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The IceCube Neutrino Observatory has recently observed a flux of TeV-PeV neutrinos that cor-
responds to a highly significant excess over atmospheric backgrounds. It has been suggested that
these events could originate from the decay of very heavy dark matter. We outline here an analysis
of the IceCube data observed in 2011 with respect to the neutrino emission from heavy gravitino
dark matter decay in the Galactic Halo.
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1. Introduction

The observational evidence for Dark Matter (DM) is overwhelming, but its true nature re-
mains elusive. One often invoked explanation comes in the form of Weakly Interacting Massive
Particles (WIMPs) which have masses in the GeV - 10 TeV range. These particles are expected
to accumulate in the center of massive celestial objects like the Earth, the Sun, galaxies or galaxy
clusters. As these particles annihilate with each other or decay, an indirect detection is possible via
the observation of secondary particles, such as gamma-rays, cosmic rays, or neutrinos.

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South
Pole [1] between depths of 1450 m and 2450 m. Detector construction started in 2005 and finished
in 2010. Neutrino reconstruction relies on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the surrounding ice or the nearby bedrock.
IceCube has previously conducted searches for WIMP annihilation in various astrophysical objects
such as the Sun [2], Galactic Halo [3], and galaxy clusters [4].

However, it has been speculated [5-9] that the recent observed flux of extraterrestrial neutrinos
with energies ranging from 30 TeV to 2 PeV [10,11] could originate from the decay of Very Heavy
Dark Matter (VHDM). The observed abundance of DM can be reached if VHDM is produced non-
thermally in the early Universe [12, 13]. This type of DM could decay with lifetimes much longer
than the age of the Universe, producing neutrinos in the same energy range as the high energy events
observed by IceCube [5-9]. One such candidate for VHDM is a heavy gravitino [14]. Neutrinos
from decaying gravitino dark matter should arrive with a unique energy spectrum and directional
distribution proportional to the dark matter density of the galaxy.

2. Simulation

The observed flux of neutrinos from DM decay depends on the distribution of DM in the
Milky Way, its lifetime, and decay spectrum. In the following we will focus on the decay of
gravitino DM as outlined in [14] and consider decays into yv, Zv, hv, and W7~ following the
procedure outlined in [14]. Whereas the neutrino from the primary gravitino decay involving a
neutral boson produces a line spectrum, the decay of the Z and W bosons as well as the Higgs h
and tau 7 produces a continuum emission. We consider 100% branching into each decay channel,
and model the decay with PYTHIA 6 [15]. The neutrino flux at IceCube resulting from gravitino
dark matter is shown in Figure 1 for a dark matter mass of 2 PeV and a lifetime of 10%® s.

Simulated neutrino events in IceCube were weighted to represent the spectrum that would re-
sult from gravitino decay. This weighting was performed according to the equation for differential
flux:

d® _ 1 Rupsc ;. dN

= 2.1
dEy, T 47mmy lI/)dEv (1)

where 7 is the lifetime of the dark matter particle, and dN/dE, is the differential neutrino flux
produced with PYTHIA. R, and py. represent the radius of the solar circle and the local dark
matter density respectively. The dimensionless factor J(y) corresponds to the integral over the line
of sight of the dark matter density p :
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Figure 1: Neutrino spectrum at IceCube produced by 2 PeV decaying gravitino dark matter assum-
ing a lifetime of 10?® s and 100% branching into each decay mode.
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bnas = \/ Ry — B2 sin(y) + Ruc-cos(y) 23)

where Ry is the extent of the Milky Way dark matter halo (40 kpc used in this analysis) and y
is the angular distance from the galactic center. For this analysis we use the Burkert dark matter
profile, as parameterized in [16] to model the matter distribution in the Milky Way:

1

PBur = PH , ; (24)
(1+E)(1+é)

The initial neutrino flavor composition from the decay is not directly observable. One has to
account for neutrino oscillation over cosmic distances that result in an oscillation-averaged flavor
composition. In general, an arbitrary initial flavor ratio will lead to an oscillation average that
is close to an equal distribution between all flavors [17]. For simplicity, we will assume in the
following that each neutrino flavor in the gravitino decay spectrum carries 1/3 of the total flux
calculated by PYTHIA.

3. Event Selection & Reconstruction

This analysis is based on events that have been previously selected by the High Energy Starting
Event (HESE) analysis [10, 11]. The sample consists of events with no more than three photoelec-
trons (p.e.) out of the first 250 recorded in an outer veto layer of optical modules, as described
in [10]. This veto region includes the top 90 m, bottom 10 m, and outermost strings of the detector
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as well as a region of high dust concentration known as the “dust layer". Additionally, the event
must also produce at least 6000 p.e. to ensure (to 99.999%) that cosmic ray muons would produce
enough light in the veto region to be excluded. The HESE sample after three years of observa-
tion consists of 36 events (+1 coincident event removed from the sample), whereas only one event
per year is expected from atmospheric backgrounds. Assuming an astrophysical E~2 power-law
spectrum, the excess has a significance of 5.7¢ [11].

In order to identify possible spectral features and an anisotropic event arrival distribution ex-
pected from gravitino decay in the Galactic Halo, it is necessary to measure the energy and direction
of the neutrino flux as accurately as possible. To this end, IceCube has many different methods of
reconstructing the energy, position, and direction of the incoming neutrino from the timing and
amount of light deposited in the detector at various positions.

At energies in and above the TeV range, neutrinos primarily interact via deep-inelastic scat-
tering, which produces a hadronic shower (cascade) at the interaction vertex. Charged-current
interactions, where a charged boson is exchanged, produce a hadronic cascade accompanied by
an outgoing lepton. This lepton can trigger an additional electromagnetic cascade in the detector,
created by the outgoing electron, tau decay, muon bremsstrahlung, and/or pair production. All neu-
trino interactions produce cascades with the exception of v, charged-current interactions, which
produce a hadronic cascade and an accompanying ‘track’ of light from the bremsstrahlung radiation
of the outgoing muon.

The specific cascade reconstruction used in this analysis started with a basic line fit, which
reconstructs a track under the assumption that the cascade vertex would lie somewhere along this
track. Using this track as a seed, a cascade fitter positioned the vertex along this line to find the
most likely position where the interaction occurred in the detector. The best fit vertex was then
used as the seed for a more complex reconstruction algorithm which uses a likelihood method for
fitting energy, direction, and position simultaneously in order to find the best fit values of these
parameters [18].

