K [14], as well as limits projected to the year 2025 to compare to
the IceCube-Gen2/PINGU sensitivities.
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forward event-based Monte Carlo (MC) study, using the 26 x 192 IceCube-Gen2/PINGU baseline
geometry. We use standard event selection criteria and apply a fixed search window around the
position of the Sun with a half-cone opening angle of 10°. Figure 7 shows the sensitivity for
IceCube-Gen2/PINGU combined with the scaled currently best published IceCube limit.

5. Summary and Outlook

IceCube has searched for dark matter captured in the Sun and produced some of the most
stringent limits on the spin-dependent WIMP-nucleon scattering cross section. A new analysis
using all neutrino flavors has significantly improved sensitivities for WIMP masses below 50 GeV.
While high-energy neutrinos (> 1 TeV) cannot escape the center of the Sun due to absorption,
energetic neutrinos could be produced in scenarios with secluded dark matter. In such a scenario
DM annihilates into long lived mediators which can escape from the Sun, and could decay into
neutrinos [15, 16]. Cosmic-ray interactions in the solar atmosphere could also produce energetic
neutrinos and are lately of high theoretical interest [17] [18]. Solar atmospheric neutrinos pose a
natural background to solar dark matter searches. Analyses efforts in IceCube have started to target
energetic neutrinos from the Sun [19]. Lastly with the Gen2 extension to the IceCube detector the
sensitivity to dark matter masses below 100 GeV can be significantly improved.
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