
PUBLISHED VERSION  

http://hdl.handle.net/2440/106892 

 

 

M. G. Aartsen ... G. C. Hill ... S. Robertson ... A. Wallace … B. J. Whelan ... et al. (IceCube 
Collaboration) 
Search for annihilating dark matter in the Sun with 3 years of IceCube data 
European Physical Journal C: Particles and Fields, 2017; 77(3):146-1-146-12 

© The Author(s) 2017. This article is published with open access at Springerlink. Open Access This 
article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecomm ons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and 
reproduction in any medium, provided you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate if changes were made. Funded 
by SCOAP3. 

Originally published at: 
http://doi.org/10.1140/epjc/s10052-017-4689-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PERMISSIONS 

  

http://creativecommons.org/licenses/by/4.0/ 

 

22 August 2017 

http://hdl.handle.net/2440/106892
http://doi.org/10.1140/epjc/s10052-017-4689-9
http://creativecommons.org/licenses/by/4.0/


Eur. Phys. J. C (2017) 77:146

DOI 10.1140/epjc/s10052-017-4689-9

Regular Article - Experimental Physics

Search for annihilating dark matter in the Sun with 3 years of
IceCube data

IceCube Collaboration

M. G. Aartsen2, M. Ackermann52, J. Adams16, J. A. Aguilar12, M. Ahlers30, M. Ahrens42, D. Altmann24,
K. Andeen32, T. Anderson48, I. Ansseau12, G. Anton24, M. Archinger31, C. Argüelles14, J. Auffenberg1, S. Axani14,
X. Bai40, S. W. Barwick27, V. Baum31, R. Bay7, J. J. Beatty18,19, J. Becker Tjus10, K.-H. Becker51, S. BenZvi49,
D. Berley17, E. Bernardini52, A. Bernhard34, D. Z. Besson28, G. Binder7,8, D. Bindig51, M. Bissok1, E. Blaufuss17,
S. Blot52, C. Bohm42, M. Börner21, F. Bos10, D. Bose44, S. Böser31, O. Botner50, J. Braun30, L. Brayeur13,
H.-P. Bretz52, S. Bron25, A. Burgman50, T. Carver25, M. Casier13, E. Cheung17, D. Chirkin30, A. Christov25,
K. Clark45, L. Classen35, S. Coenders34, G. H. Collin14, J. M. Conrad14, D. F. Cowen47,48, R. Cross49, M. Day30,
J. P. A. M. de André22, C. De Clercq13, E. del Pino Rosendo31, H. Dembinski36, S. De Ridder26, P. Desiati30,
K. D. de Vries13, G. de Wasseige13, M. de With9, T. DeYoung22, J. C. Díaz-Vélez30, V. di Lorenzo31, H. Dujmovic44,
J. P. Dumm42, M. Dunkman48, B. Eberhardt31, T. Ehrhardt31, B. Eichmann10, P. Eller48, S. Euler50,
P. A. Evenson36, S. Fahey30, A. R. Fazely6, J. Feintzeig30, J. Felde17, K. Filimonov7, C. Finley42, S. Flis42,
C.-C. Fösig31, A. Franckowiak52, E. Friedman17, T. Fuchs21, T. K. Gaisser36, J. Gallagher29, L. Gerhardt7,8,
K. Ghorbani30, W. Giang23, L. Gladstone30, T. Glauch1, T. Glüsenkamp24, A. Goldschmidt8 , J. G. Gonzalez36,
D. Grant23, Z. Griffith30, C. Haack1, A. Hallgren50, F. Halzen30, E. Hansen20, T. Hansmann1, K. Hanson30,
D. Hebecker9, D. Heereman12, K. Helbing51, R. Hellauer17, S. Hickford51, J. Hignight22, G. C. Hill2,
K. D. Hoffman17, R. Hoffmann51, K. Hoshina30,53, F. Huang48, M. Huber34, K. Hultqvist42, S. In44, A. Ishihara15,
E. Jacobi52, G. S. Japaridze4, M. Jeong44, K. Jero30, B. J. P. Jones14, W. Kang44, A. Kappes35, T. Karg52, A. Karle30,
U. Katz24, M. Kauer30, A. Keivani48, J. L. Kelley30, A. Kheirandish30, J. Kim44, M. Kim44, T. Kintscher52,
J. Kiryluk43, T. Kittler24, S. R. Klein7,8, G. Kohnen33, R. Koirala36, H. Kolanoski9, R. Konietz1, L. Köpke31,
C. Kopper23, S. Kopper51, D. J. Koskinen20, M. Kowalski9,52, K. Krings34, M. Kroll10, G. Krückl31, C. Krüger30,
J. Kunnen13, S. Kunwar52, N. Kurahashi39, T. Kuwabara15, M. Labare26, J. L. Lanfranchi48, M. J. Larson20,
F. Lauber51, D. Lennarz22, M. Lesiak-Bzdak43, M. Leuermann1, L. Lu15, J. Lünemann13 , J. Madsen41, G. Maggi13,
K. B. M. Mahn22, S. Mancina30, M. Mandelartz10, R. Maruyama37, K. Mase15, R. Maunu17, F. McNally30,
K. Meagher12, M. Medici20, M. Meier21, A. Meli26, T. Menne21, G. Merino30, T. Meures12, S. Miarecki7,8,
T. Montaruli25, M. Moulai14, R. Nahnhauer52, U. Naumann51, G. Neer22, H. Niederhausen43, S. C. Nowicki23,
D. R. Nygren8, A. Obertacke Pollmann51, A. Olivas17, A. O’Murchadha12, T. Palczewski7,8, H. Pandya36,
D. V. Pankova48, P. Peiffer31, Ö. Penek1, J. A. Pepper46, C. Pérez de los Heros50, D. Pieloth21, E. Pinat12,
P. B. Price7, G. T. Przybylski8, M. Quinnan48, C. Raab12, L. Rädel1, M. Rameez20,25,a, K. Rawlins3, R. Reimann1,
B. Relethford39, M. Relich15, E. Resconi34, W. Rhode21, M. Richman39, B. Riedel23, S. Robertson2, M. Rongen1,
C. Rott44, T. Ruhe21, D. Ryckbosch26, D. Rysewyk22, L. Sabbatini30, S. E. Sanchez Herrera23, A. Sandrock21,
J. Sandroos31, S. Sarkar20,38, K. Satalecka52, P. Schlunder21, T. Schmidt17, S. Schoenen1, S. Schöneberg10,
L. Schumacher1, D. Seckel36, S. Seunarine41, D. Soldin51, M. Song17, G. M. Spiczak41, C. Spiering52, T. Stanev36,
A. Stasik52, J. Stettner1, A. Steuer31, T. Stezelberger8, R. G. Stokstad8, A. Stößl15, R. Ström50, N. L. Strotjohann52,
G. W. Sullivan17, M. Sutherland18, H. Taavola50, I. Taboada5, J. Tatar7,8, F. Tenholt10, S. Ter-Antonyan6,
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Abstract We present results from an analysis looking for