4. Binned Likelihood Analysis & Sensitivity

The neutrino flux from dark matter decay should be distinguishable from the atmospheric and
astrophysical backgrounds by its unique energy spectrum and anisotropic arrival direction. While
a limit could be set by counting the neutrinos in regions of energy and direction chosen so as to
increase the signal to background ratio, greater sensitivity can be achieved by analyzing the overall
shape of the reconstructed energy and direction simultaneously.

For a given two-dimensional histogram of data with respect to reconstructed energy and direc-
tion, the event distribution in each bin follows a Poisson distribution. The likelihood is then simply
the product of Poisson probabilities for each bin, representing the total probability that the data was
produced by the hypothesis. For a given distribution of data, the best-fit hypothesis is the one that
maximizes the likelihood.

In order to calculate the sensitivity, the reconstructed energies and directions were binned with
bin sizes equal to the width of the resolutions (Figure 2). Pseudodata was generated by sampling of
Poisson distributions in each bin, with means given by the particular hypothesis. Using this pseu-
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Figure 2: Left: Normalized histogram of the energy resolution for the two-body decay modes of a
2 PeV gravitino. The standard deviation was used as the bin size in log(E) for the binned-likelihood
sensitivity calculation. Right: Similarly to the energy resolution, this plot shows the distribution
of angular resolution around the galactic center for a 2 PeV gravitino. Optimal binning for this
analysis is currently under study.

dodata, the best fit background-only hypothesis was compared to the best fit background+signal
hypothesis using the test statistic (TS):

D%sig—i-bg
Zg 4.1)
TS=—2-In(A)

A=

For this analysis, three likelihoods are considered (described below), which differ only in
their interpretation of the background. For each likelihood, pseudodata representing background
only sources as well as pseudodata representing background plus a given dark matter signal were
generated 1000 times each. For each pseudoexperiment, a test statistic was calculated. This resulted
in a distribution of test statistics for background-only pseudodata as well as a distribution of test
statistics for background with injected signal. If 90% of the signal+bg TS distribution is above the
median of the background-only TS distribution, the detector is said to be sensitive to that signal.

In the first likelihood method, the HESE power law fit to the astrophysical flux (D, o<
E~23%03) is considered to be the background along with neutrinos produced in the atmosphere.
The astrophysical flux was allowed to vary within the HESE uncertainties to result in the best fit.
This interpretation leads to a sensitivity/limit for the case where none of the events were caused by
dark matter decay.

For the second method, the astrophysical background is assumed to be a power law with an
unknown spectral index and normalization. This background is then allowed to take on the values
which lead to the best fit. This interpretation allows for events to have been created by both the
astrophysical flux as well as dark matter decay, and sets the sensitivity/limit accordingly.

Lastly, the third likelihood considers only atmospheric background, and 100% of the events
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detected are assumed to be from dark matter decay. The resulting sensitivities for each likelihood

method are shown below in Table 1. As expected, decay modes with spectral lines perform better

due to the distinct shape of their energy distribution with respect to background sources. The grav-

itino decay into yv gives slightly worse sensitivity than decay into Z°v or h°v, which is currently

thought to be due to the lack of neutrinos at lower energies.

Table 1: Preliminary sensitivities for 2 PeV gravitino DM using the three likelihood methods

Lifetime Sensitivity

Decay Mode | HESE flux + DM | Power law + DM | DM only
Wttt 10778 5 10776 5 10776 5
Z0+ v 10279 g 10%7-8 g 10%7:8 g
h+v 10779 s 1077 s 10778 5
Y+v 10779 s 10778 5 10778 5

5. Conclusions

The decay of very heavy dark matter is an interesting hypothesis of the recently observed

flux of high-energy neutrinos by IceCube. We have outlined our analysis to study this decay via

a maximum likelihood test taking into account the energy and arrival direction of events. For all

decay modes, the resulting lifetime sensitivities are approximately 10?® s, with the most sensitive

decay modes being the ones that produce spectral lines. The next step for this analysis will be to

set a limit on the gravitino lifetime using the Feldman-Cousins method for DM masses in the PeV
- 10 PeV range.
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The existence of magnetic monopoles is a generic prediction of Grand Unified Theories (GUTs).
Produced shortly after the Big Bang, these particles carry magnetic charge. Depending on the
GUT model, the predicted monopole mass varies from 10’ GeV/c? to 10'7 GeV/c?. Magnetic
monopoles could be accelerated to relativistic velocities by intergalactic magnetic fields. Due to
these kinetic energies in combination with a moderate energy loss, they can pass through massive
objects, such as the Earth, and remain relativistic.

Analogous to an electrical charge, a monopole traveling through IceCube with a velocity above
0.76 ¢ produces direct Cherenkov light. Above ~ 0.4 ¢, also indirect Cherenkov light is produced
via §-electrons knocked off by the monopole. The Cherenkov light can be detected by the IceCube
Sensors.

The analysis presented here is distinct from previous searches for relativistic and non-relativistic
magnetic monopoles performed by IceCube as it focuses on the intermediate velocity region,
0.4¢ < B < 0.76¢, using indirect Cherenkov light. We describe the method used in this search,
and present the best limit to date in this velocity region, using one year of IceCube data from
2011.
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1. Introduction

Magnetic monopoles are particles carrying an isolated magnetic charge, a multiple of the Dirac
charge [1] g = 55 ~ 68.5¢ where e is the elementary electric charge and « is the fine structure
constant. Magnetic monopoles are generic solutions of Grand Unified Theories (GUT) [2, 3]. In
this context they would be created in the GUT phase of the universe shortly after the Big Bang.
They are one of the most promising candidates for physics beyond the standard model. GUT
theories predict particle masses reaching from 10’ GeV/c? to 107 GeV/c?. Magnetic monopoles
can be accelerated to relativistic velocities in intergalactic magnetic fields.

Water or ice neutrino telescopes, such as IceCube, instrument a large volume and are therefore
able to detect rare events. This analysis searches for light signals from magnetic monopoles in the
IceCube data recorded from May 2011 to May 2012.

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
[4] between depths of 1450 m and 2450 m. Detector construction started in 2005 and was completed
in 2010. Neutrino reconstruction relies on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the surrounding ice or the nearby bedrock.

Magnetic monopoles faster than the Cherenkov threshold in ice, v¢ &~ 0.76 ¢, emit Cherenkov
light. In addition monopoles ionize the surrounding matter, and most of the knocked-off 6-electrons
are ejected with energies sufficient to produce Cherenkov light. This mechanism is called indirect
Cherenkov light emission and produces light down to a monopole velocity of ~ 0.4 ¢c. The yield of
direct and indirect Cherenkov light along a monopole track is shown in Fig. 1.

Monopoles were simulated in a velocity range of 0.4¢ < vy < 0.995 ¢. The simulation of
monopoles uses the standard IceCube software adjusted to generate and propagate monopoles as
well as generating and propagating the Cherenkov light that they emit. For further details, see [5].
The characteristic signature of a (mildly) relativistic monopole in IceCube is a through-going track
with very high, but constant brightness. An event view of the signal from a monopole simulated in
IceCube is shown in Fig. 2.

2. Event selection

The most abundant background type in this analysis are muons or muon bundles produced in
cosmic ray air showers. Since they traverse the detector from above, but monopoles are expected
to come from every direction. A cut on the reconstructed zenith angle of a recorded IceCube event
removes most of the background while keeping a substantial portion of the signal. When two or
more air showers hit the detector at the same time, a time/space clustering algorithm is used to
separate them into different events. This improves reconstruction quality by rejecting most of the
coincident events, however there still remain many coincident events left to be discarded with other
methods, for example with a cut on the length of the longest track segment without any hits closer
than 100 m.

A boosted decision tree (BDT) is trained to remove the remaining background. To focus on
low monopole velocities < v¢ and improve the final sensitivity in this parameter range, just this
kind of signal simulation is used to train the BDT.
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Figure 1: The number of photons per cm produced
by a bare relativistic monopole (blue) is 4700 times
higher than the light yield of a bare muon (black) pro-
ducing direct Cherenkov light.

The light yield of all -electrons calculated using the
KYG cross section [6] (red) is used in this analysis
in comparison to the simple Mott cross section [7]
(green). Above the Cherenkov threshold indirect and
direct light are summed up in simulation.

Figure 2: A view of a simulated magnetic monopole
event with a velocity of 0.83¢ and a zenith angle
of ~ 170 degrees, using both direct and indirect
Cherenkov light. The positions of IceCube DOMs
are shown with gray dots, hit DOMs with colored
spheres. Their size is scaled with the number of
recorded photons. The color denotes the time de-
velopment from red to blue. The red line shows the
reconstructed track.

After all cuts, including the BDT cut, the remaining background are charged particles produced
in interactions of atmospheric neutrinos. The energies reach from 3.3 - 10> GeV to 2.6 - 10* GeV.

IceCube analyses are performed in a blind way to avoid bias. This is done by using only
simulated background and signal. To validate the simulations, 10% of the recorded data are used.
However, at this point there was not sufficient background simulation available. Therefore pull-
validation was used, which is a re-sampling method inspired by bootstrapping. This method enables
the estimation of the uncertainties of the background rate at low-statistics and is described in detail
in [8]. Finally, the BDT cut, shown in Fig. 3, in its re-sampled distribution was optimized using a
modified Feldman-Cousin approach which also considerates uncertainties [9].

The velocity distribution of background after the last cut, estimated with pull-validation, is
shown in Fig. 4. The total uncertainties of this analysis are also shown. The detector simulation
gives an uncertainty of 3.0% on the monopole rate. The theoretical flux model is taken into account
for the uncertainty of the neutrino flux in addition to the detector simulation which gives 16.9%
of total systematic uncertainty. The variation in the background rate estimate obtained with re-
sampled BDTs was used as an additional, largest source of uncertainty.

This results in a background rate of 0.55 events with a 90% confidence upper limit of 3.61
events.
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Figure 3: 200 BDTs are trained on a random sub- Figure 4: Velocity distribution used to calculate the
sample of 10% of IceCube data. The mean and stan- final differential limit. Reconstructed velocity is used
dard deviation per bin is shown and compared with for background and true simulated velocity for sig-
different types of background simulation. In the sig- nal. The lower part of the plot shows the velocity
nal region atmospheric neutrinos dominate the back- dependence of the total uncertainties including re-
ground contribution. sampling.

3. Result

After the analysis procedure was finalized and all selection criteria fixed, the remaining 90%
of available data from the IceCube season 2011/2012 was used to derive the result. Three events
with velocities > v¢ survived the event selection. This is consistent with background. Fig. 4 shows
these events in comparison to the expectation.

Two events have a clear background signature, when inspected visually, because they stop in
the detector. One event traverses the whole detector but has light output fainter than expected from
a monopole of this velocity. All three events are therefore treated as an upward fluctuation of the
background weakening the limit.

The limit for different velocities at the detector is shown in Fig. 6. It extends from 0.51 ¢ to
0.877 ¢ and for most of this range improves previous limits by a factor of almost two orders of
magnitude. For a more detailed description of this analysis see [5].
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Figure 5: One of three events which
passed all cuts in this analysis with a BDT
Score of 0.53. 110 optical sensors are hit
as opposed to an expectation of 196 £ 11
for a monopole with the velocity and di-
rection as shown in Fig. 2.
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Gravitationally captured Dark Matter in the form of Weakly Interacting Massive Particles
(WIMPs) can annihilate into standard-model particles, such as neutrinos. The IceCube neutrino
detector at the South Pole is an excellent instrument to search for such a neutrino signal from
the Sun. We present an alternative analysis which improves on previous approaches, in particular
in background-dominated regions. Newly developed techniques based on hit clustering and hit-
based vetos allow a more accurate reconstruction and identification of events in the detector and
thereby a stronger rejection of background. These techniques are also applicable to other IceCube
analyses and event filters. We present results for a solar WIMP search using the first year of data
taken with the completed IceCube detector with 86 strings.
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1. Introduction

There is strong observational evidence for the existence of Dark Matter in the universe, in-
cluding our own galaxy[1], which could possibly have a particle manifestation. Examination of
this possibility to date has not revealed the exact constituents of Dark Matter. One intriguing can-
didate is a Weakly Interacting Massive Particle (WIMP) [2], which could for example emerge in a
super-symmetric extension of the Standard Model (SM). If Dark Matter indeed exists in the form
of WIMPs, they should reveal their presence through their annihilation into lighter detectable SM
particles. Still, with a low local density of about 0.3 GeV/cm® and preferred WIMP masses in
the range from a few GeV up to the TeV scale, as well as the cross-section limits obtained, their
annihilation processes remain rarely accesible for our observation.