dark matter annihilation in the Sun with the IceCube neutrino

telescope. Gravitationally trapped dark matter in the Sun’s

core can annihilate into Standard Model particles making

a e-mail: mohamed.rameez@nbi.ku.dk
b e-mail: marcel.zoll.physics@gmail.com

the Sun a source of GeV neutrinos. IceCube is able to detect

neutrinos with energies >100 GeV while its low-energy infill

array DeepCore extends this to >10 GeV. This analysis uses

data gathered in the austral winters between May 2011 and

May 2014, corresponding to 532 days of livetime when the

Sun, being below the horizon, is a source of up-going neu-

trino events, easiest to discriminate against the dominant
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background of atmospheric muons. The sensitivity is a fac-

tor of two to four better than previous searches due to addi-

tional statistics and improved analysis methods involving bet-

ter background rejection and reconstructions. The resultant

upper limits on the spin-dependent dark matter-proton scat-

tering cross section reach down to 1.46 × 10−5 pb for a dark

matter particle of mass 500 GeV annihilating exclusively into

τ+τ−particles. These are currently the most stringent limits

on the spin-dependent dark matter-proton scattering cross

section for WIMP masses above 50 GeV.

1 Introduction

Astrophysical observations provide strong evidence for the

existence of dark matter (DM). However its nature and

possible particle constituents remain unknown. Interesting

and experimentally accessible candidates are the so called

‘weakly interacting massive particles (WIMPs)’ – expected

to exist in the mass range of a few GeVs to a few TeVs (see [1]

for a comprehensive review). If DM consists of WIMPs, they

can be gravitationally captured by the Sun [2–5], eventu-

ally sinking to its core, where they may pair-annihilate into

standard model particles producing neutrinos. Given enough

time, the capture and annihilation processes would reach an

equilibrium [6] with, on average, only as many DM particles

annihilating as are captured per unit time. This DM-generated

neutrino flux may be detected at terrestrial neutrino detectors

such as IceCube. As the region at the center of the Sun where

most of the annihilations will occur is very small, the search

is equivalent to looking for a point-like source of neutrinos.

Neutrinos above 1 TeV have interaction lengths significantly

smaller than the radius of the Sun and are mostly absorbed.

As a result all the signal is expected in the range of a few

GeVs to ∼1 TeV.