Due to their gravitational interaction, it is probable that WIMPs get gravitationally trapped
inside heavy bodies of ordinary matter. The Sun represents the best nearby candidate for this
capture process which is driven by the scattering of the WIMPs on nuclei of the Sun, binding them
to the system, and subsequent gradual energy losses while sinking towards the Sun’s centre. The
resultant over-density of WIMPs in a sphere at the centre of the Sun increases the rate of self-
annihilation processes so that it is competitive with the capture rate. Considering the lifetime of the
Sun, we assume that these processes have reached equilibrium[3]. The annihilations will result in
a variety of SM particles, with further particles produced in secondary decay processes, of which
only neutrinos can possibly escape the Sun without absorption. The detection of a neutrino flux
from the Sun at energies similar to the rest-mass of the WIMP would therefore provide evidence of
the presence of Dark Matter and indicate some of its properties.

We present a search for solar WIMPs with the IceCube neutrino telescope. We use one year
of data recorded in 2011/12 with the fully completed detector (IC86). A second independent solar
WIMP analysis has been carried out on the same data set. It achieved a consistent result and is
presented as a separate contribution (ICRC 1209[4]).

2. The IceCube Neutrino Detector

IceCube is a cubic-kilometer sized neutrino detector installed in the ice at the geographic South
Pole [5] between depths of 1450 m and 2450 m. Detector construction started in 2005 and finished
in 2010. The detector consists of an array of 5160 digital optical modules (DOMs) assembled on
86 so-called strings. The DOMs detect the light emitted whenever a neutrino undergoes a neutral
current (NC) or charged current (CC) interaction on a nucleus in the ice. Only the CC interaction of
a muon neutrino creates an energetic and therefore long-ranged muon, whereas the products of all
other interactions lose all their energy in particle showers with a typical size of a few meters. Events
in IceCube thus leave two distinct hit patterns in the detector: tracks, identified by the extended
pattern of Cherenkov-light emitted as the muon propagates O(km), and spherical cascades, caused
by particle showers in NC and CC interactions, as well as by stochastic losses along a muon-track,
which can dominate in terms of the amount of light emitted. All IceCube analyses reconstruct
events recorded in the detector by fits to these two very distinct light distribution patterns.

In IceCube data at trigger level two effects of nuisance are found: detector noise (500-700 Hz
per DOM) and event coincidences, where two or more events are simultaneously present inside the

18



Improved methods for solar DM searches with the IceCube Marcel Zoll

detector (~10% of the events). Both effects lead to errors in event reconstructions and need to be
removed by algorithms performing noise/hit-cleaning and event-splitting.

3. The IceHive Event-splitter

In this analysis a novel event-splitter named IceHive was developed, which is based on clus-
tering of DOM-hits in space and time with an imposed multiplicity requirement. This clustering
routine is based on the determination of whether any two hits are causally connected and are there-
fore caused by a common source of light (physics hit), different from stochastic noise (noise hit).
Collecting physics hits into clusters while excluding noise hits allows the separation of individually
developing sub-events in the detector.

The relation between two physics hits can be described by one of the following causes:

1. hits are located on different geometrical/topological sites of the same light-front (Cherenkov-
cone), thus are spatially separated with no or little time separation

2. hits are caused by photons of the same light-front travelling between DOMs, thus hits are
connected by the speed of photon propagation

3. hits are caused by light-emission at different positions along a muon-track, thus hits are
connected by the speed of particle propagation

A graphical impression of this can be found in Figure 1.

Pre &
orEn Ligp e
ng/)mbﬁ;t . /htf

die-out zone
by propagation

propagatio

die-out zone
by absorption

Figure 1: Possible light emission topologies for tracks and cascades at the present (blue) and future (pink)
after photon-propagation for a particle (arrow) traversing the detector volume. Hits are registered on DOMs
(circles); their relation is governed by the causal arguments of spatial separation, photon propagation and
particle propagation.

This allows the construction of a binary causal connection estimator between hits i (7;,1)
and hy (72,1,) with three dedicated terms (without restriction of generality: #; < ,):

E(hi,h) = [(h2 € EVitatic(h1)) A (0t < Roo(h1,h2) < 01})] 3.1
\ [(hZ c Evphoton(hl)) A (a(;ce S Rcice (l’l],]’lz) S (X:rice)] (32)
V [(h2 € EVpariicte(h1)) A (0, < Reyo (b1, h2) < af )] (3.3)
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where R, = (t; —2) — |Fi — 2| /v is the time-residual of a messenger particle travelling with speed v
between hits, the OcvjE are adjustable parameters, and E Vielation 18 the eligibility volume (EV) contain-
ing all DOMs to which a specific hit can possibly connect. The EV needs to be selected according
to the typical range of the messenger and the imposed multiplicity criterion. In contrast to previous
solutions IceHive explicitly takes the detector geometry into account when the EV is constructed!.
These equations with careful selection of the involved parameters make IceHive very robust against
the influence of noise, so that its application on the raw detector readout becomes possible. Figure 2
shows the ability of IceHive to select the correct physics hits. Applied before online reconstructions
and filters, IceHive could demonstrate an additional background reduction of 30% for muon topolo-
gies and 65% for cascades. Coincident events, which are expected to be found at an abundance of
10% in the recorded data, were separated at a success rate of 87%.
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Figure 2: Comparing the selection of physics hits for the previous event-splitter solution based on spatial
clustering (left) and the improved IceHive algorithm (right). Optimal performance is indicated along the
diagonal. The residual plots show the average number of missed physics hits for events with different
number of physics hits present in total.

4. Event Selection

For this analysis we produce dedicated signal simulation using WimpSim [6, 7] for several
WIMP masses. We pick the annihilation into W W™~ and 717~ to represent a hard neutrino spec-
trum and annihilation into bb for a soft one and thereby bracket other conceivable branching scenar-
i0s. Depending on the WIMP mass and annihilation channel, the expected signal neutrinos at the
detector range in energy from just a few GeV up to some TeV. This analysis focuses exclusively on
a signal in muon neutrinos creating tracks in the detector, as these in general yield the best pointing.
Compared to previous WIMP analyses in IceCube, the detector simulation has been substantially
improved; in particular, the description of the particle/photon propagation and detection in ice, as
well as the detector response.

The regular IceCube (IC) array has a threshold on the neutrino energy ~100 GeV while the
more densely instrumented region DeepCore (DC) lowers this threshold to ~10 GeV. All IceCube
neutrino analyses suffer from a strong background of down-going muons and neutrinos created

IThe detector geometry resembles regular hexagons similar to a bee hive, hence the naming of the algorithm.
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from cosmic ray showers in the upper atmosphere. Atmospheric muons will be observed only as
down-going while atmospheric neutrinos are found at all directions. This greatly influences the
approach to the event selection.

As the event-splitter IceHive shows better performance compared to the methods used tra-
ditionally, it is initially applied to all available detector data selected by any of the online filters
(~800 Hz) during one year of live-time (337.4 d). Thereafter event reconstructions are performed
on the split physics hit selection and minimum quality cuts are enforced.

The event sample is then split into four sub-samples: if the hits of an event are predominantly
found in the denser instrumented region of DeepCore they are classified as DC-dominated, oth-
erwise they are classified as IC-dominated. Another subdivision is performed according to the
incident zenith angle, where events originating from above the horizon are dominated by through-
going atmospheric muons (referred to as BG-dominated).

In the further treatment we require that events in the BG-dominated sample are starting within
the detector, which can only be fulfilled by true neutrino events; the detector’s outer layer of strings
act as an active veto. No such requirement is applied for the up-going (not BG-dominated) sample,
because the Earth acts as a natural filter for the atmospheric muon background.

At this level of about 1 Hz we apply two dedicated Boosted Decision Trees (BDT), one for
DC-dominated and another one for IC-dominated events, thus the different background samples
are treated conjointly. These BDTs are trained solely on variables expressing the containment of
events in the detector, thus explicitly ignore any energy dependence. This reduces the background
by another factor of ~10. Thereafter another four now energy-sensitive BDTs are applied, one
to each of the four sub-samples. The second stage BDTs are trained on a signal sample which is
typical for the respective selection: 1 TeV WIMPs annihilating into W+W ~ for the IC-dominated
samples and an equal mixture of 100 GeV WIMPs into W W~ and bb and 50 GeV WIMPs into
771~ for the DC-dominated samples. The BDT-classifiers at this point are sensitive to the specific
energy spectrum and zenith distribution of the signal expectation and can now be used as tuning
parameters. Figure 3 shows the classifier distributions for the up-going subsamples. A loose cut on
the BDT-classifier at zero brings the data rate down to about 20 mHz.

Up to this level the background has been reduced by a factor of 4 - 10* while, depending on
chosen mass and annihilation channel, between 11% and 20% of the signal could be retained.

5. Analysis method

We use a shape likelihood based on the opening angle W of the observed event direction
compared to the current position of the Sun. The probability density function for an event ¢; as
a set of observable quantities in a sample containing p signal events in a total of Ny events is
given by

u
Nobs

u

8E= (¥ = e

fs(lP)‘F(l -

)fbg(lP) (51)

where f(¥) and fi,, (W) are the probability distribution function (PDF) for signal and background.
The signal PDF can be obtained by direct tabulation from WIMP simulation of any specific mass-
channel combination; in contrast the background PDF is obtained from experimental data by scram-
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Figure 3: The energy-sensitive BDT-classifier score for the up-going subsamples of IC-dominated (left)
and DC-dominated events (right). Events scored to high values are most signal-like. Shown is experimental
data (black) and the simulation of atm. v, (solid green) and atm. v, (dashed green), as well as atm. u from
CORSIKA at low (solid red) and high primary energies (dashed red). The simulation total is shown in gray.
The signal expectation (blue) scaled to the data-rate is shown for a representative of a hard (solid) and soft
(dashed) spectrum in the respective sample.

bling the apparent Sun azimuth, thereby removing any possible signal traits in ¥; see figure 4 for
some examples.
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Figure 4: The obtained PDFs for background by scrambled experimental data and a hard and soft signal ex-
pectation in the IceCube-dominated (left) and DeepCore-dominated (right) sample. Only the winter months
and up-going events are considered. The different structure in the background is caused by selection and
geometrical effects in the respective sample.

The likelihood value for i signal events in the complete sample is then given by

Nobs

Z(u)=[]sluw) (5.2)

We use the prescription from Feldman and Cousins[8] to construct a test statistic and extract sensi-
tivities and limits for the number of observed signal events in the sample at 90% confidence level.
This number can then be converted to a WIMP annihilation rate in the Sun and finally to a limit on
the WIMP-nucleon scattering cross-section.

In the evaluation of our data sample, we limit ourselves to data obtained in the winter months
(174 days of live-time) when the Sun is below the horizon and all sensitivity is obtained from up-
going neutrino events. Furthermore we tighten the last cut on the BDT-classifier to obtain the best
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sensitivity from the respective sample. The final event rate is 1.4 mHz in the IC-dominated sample
and 0.4 mHz in the DC-dominated sample.

6. Results and discussion

This analysis found no significant excess in muon neutrinos from the direction of the Sun
in the search for a possible solar WIMP signal. This allows us to set stringent limits on the muon
neutrino-flux from the Sun for energies in the GeV-TeV range. Under the assumption of a local DM
density at 0.3 GeV/cm?, a standard Maxwellian velocity distribution in the galactic WIMP halo and
the Standard Solar Model this limit can be converted to a limit on the WIMP-nucleon scattering
cross-section for each such probed WIMP model. Figure 5 shows the obtained sensitivities and
limits of this analysis for the spin-dependent and spin-independent scattering cross-section.

Compared to the previous IceCube solar WIMP analysis[9] conducted with 79 deployed strings,
the improvement ranges from a factor up to 10 at the lowest WIMP mass at 20 GeV to a factor 2
for higher WIMP masses up to 10 TeV. The improvement over just the added detector volume
can be attributed to the refinement of the analysis methods and a better hit selection with IceHive.
The so obtained limits make IceCube very competitive compared to the reported limits from other
experiments for WIMP masses above ~150 GeV.

Note: We have carried out a second independent solar WIMP analysis on the same dataset. The
results of the two analyses are consistent with each other and are described as separate contributions
to this conference (see [4]). At a later time we will combine the two analyses.
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Figure 5: Limits of this analysis on the spin dependent (left) and spin independent (right) WIMP-nucleon
scattering cross-section as a function of the WIMP mass derived from this analysis. Systematic uncertainties
are shown as a red band. Also shown are reported limits from other experiments [10, 11, 12, 13, 14, 15, 16,
17, 18].
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Physics theories beyond the Standard Model, like Supersymmetry and models with extra dimen-
sions, often invoke Z,-symmetries in order to avoid new couplings that lead to unobserved new
physics, like unnaturally fast proton decay. This gives rise to the possibility of heavy new particles
being produced in pairs with the lightest of them being (meta-)stable. Thus, under favorable con-
ditions, neutrinos in the PeV range - like those observed by IceCube - can produce pairs of exotic,
charged particles that can be seen in a km3-sized detector as two parallel, muon-like tracks with a
track separation of a few hundred meters. We discuss the methods of reconstructing double tracks
and how to separate them from other air shower or neutrino-induced (coincident) muon events in
a model independent way.