IceCube (Sect. 2) detects neutrinos by looking for the

Cherenkov light from charged particles produced in the neu-

trino interactions. While charged-current (CC) interactions

of νμ (and ν̄μ) produce muons that traverse the detector pro-

ducing clear track-like signatures, the vast majority of such

events observed by IceCube are muons produced when cos-

mic rays interact in the upper atmosphere (Sect. 3). Although

they are observed only in the downgoing direction as they

do not cross the Earth, their dominance in numbers by five

orders of magnitude with respect to the atmospheric neu-

trino flux require strong measures for their rejection. Similar

events created by the interactions of atmospheric neutrinos in

ice are, except for their spectral composition, indistinguish-

able from neutrino events of extra-terrestrial origin and so

remain an irreducible background. A correctly reconstructed

up-going event thus must come from a neutrino interaction.

This analysis focuses exclusively on these track-like upgoing

events. At the energies relevant to this analysis, the direction

of the muon serves as a proxy for the direction of the initial

neutrino and allows us to identify a directional excess from

the Sun in reconstructed events.

We exploit this fact in the event selection (Sect. 4) for

this analysis, using only seasons where the Sun is a source

of up-going signal events. Furthermore we devise an event

selection which minimizes atmospheric muon background

contamination and limits the impact of mis-reconstructed

events. The remaining samples of events are then analyzed

using an unbinned maximum likelihood ratio method [7],

looking for an excess of events from the direction of the Sun.

This method compares the observed angles and energy spec-

trum to signal expectations from different simulated WIMP

masses and annihilation channels (Sect. 5). Sections 6 and

7 present the results of this analysis as well as their inter-

pretation in the framework of the larger effort to detect dark

matter.

2 The detector

IceCube is a cubic-kilometer neutrino detector installed in the

ice [8] at the geographic South Pole [9] between depths of

1450 and 2450 m. Neutrino reconstruction relies on the opti-

cal detection of Cherenkov radiation emitted by secondary

particles produced in neutrino interactions in the ice or the

nearby bedrock. The photons are detected by photomulti-

plier tubes (PMT) [10] housed in digital optical modules

(DOM) [11]. Construction of the detector started in 2005

and the detector has been running in its complete configu-

ration since May 2011, with a total of 86 strings deployed,

each equipped with 60 DOMs.

The principal IceCube array consists of 78 strings ordered

in a hexagonal grid with a string spacing of approximately

125 m, an inter-DOM spacing of 17 m along each string, and

can detect events with energies as low as ∼100 GeV. Eight

infill strings are deployed in the central region of IceCube

to form DeepCore, optimized in geometry and instrumen-

tation for the detection of neutrinos at further lower ener-

gies, down to ∼10 GeV. A layer of dust, causing a region of

increased scattering and absorption, intersects the detector

at depths between 1860 and 2100 m. Since the ice becomes

more transparent at increasing depth, the main part of the

DeepCore instrumentation is deployed below the dust layer

with an inter-DOM spacing of only 7 m. A veto cap of addi-

tional 10 DOMs deployed above the dust-layer completes

the DeepCore strings. A majority of the DeepCore DOMs

are equipped with PMTs of higher quantum efficiency to

increase light collection. These DeepCore strings, along with

the seven adjacent standard IceCube strings, constitute the

fiducial region of the DeepCore subarray for the purpose of

this analysis [12]. For DM annihilations producing neutri-

nos above ∼100 GeV, the full instrumented volume of the
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Fig. 1 Differential νμ (solid) and ν̄μ (dashed) fluxes at Earth from

the annihilations of 1 TeV (left) and 50 GeV (right) WIMPs in the Sun

respectively, including absorption and neutrino oscillation effects (vis-

ible as wiggles in the plot on the left), as predicted by WimpSim [13].

The ν̄μ fluxes are higher than the νμ fluxes at lower energies since their

interactions with the matter of the Sun are helicity suppressed

principal IceCube array contributes to the sensitivity, while

for lower DM masses when the signal neutrinos are below

the IceCube threshold, only the DeepCore fiducial volume

is relevant. The IceCube array nevertheless plays a role in

identifying and rejecting background events at these lower

energies.