The first search for such events with the IceCube detector in its 79-string configuration resulted in
no candidate events. This result can be used to derive limits that can be applied to explicit exotic
models.
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1. Physics Beyond the Standard Model

With the observation of the Higgs boson [1], the last of the particles predicted by the Standard
Model (SM) has been found. Yet there are some problems that lead to the conclusion that the
SM can not be a fundamental description of nature: firstly, gravity is not part of the model and
its apparent extreme weakness compared to the weak force gives rise to the hierarchy problem
when trying to extend the Standard Model to the energy scale where gravity becomes important;
secondly, experimental observations like a non-zero neutrino mass [2] and the existence of dark
matter are direct evidence of physics not included in the Standard Model. Many models of new
physics trying to explain these facts predict new particles at the TeV scale.

Pair Production of long-lived, exotic particles

Additionally, theories beyond the Standard Model like Supersymmetry or the assumption of addi-
tional compact dimensions are generally required to have a Z,-symmetry within the theory (like
R-parity in Supersymmetry) in order not to spoil precision electroweak observations. This dis-
crete symmetry leads to two important phenomenological aspects: most new particles can only
be produced in pairs and the lightest of them will be stable - making it an excellent dark matter
candidate. Unless the Z,-symmetry is (slightly) violated this particle has to be neutral but the next-
lightest particle can possibly be both charged and long-lived. The latter is usually the result of the
lightest exotic particle interacting only extremely weakly like in the case of gravitinos for Super-
symmetry or Kaluza-Klein excitations of right-handed neutrinos in models with extra dimensions.
Long-lived, charged and massive particles like this are often called CHAMPs.

Mass Suppression of Energy-Losses

An interesting aspect of CHAMPs is how their mass influences their radiative energy losses in
matter. Bremsstrahlung is naturally suppressed by mass and becomes sub-dominant for any heavy
particle, but photonuclear and pair production processes can also be shown to be similarly af-
fected [3]. In particular particles that mostly behave like heavy leptons exhibit a suppression of
energy losses. The scaling for very heavy particles goes inversely with mass [3, 4]. The radiative
energy losses of a CHAMP with mcpamp > 100 GeV are at least three orders of magnitude lower
when compared to a muon - the most penetrating charged SM particle [5]. While even muons at the
highest energies produced in air showers only have ranges of tens of kilometers, such a CHAMP
can potentially traverse the whole Earth. On a smaller scale ¢'(1 km) they will mostly look like
comparatively lower energy (~ few hundred GeV) muons. Ideal detectors for particles like this are
cubic-kilometer neutrino telescopes like IceCube.

Neutrino-Induced Double Tracks

Production of pairs of exotic particles is possible directly in cosmic ray interactions in the atmo-
sphere, but the observable flux is expected to be rather low (i.e. below = 0.02 - 3 year*1 km~2 [6]).
A more prominent way to produce CHAMPs is neutrino interactions within the Earth [7]. For
heavy, exotic particles to be produced these neutrinos need to be in the PeV range [8] or higher.
The CHAMPs can be produced far from the detector site due to their long range and thus have an
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Figure 1: Scheme of a double track signal in a neutrino telescope like IceCube (left) and track distance
distribution in SUSY models (right) (SUSY parameter points adopted from [10]) with a simplified energy
loss behavior, not taking into account additional effects like multiple scattering [11]. The typical resolvable
track separation in this analysis starts at about 150m.

increased effective volume for detection compared to muons. This can partially compensate for the
low branching ratio to exotic particles compared to SM particles.

Due to CHAMPs mimicking the much more numerous muons, particle identification of a
single CHAMP is a difficult. The CHAMPs will, however, always be produced in pairs and - at
least generally - far from the detector. This results in a signature of two parallel tracks with a track
separation of up to several hundred meters as seen in Figure 1. SM neutrino interactions producing
di-muon tracks with a separation greater than 100 m are extremely rare [3, 9] and so an excess of
well separated tracks is an excellent indicator for physics beyond the Standard Model. CHAMPs
like this will also generally deposit less energy in the detector than other particles at the highest
energies.

2. Search for Double Tracks in IceCube

The IceCube detector is installed in the ice at the geographic South Pole [12] between depths of
1450 m and 2450 m. Detector construction started in 2005 and finished in 2010. Reconstruction
of the incoming event energy, position and direction relies on the optical detection of Cherenkov
radiation emitted by charged particles in the surrounding ice. This search for double tracks is based
on data collected between May 2010 and May 2011 in the 79 string configuration (IC79).

Reconstruction

The double track reconstruction is done in several steps. The reconstruction itself implicitly as-
sumes parallel double track events and does not distinguish between signal (parallel tracks) and
background (single or non-parallel tracks) events. Still, important cut variables can be derived
from the reconstruction result. The start is the separation of photon pulses seen in the digital op-
tical modules (DOMs) of IceCube and assigning them to one of the tracks based on geometric
considerations. This is done in two ways, both of which effectively construct a plane that divides
the detector. One way is to construct a fensor of inertia of the DOMs in an event by treating their
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Figure 2: The geometric double track reconstruction - left: tensor of inertia based plane; right: combination
of projection and k-means clustering

charge distribution like masses. The eigenvalues and eigenvectors are then related to the orienta-
tion of the parallel tracks within the detector and the correct choice of eigenvectors can be used
to construct a dividing plane. The other way used is the application of a k-means clustering algo-
rithm [13] to separate the pulses into two clusters. This is preceded by a projection of the DOM
coordinates into a common plane that is perpendicular to the approximate direction of the tracks.
This projection-vector is at first obtained via a single track fit on the whole event. The procedure
minimizes the natural spread of pulses along their trajectory. Both types of reconstructions are
illustrated in Figure 2.

The two clusters of DOM pulses can then be used as a basis for a simple (i.e. assuming a
plane wave) single track fit each. At least one of these four fits (two for each method) is usually a
much more precise estimator for the direction of the double tracks than the initial guess. The clus-
tering algorithm is repeated with a projection in each direction. The clustering attempt showing
the smallest spread (i.e. squared mean deviation) of DOM positions around their cluster centers
is assumed to be the best. The simple track fits on each of the best clusters then form the seed of
two separate likelihood reconstructions [14]. The underlying assumptions of these fits are either
two infinite tracks with arbitrary location and direction or two tracks that are assumed to be par-
allel. Whereas the non-parallel fit is done to slightly improve the reconstruction of the opening
angle of the tracks, the likelihood parameter of the (more important) parallel fit is used directly in
background suppression cuts.

Standard Model Backgrounds and Cuts

Most events in IceCube are muons directly produced in air showers. Since these come from above
the horizon and exotic double tracks are mostly believed to come from below the horizon, simple
cuts on the zenith angle of the observed tracks remove the bulk of cosmic ray muons. This leaves
two general classes of track-like events: muon tracks related to neutrinos coming from below the
detector and mis-reconstructed events actually coming from above.

Double tracks with low track separation are very hard to distinguish from single, up-going
muon tracks. The typical horizontal spacing of DOMs in IceCube is 125 m and makes precise
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reconstruction of double tracks with separation below this challenging. Removing events with
small and unresolvable track separation is done by setting a limit on the minimal reconstructed
track separation (150 m). Additionally there is a cut on a variable that effectively works as a
likelihood ratio test comparing a single track fit with a parallel double track fit. Only events that
look much more like a double track than a single track in this variable are kept.

The most common background for mis-reconstructed events are coincident muons from inde-
pendent air showers. Most cuts in the IceCube double track search are aimed at them. Note that
the actual direction of the muons in these events does not play a large role influencing the mis-
reconstructed direction. The misidentification comes from the first event causing a photon signal in
DOMs that are - on average - located lower in the detector than the DOMs registering the second
event. Simple reconstructions connect these separate events and treat them as a single, up-going,
track. Figure 3 (left) shows a typical mis-reconstructed background event of this kind.

There are many ways to remove coincident events from the data. The most effective way is to
cut on the (reduced) likelihood variable obtained in the likelihood reconstruction described earlier
as can be seen in Figure 3 (right). Yet it is not feasible to do this for every event since the rate of air
shower muons is very high and the likelihood reconstruction is computationally intensive. A series
of variables for pre-cuts is needed to reduce the data volume to an acceptable level.

The time and geometric distance of the two sets of hits for each muon are not causally con-
nected. Generally, there will be a geometric gap between the hits for coincident events along the
reconstructed track direction and the hits will also not be very tightly clustered perpendicular to
their apparent direction. The reconstructed speed of the tracks will also differ from the speed of
light. Often the reconstructed tracks will not be very parallel as seen in their reconstructed opening
angle.

If the coincident muons are produced in separate air showers - as is most often the case - their
individual tracks will still be down-going. Ordering all DOM hits in time and assuming the two
sub-events do not overlap, one gets an average downward pattern from one hit to the next apart
from the very last hit of the first and the very first hit of the last track.

This is true for both muon tracks and the average pattern is usually retained even if there is
some time overlap of both sub-events. Since the situation is reversed for an up-going signal double
track this average pattern from one hit to the next is another useful cut. This does not work if
one or both of the coincident events is an up-going muon caused by a neutrino interaction near the
detector. Fortunately the situation of two (possibly up-going and somewhat parallel) coincident
neutrino events is extremely rare (= 0.0008 per year) [9]. All these cuts - including the likelihood
cut - were optimized to remove all air shower simulation corresponding to &'(1%) of a year’s
experimental IceCube data.

There are also some other SM particle interactions that can directly lead to separated tracks.
One such possibility is the production of a muon and a charmed hadron in a high energy neutrino
interaction. The hadron can then decay into another muon and both muons can possibly show up
as double tracks. These double tracks can not lead to high track separations (> 150 m) due to the
more limited muon range and thus interaction vertices that are much closer to the detector. They
are also much more likely to stop in the detector. They also can have a higher energy deposition
and so can possibly be distinguished from exotic double tracks. However, in simulations of more
than 10 years livetime such a di-muon background was not dominant at any analysis cut level and
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Figure 3: Left: A typical mis-reconstructed coincident air shower event - the dominant class of background.
Note how the mis-reconstructed track directions do not coincide with the actual direction of the down-going
muons. The rainbow palette illustrates the time structure of the DOM pulses (red: early, blue: late); right:
Cut on a log-likelihood parameter removes most of the coincident air shower background. Distributions
shown are at a late cut level.

eventually gets removed completely by cuts also removing single track muon events. This leaves
one class of irreducible SM double track background. Two neutrinos produced in the same air
shower, possibly at the other end of the Earth, are even more penetrating than any charged particle
and will also generate parallel tracks with high separation if both interact near IceCube. Fortunately
this kind of event is also very rare, with a rate ~ 0.07 events/year [9].

Since the amount of available Monte Carlo data for low energy neutrino and (coincident) air
shower muons was much lower than needed to fully characterize the background for the analyzed
livetime, some additional cuts were introduced to remove low quality events that show up as either
very short tracks or tracks with only a few associated higher quality DOM pulses (i.e. hits that have
coincident hits on a nearby DOM). Low quality events that are only seen on very few (i.e. up to
four) strings as well as events only clipping the bottom of the detector array are also removed.

3. Simplifications and Model Dependencies

There are many model dependencies that govern the parallel double track flux at the detector:

1. What is the mass of the exotic particles that can be produced in neutrino interactions?

2. What is the size and spectral shape of the neutrino flux most relevant to interactions?

el

How does the mass spectrum of the exotic model in question influence the decay cascade and
ultimately the kinematics of the CHAMP?

What is the CHAMP’s mass?

Does the weak interaction play a role in its energy losses?

How much does scattering on the way to IceCube change the track separation?

N A

Can it decay on its way to the detector?

This renders simulating and analyzing each individual model impossible. On the other hand, the
situation is quite easy for a given double track flux near the detector. The dependence of the
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Figure 4: The number of DOM channels NCh showing a signal - a very simple energy estimator. For exotic
particles like a stau in Supersymmetry (left) the event-to-event fluctuations dominate over many orders of
magnitude in energy unlike for a SM signal like a muon track where the energy dependence is clearly visible
(right). Simulation done with the standard IceCube simulation using MMC (Muon Monte Carlo) [15].
Energies shown correspond to the situation when the particles are about to enter the detector volume.

detector signal on the CHAMP energy is extremely weak in many models and can almost be ignored
(see Figure 4). The probability that particles with an extremely long range would be starting or
stopping within the detector is also very small and can be ignored - it will later be part of the
systematic uncertainties of the search. The only relevant parameters which influence the effective
area for detection are the zenith angle and the track separation of the two particles.