3 Signal and background simulations

Neutrino flux predictions at Earth from WIMP annihila-

tions in the Sun have been widely studied, for example in

Ref. [13]. We use the flux predictions from DarkSUSY [14]

and WimpSim [13] to simulate signals for the IceCube detec-

tor according to specific annihilation scenarios, incorporating

effects from absorption in the Sun as well as neutrino oscil-

lations [15]. Events from all three flavours of signal neutri-

nos are simulated. When WIMPs annihilate into W +W −(see

Fig. 1), the W bosons decay promptly and neutrino emission

from the leptonic decay channels peaks at energies close to

the mass of the WIMP. The τ+τ−channel produces a similar

distribution of neutrinos in energy with a higher overall nor-

malization. These are referred to as ‘hard’ channels. When

the WIMP annihilates predominantly to a ‘soft’ channel such

as bb̄, the neutrino emission peaks at energies much below

the mass of the WIMP, since the b quarks hadronize before

they can decay to produce neutrinos. WimpSim does not

account for modifications to the spectrum originating from

the radiation of electroweak gauge bosons by the intermedi-

ate and final states of the decay process. These effects have

been studied in [16]. Since both W± and Z bosons decay

promptly to produce high energy neutrinos, the net effect of

these electroweak corrections is to harden the fluxes from the

softer channels and enhance signal rate expectations.

The principal background of muons generated in the

interactions of cosmic rays with the Earth’s atmosphere is

simulated using the CORSIKA package [17]. Atmospheric

neutrino interactions with the ice and the bedrock sur-

rounding the detector are simulated using neutrino-generator

(NuGen) [18] above 150 GeV with the cross sections of [19]

and GENIE [20] below 150 GeV. The atmospheric neu-

trino flux predictions of [22] are used to weight NuGen and

GENIE simulated datasets to validate the data processing and

event selection.

4 Event selection

The energy range of the expected signal (a few TeV at max-

imum) and the event topologies in the detector at these ener-

gies dictate the event selection strategies. For WIMP masses

less than 200 GeV, which produce signal neutrinos mostly

with energies below the IceCube threshold, only DeepCore

will contribute significantly towards the effective volume.

However, for higher WIMP masses, where a significant frac-

tion of the resultant neutrinos are above the IceCube thresh-

old, the full instrumented volume of IceCube comes into

play. Consequently we select two non overlapping samples

of events as illustrated in Fig. 2.

To optimize the event selections for the analysis, we con-

sider two scenarios: WIMPs annihilating completely into

W +W −and WIMPs annihilating completely into bb̄. For

WIMP masses below 80.4 GeV, the mass of the W boson,

we consider the WIMP annihilating into τ+τ−, since anni-

hilations to W +W −are not kinematically allowed. Since the

detector acceptance is energy dependent, cuts have to be opti-

mized for the spectral composition of the expected signal

flux.
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(a) (b)

Fig. 2 The two event selection strategies for this analysis. The Ice-

Cube dominated high energy sample (a) is sensitive to neutrinos above

∼100 GeV. Most of the sensitivity for neutrino signals below 100 GeV

comes from the DeepCore (DC) dominated low energy sample (b). This

approach is similar to that of earlier IceCube analyses [21]

Within IceCube, a standard set of filters pre-select signal-

like events and reduce the rate of the dominant background

of atmospheric muons, subsequent to which reconstructions

specific to the event topology are carried out, at what is known

as the filter level or level 2 (L2). We focus on a stream of

data from three of these filters, a low-energy event filter on

the topological region of DeepCore and two further filters

selecting muon-like events in the bigger IceCube array. One

of these filters favours short low energy upward going tracks.

The other selects general bright track-like events, both up

and down-going, where the latter class is restricted to events

starting within the detector. After these filters the data rate

is reduced from 3 kHz to about 100 Hz. Still, atmospheric

muons constitute the overwhelming majority of events. At

this stage, about 30% of the neutrino events recorded by

IceCube include a coincident atmospheric muon event. The

goal is to further reduce the data with a series of reconstruc-

tions and cuts to a sample of signal-like neutrino events This

sample will be, however comprised almost exclusively of

atmospheric neutrino events, an irreducible background to

the analysis. Figure 3 provides a comparative summary of

the event rates at filter and analysis level.

4.1 Data treatment

The processing of IceCube data proceeds in sequential steps,

referred to as selection levels. It involves the abstraction of the

recorded analog to digital converter data as photons impact-

ing on single PMTs (hits), the removal of nuisance hits caused

by detector noise and coincident events,1 event reconstruc-

tions of increasing complexity and event selection cuts. The

reconstructions assume single event topologies built up only

by hits that are caused by the radiating particle. They can eas-

ily be misled by nuisance hits, making hit cleaning a priority

for any IceCube analysis.

1 Two or more events being present in the detector at the same time and

ending up in the same readout window. An effect observed in ∼10% of

recorded events, up to 30% depending on filter stream selection.

Fig. 3 Zenith distributions for simulation, indicated for their simu-

lated particle direction (MC, dashed lines) and reconstructed direction

(reco, solid lines), and data, with only reconstructed directions (circles),

at filter level (L2) and analysis level. At filter level the down-going

atmospheric μ-background (red dashed), dominates even the up-going

region for the recorded data (solid circles), because of false direction

reconstructions (solid grey). The flux expectation of atmospheric νμ

(green dashed) are indicated [22]. After removal of background events

in the event selection reconstructed track-like atmospheric νμ-events

(green solid) dominate the remaining exp. data (open circles) at final

level. The plot also shows the obtained limits on the solar WIMP νμ

signal flux obtained by this analysis for two different WIMP models,

which are reconstructed in DeepCore (50 GeV τ+τ−, light blue) and

IceCube (1 TeV W +W −, dark blue) at analysis level (solid) and scaled

by their selection efficiency at filter level (dashed)

This analysis makes use of a new approach for the nec-

essary noise cleaning and separation of coincident events by

an agglomerative hit clustering algorithm [23,24]. It operates

progressively on the IceCube data stream described by the

time-distribution of hits. Within the algorithm, which takes

into account the hexagonal design of the detector and the dif-

ference in instrumentation density between its components,

the physical causal relation between consecutive hits is ana-

lyzed. If found to be causally connected, hits are considered

to form a cluster. Clusters grow by further addition of more

connected hits, while unconnected hits are rejected. Each

such identified cluster can later be attributed to a particle

(sub)event within the detector. Persistent errors, such as the

splitting of a single event into two separate subevents are cor-

rected by a subsequent algorithm described in [23], which

probes the recombination of subevents back into a single

event. The combination of these algorithms performs 50%

better than previous approaches, in both selecting the correct

hits created by the radiating particle as well as the correct

separation of events arriving in coincidence.

4.2 IceCube event selection

From the ∼100 Hz of data from the three filters at L2, cuts

favoring horizontal, well reconstructed events are used to
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select ∼3 Hz of data (L3). The position of the Sun varies

between ∼66◦ and 104◦ in zenith angle. Consequently the

signal events are expected to be horizontal within the detector.

Subsequently, events that have more hits outside the Deep-

Core fiducial volume or at least 7 hits in the IceCube strings

are selected. More sophisticated and computationally inten-

sive reconstructions are performed at this stage. A Bayesian

likelihood-based reconstruction that uses the prior knowl-

edge that the data are still dominated by down-going muons

is used, along with consistency tests between the various

track reconstructions performed so far. This reduces the data

rate to ∼140 mHz (L4). Subsequently, a Boosted [25] Deci-

sion Tree (BDT) is used to quantify each event as signal or

background-like using a score, based on a set of variables

describing the event topology and direction, as well as rel-

ative positions and arrival times of the various photon hits

within the detector. The BDT is trained on simulated signal

events of the W +W −-annihilation channel of 1 TeV WIMPs.

The optimum threshold on the BDT score was determined

using the Model Rejection Factor method described in [26]

for the same signal hypothesis. The remaining ∼2.9 mHz of

data (L5) are dominated by up-going muons from charged

current interactions of atmospheric νμ (and ν̄μ). The angu-

lar resolution of this sample is further improved using a

reconstruction which utilizes tabulated photon arrival time

distributions obtained from simulation as described in [27].

The median neutrino angular resolution for this final sample

ranges from ∼6◦ for a 100 GeV neutrino to <1◦ for a 1 TeV

neutrino.

4.3 DeepCore event selection

The fiducial region of DeepCore is already embedded deep

within the detector. In consequence, using a selection of

DeepCore dominated events with less than 7 hits on regular

IceCube strings (the compliment of the selection criterion

for the IceCube event selection) already provides a certain

degree of background rejection via containment and start-

ing requirement for events. These two properties are further

exploited for the identification of events originating from

neutrino interactions.

The DeepCore event selection starts with events selected

by any filter at L2. Straight cuts which enforce minimal event

quality and a loose selection for low energy horizontal events

are applied. To reject down-going events still contained in

the sample, hit-based vetos requiring no hits in the outer and

top-most DOMs are applied. Subsequently, events are recon-

structed with the reconstruction described in [27] followed by

further straight cuts, which reduce the content of atmospheric

muons within the sample (L3+L4). After this a BDT, which

is trained on the selection of track-like νμ-events by variables

expressing the position, incoming direction and reconstruc-

tion quality of events, is used. Thereafter a cut is applied

requiring the zenith angle to be reconstructed within 10◦

of the actual Sun position. A second BDT, which is trained

on the exact signal properties by additional energy-sensitive

event variables, is used to further refine the event classifica-

tion (L6). A loose cut on the second BDT-score sufficiently

reduces the sample, so that the computationally demanding

energy reconstruction described in [28] can be applied to all

remaining events (L7). This reconstruction estimates the total

energy of the incoming neutrino from the length of the muon

track as well as the photons from hadronic debris from the

charged current interaction, when the interaction has taken

place within the instrumented detector volume. The sample

now contains all variables needed for the likelihood analysis

procedure. The BDT-score cut can be further optimized for

the best sensitivity for a broad range of WIMP models at the

low WIMP mass end and obtain the sample at L8.

The selection criteria described in the two sections above

are applied to data from the austral winters between May

2011 and March 2014. This produces two non overlapping

samples with the νμ + ν̄μ effective areas and angular resolu-

tions shown in Fig. 4, corresponding to 532 days of operation

of IceCube-DeepCore. While this Tables 1 and 2 summarize

the rates and neutrino purities of the two streams at various

levels of the event selection.

During the austral summer, when the Sun is above the

horizon and a source of down-going neutrinos, an addi-

tional background of down-going atmospheric muons, ∼ 105

higher in rate than atmospheric neutrinos at filter level, dom-

inates over the signal. For this data taking period, in order to

reach a sample of suitable events for analysis, considerably

harder cuts are required, diminishing the acceptance of neu-

trino events. Samples isolated from these periods of operation

of IceCube-DeepCore [23,29] have been found to not con-

tribute significantly to the sensitivity and are thus not further

considered.

5 Analysis method

An unbinned maximum likelihood ratio method [7] is sub-

sequently used to look for a statistically significant excess of

events from the direction of the Sun. The signal probability

density function (p.d.f.), explicitly dependent on the event’s

reconstructed direction, �xi , energy, Ei , and observation time,

ti , is given by:

Si (�xi , ti , Ei , mχ , cχ ) = K(|�xi − �x⊙(ti )|, κi )

×Emχ ,cχ (Ei ), (1)

where K stands for the spatial and E for the spectral parts

of the p.d.f. and mχ and cχ stand for the mass and annihila-

tion channel of the WIMP respectively. Here K is approxi-

mated by the monovariate Fisher-Bingham distribution [30]
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Fig. 4 Event selection performance. Left νμ + ν̄μ effective area,

derived from Monte Carlo simulations performed usingGENIE [20] for

the DeepCore selection and NuGen [18] employing the cross sections

as calculated by [19] for the IceCube selection. Right median angular

resolution as a function of true neutrino energy. The dashed lines indi-

cate the median kinematic angle between the incoming neutrino and the

muon. Events from CC interactions of neutrinos with energies higher

than ∼100 GeV are preferentially included in the IceCube selection as

the range of the muon is higher than the containment requirements of the

DeepCore selection. Those that are included in the DeepCore selection

are the ones of lower energy and those in which a larger fraction of the

neutrino energy has been transferred to the hadronic cascade. For the

latter events, a larger fraction of the observed photon yield comes from

the hadronic cascade, affecting the performance of the track direction

reconstruction. In addition the kinematic scattering angle also is higher

for such events. Consequently, a saturation effect can be seen in both

angular resolution and kinematic angle lines for the DeepCore Selec-

tion, at energies of ∼100 GeV

Table 1 Rate summary for the IceCube event selection. The signal

efficiencies are with respect to L2 for the 1 TeV→ W +W − signal.

The atmospheric muon neutrino rates indicate the sum of νμ and ν̄μ in

the expected ratio. The discrepancy between the data rate at L2 and the

total Monte Carlo rate is due to deficiencies in CORSIKA. As cuts reject

most of the atmospheric muon background, the discrepancy becomes

smaller. The final analysis method uses randomized data to estimate the

background, and is not affected by this discrepancy

Cut level Data (Hz) CORSIKA (Hz) Atmos νμ (Hz) Sig eff (%)

L2 98.4 72.8 18.6 × 10−3 100

L3 2.81 3.32 8.4 × 10−3 82

L4 0.14 0.15 5.2 × 10−3 63

L5 2.9×10−3 0.8×10−3 2.1 × 10−3 37

Table 2 Rate summary for the DeepCore event selection. The signal efficiencies are with respect to L2 for the 50 GeV→ τ+τ− – signal

Cut level Data (Hz) CORSIKA (Hz) Atmos νμ (Hz) Sig eff (%)

L2 25.6 25.1 5.90 × 10−3 100

L3 1.37 1.03 3.36 × 10−3 58

L4 0.74 0.66 3.24 × 10−3 57

L5 0.55 0.48 2.48 × 10−3 42

L6 66.9 × 10−3 59.6 × 10−3 2.140 × 10−3 38

L7 1.82 × 10−3 2.07 × 10−3 0.423 × 10−3 16

L8 0.334 × 10−3 0.143 × 10−3 0.220 × 10−3 10
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Fig. 5 Distribution of the reconstructed energy (Reco) of the events

for the DeepCore selection. For background and signal simulations, the

true energy distribution (MC) is shown in dashed lines. The distribu-

tions for the signal are scaled down by a factor of 1/2 for improved

visualization.eps

from directional statistics, dependent on the opening angle, θ ,

between the event and the direction of the Sun at observation

time, �x⊙(ti ), given by

K(|�xi − �x⊙(ti )|, κi ) =
κi e

κi cos(θ|�xi −�x⊙(ti )|
)

2π(eκi − e−κi )
(2)

The concentration factor κi of the event i is obtained from

the likelihood-based estimate of the angular resolution of the

track reconstruction [31]. The energy part of the signal p.d.f.

is constructed from signal simulations.

The background p.d.f. is:

Bi (�xi , Ei ) = D(δi ) × P(Ei |φatm) (3)

where D(δi ) is the declination dependence and P(E |φatm)

indicates the distribution of the energy estimator E in the

event sample which is constructed from the data dominated

by atmospheric neutrinos.

The energy part of the signal and background p.d.f.s are

the distributions of reconstructed energy obtained from signal

simulations and observed data, respectively, and are used

only for the DeepCore sample. They are illustrated in Fig. 5.

For a sample of N events consisting of ns signal events

from the Sun and N − ns background events, the likelihood

can then be written as:

L(ns) =
∏

N

(ns

N
Si +

(

1 −
ns

N

)

Bi

)

(4)

The best estimate for the number of signal events in the sam-

ple is obtained by maximizing the likelihood ratio as defined

in Ref. [7]. The significance of the observation can be esti-

mated without depending on Monte Carlo simulations by

repeating the process on datasets randomized in right ascen-

sion. As the two event selections have no events in common,

Fig. 6 Distribution of cosine of the opening angles towards the Sun

observed in events of the IceCube (top) and DeepCore (bottom) sam-

ples. The black dots represent the number of events reconstructed at

the corresponding direction, the red lines are the average background

expectations with the gray shaded regions corresponding to statistical

uncertainties on the background expectations, while the blue lines indi-

cate the events expected from WIMPs of masses 1 TeV annihilating into

W +W −at 2.84 × 1019 s−1 and 50 GeV annihilating to τ+τ− at the rate

of 3.46 × 1022 s−1 respectively, the present upper limits. The analysis

method employed is unbinned in direction, consequently the binning

employed in this figure is for indicative purposes only

they can be combined statistically using the method described

in Ref. [32]. Confidence intervals on the number of signal

events present within the sample are constructed using the

method of [33].

5.1 Systematic uncertainties

Background levels are estimated in this analysis method

using data randomized in right ascension (see Fig. 6) and

so are, by construction, free of significant systematic uncer-

tainties. A previous study of the signal uncertainties on data

from the 79-string configuration of IceCube [21] concluded

that the following sources of uncertainty are intrinsic to the

signal simulation (percentage impact on sensitivity in paren-

thesis):

1. Neutrino-nucleon cross sections (7% at mχ <35 GeV

down to 3.5% for mχ >100 GeV)

2. Uncertainties in neutrino oscillation parameters (6%)

3. Uncertainties in muon propagation in ice (<1%),

while the following sources dominate the detection process

1. Absolute DOM efficiency

2. Photon propagation in ice (absorption and scattering).

Since the first class of sources of uncertainties, direct inputs

to the WimpSim signal generator that mostly affect the sig-

nal flux normalisations, have not significantly changed with
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Table 3 Systematics summary stating uncertainties in the detection process. The last column states the total uncertainty estimate, which is the

largest sum in quadrature of the individual uncertainties

mχ (GeV) Annih. channel Absolute DOM eff (%) Photon prop. in ice (%) Total (%)

20 τ+τ− −11/+29 −13/+18 35

50 τ+τ− −8/+23 −9/+13 29

100 W +W − −9/+19 −9/+11 23

500 bb̄ −7/+11 −8/+7 15

1000 W +W − −6/+9 −6/+4 12

respect to the study in Ref. [21], we assume them to be

similar. The second class of sources of uncertainties also

include effects altering the signal’s apparent spectral compo-

sition in the detection process and are thus more important

to this analysis which is sensitive to the reconstructed event

energy.

To study the effect of the absolute DOM efficiency as well

as the absorption and scattering properties of the ice, a set

of signal simulations were generated for one year of data

by individually varying each quantities by ±10% from the

baseline value for certain benchmark signals of interest.

The percentage impact of these variations on the muon

flux 
̄μ+μ̄, which can be converted to the other quantities in

Table 4, are summarized in Table 3. The percentage impact of

the uncertainties on neutrino-nucleon cross sections, neutrino

oscillations and muon propagation in ice are taken from [21]

and summed in quadrature to the ones from uncertainties in

DOM efficiency and ice optical properties to obtain the total

systematic uncertainty.

6 Results

No significant excess of events over the expected back-

ground was found in the direction of the Sun, allowing us

to set limits on the neutrino flux from the Sun in the GeV–

TeV range. Assuming a conservative local DM density of

0.3 GeV/cm3 [41], a standard Maxwellian halo velocity dis-

tribution and the Standard Solar Model, this limit can also be

interpreted as a limit on the WIMP-proton scattering cross

section. Table 4 summarizes the best fit number of signal

events and the upper limit on the muon and neutrino fluxes, as

well as spin-dependent and spin-independent WIMP-proton

scattering cross sections.

7 Conclusions and interpretations

For spin-dependent WIMP-proton scattering, IceCube lim-

its are the most competitive in the region above ∼80 GeV

(Fig. 7). The constraints on spin-independent scattering

(Fig. 8) from this search are complementary to the limits from

direct detection. Even though these tend to be significantly

stronger, they are subject to different uncertainties from the

nuclear scattering process and from astrophysics. Limits have

improved by a factor of ∼2 to 4 with respect to previous

IceCube analyses [21,42]. While these constraints explicitly

assume equilibrium between capture and annihilation in the

Sun, for the natural scale of 〈σAv〉 ∼ 3×10−26 cm3s−1 [43],

the time required for equilibrium to be achieved becomes

as large as the age of the Sun only for σ SD
χ−p as low as

10−43 cm2, making this a very reasonable assumption [44].

The uncertainties on these limits due to uncertainties in veloc-

ity distributions of DM have been quantified in Ref. [45] and

do not exceed ∼50%. The study also concludes that these

limits are conservative with respect to the possible exis-

tence of a dark-disk [46], since a population of DM parti-

cles with lower velocities in the disk will enhance the cap-

ture rate. For a dark disk contributing an additional 25%

to the local DM density, co-rotating with the visible stel-

lar disk with no lag in velocity and a velocity dispersion of

σ = 50 km/s, the spin-dependent capture rate is boosted by

a factor of ∼20 at high DM masses, improving the constraint

on the spin-dependent cross section by a corresponding

amount.

As demonstrated in Fig. 7, these constraints exclude some

models corresponding to neutralinos from a scan of ∼500

million points in the 19 parameter realization of the phe-

nomenological minimally super-symmetric standard model

(pMSSM) [47,48] performed usingmicrOMEGAs [49] with

logarithmically distributed priors (chosen to preferentially

populate low mass, high σ SD
χ−p models) on the mass param-

eters typically in the range 50–10,000 GeV/c2. The points

were required to yield a relic dark matter density consis-

tent with PLANCK measurements [50] and a Higgs mass

within the currently known uncertainty range [51], in addi-

tion to being consistent with recent measurements of the

Bs
0 → μ+μ− branching ratio [52] and the CKM matrix

element Vub [53]. Further details are given in [54].

Beyond the WIMP paradigm, this search is sensitive to any

scenario with a DM particle in the 20 GeV to 10 TeV mass

range that can scatter off nuclei sufficiently strongly to cause

an over-density at the center of the Sun, and can annihilate to

produce neutrinos as primary or secondary products. Some
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Fig. 7 Limits on σ SD
χ−p ,

compared to results from other

neutrino detectors and direct

detection experiments [34–37].

The IceCube limits have been

scaled up to the upper edge of

the total systematic uncertainty

band. The colored points

correspond to models from a

scan of the pMSSM described in

Sect. 7 and are shown color

coded by the ‘hardness’ of the

resultant neutrino spectrum.

Points close to the red end of the

spectrum annihilate

predominantly into harder

channels such as τ+τ−and can

hence be excluded by the

IceCube red line

Fig. 8 Limits on σ SI
χ−p , compared to results from other neutrino detectors and direct detection experiments [34,35,38–40]. The IceCube limits

include the systematic uncertainties

specific scenarios have been considered in [55]. Scenarios

where the DM-nucleon scattering is velocity or momentum

dependent and hence suppressed at non relativistic energies

are also of particular interest [57]. In these scenarios, this

search can be significantly more powerful than direct detec-

tion constraints, due to the fact that capture in the Sun for

a DM-nucleus interaction that depends on the spin of the

nucleus is dominated by scattering off light nuclei, while

direct detection experiments on Earth rely on significantly

heavier nuclear targets. Theories with DM candidates that

interact very differently with protons and neutrons are also

better constrained by this search, which relies on DM scat-

tering off a democratic distribution of various nuclei present

in the Sun, each with a different neutron-proton ratio. This is

in contrast to direct detection experiments which often rely

on a single target nucleus specimen [58,59].
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