After performing an analysis and setting a limit on double tracks at the detector one can use the
result together with the effective area after all analysis cuts to constrain any specific model. This
is done by convolution of the expected zenith and track separation distribution with the effective
area. So even any future exotic model that has not been proposed yet can be easily tested this way
after the analysis.

4. Results of the IC79 Analysis

None of of the final data sample was used to construct the background separation cuts. Only 1/10
of the data collected in the data taking season served as sample to ensure stable data to simulation
rates and develop cuts but these runs are then discarded in the final analysis and the total remaining
livetime is 279 days, 17 hours and 54 minutes. Even with an uncertain background rate due to
limited Monte Carlo statistics, the data quality cuts proved to be sufficient in eliminating possible
background events and there is no event left in the final data sample after all cuts. The safest
way to interpret this null result is in a background free pure upper limit for double tracks at the
detector. Exotic models can be easily tested by convolution of the predicted track separation at
the detector (e.g. Figure 1) as well as zenith distributions with the limit seen in Figure 5. Since no
background expectation was used to compute the limit, it only depends on the effective area after all
analysis cuts, the livetime of the data sample and systematic uncertainties of the detector behavior
(DOM efficiency, ice models, etc.). Any arbitrary double track model can be tested using this
approach. This search is the first of its kind in IceCube and it shows the feasibility of the analysis
technique. The analysis is inspired by certain exotic models (i.e. SUSY, UED) but was performed
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in a model-independent way, and testing any specific model could benefit from specifically tailored
cut variables in order to improve the signal efficiency. Moreover, several years of detector data of
the full 86 string IceCube array are still to be analyzed and the double track detection efficiency can
be further enhanced with a more detailed background description with larger statistics. The current
analysis is based on the IceCube muon filter data stream that has a preference for well reconstructed
single tracks. So a dedicated double track filter is another option to increase the sensitivity.
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Figure 5: Left: The limit (90% confidence level) on up-going double tracks at the detector resulting from
the livetime and the double track effective area distribution at the final cut level when assuming a uniform
arrival direction from the lower hemisphere. Right: The relative efficiency of the analysis when moving
from a uniform zenith distribution to a fixed arrival direction. The slightly reduced efficiency closer to the
horizon is partially an effect of data quality cuts. There is no notable azimuth dependence.
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Many models predict new particles that have the properties of a Weakly Interacting Massive
Particle (WIMP) and could explain the dark matter observed in the universe. Heavy celestial
bodies, such as the Earth, could capture these WIMPs and accumulate them. Over time the
WIMPs will self-annihilate and may produce standard model particles, including neutrinos. Large
scale neutrino telescopes, such as the cubic kilometre IceCube Neutrino Observatory located at
the South Pole, can be used to search for such neutrino fluxes.

The dark matter annihilation rate in the centre of the Earth, and thus the resulting neutrino flux
depend on the local Dark Matter density and the mass of the Dark Matter particle. This flux could
be within reach of a large neutrino detector like IceCube. We present the results of the first search
for Earth WIMPs with the IceCube detector.
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1. Introduction

Some of the most promising dark matter candidates are Weakly Interacting Massive Particles
(WIMPs). In the Minimally Supersymmetric Standard Model (MSSM), the WIMP can take the
form of the lightest neutralino. Dark matter particles from the galactic halo might become bound
in the gravitational potential of the solar system as it passes through the galaxy. These particles
may then scatter weakly on nuclei in the Earth and lose energy, becoming trapped by the Earth.
Over time, this leads to an accumulation of dark matter in the centre of the Earth. The accumulated
dark matter may then self annihilate at a rate that is proportional to its density, generating a flux of
neutrinos which is spectrally dependent on the annihilation channel and neutralino mass.

Expected neutrino event rates and energies depend on the specific model and distribution of
dark matter under consideration and the chemical composition of the Earth. Taking these vari-
ables into consideration leads to a neutrino-induced muon flux from the centre of the Earth vary-
ing between 107® — 10° per km? per year for WIMPs with masses in the GeV—TeV range [1].
AMANDA [2] and Super-K [3] already ruled out muon fluxes above ~ 10° per km? per year. The
possibility of looking for even lower fluxes due to the increased size of the IceCube neutrino ob-
servatory with respect to previous detectors, motivates the continuation of searches for neutrinos
coming from WIMP annihilations in the centre of the Earth.

2. The IceCube Neutrino Telescope

IceCube is located in the glacial ice at the geographic South Pole. It consists of an array of
digital optical modules (DOMs), designed to collect the Cherenkov radiation produced by high
energy, neutrino-induced charged leptons travelling through the detector volume. By recording
the number of Cherenkov photons and their arrival times, the direction and energy of the charged
lepton, and consequently that of the parent neutrino, can be reconstructed.

IceCube is an approximately 1 km? instrumented volume consisting of 86 strings, each con-
taining 60 DOMs, deployed between 1450 m and 2450 m depth in the ice [4]. Of these 86, 8 strings
at the centre of IceCube comprise DeepCore, a more densely instrumented sub-array equipped with
high quantum efficiency DOMs.

While the large ice overburden provides a shield against downward going, cosmic ray induced
muons with energies < 500 GeV at the surface, most analyses also use the Earth as a filter and
focus on upward going neutrinos. Additionally, low energy analyses mainly focus on DeepCore as
a fiducial volume and use the surrounding IceCube strings as an active veto to reduce penetrating
muon backgrounds. The search for WIMP annihilation signatures at the center of the Earth takes
advantage of these two background rejection techniques as the expected signal will be vertically
upgoing and of low energy.

3. Dark Matter from the centre of the Earth

WIMPs accumulated in the centre of the Earth will produce a unique signature in IceCube
as vertically upgoing muons. The number of detected neutrino-induced muons depends on the
neutralino annihilation rate I'4. If the capture rate C is constant in time #, I'4 is given by [1]
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C t _
Iy = 5 tanh? (E) ,T=(CCy) M2 3.1)
The equilibrium time 7 is defined as the time when the annihilation rate and the capture rate
are equal, where C, is a constant depending on the WIMP number density. For the Earth, this
equilibrium time is of the order of 10'! years if the spin-independent WIMP-proton cross section is
o5 ~ 10~* cm? [5]. The age of the solar system is 7, ~ 4.5 Gyr and 50 £,/T < 1, we thus expect

that Ty o< C2, i.e. the higher the capture rate, the higher the annihilation rate and thus the muon

flux.
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The rate at which WIMPs are captured in the Earth depends on the mass (which is unknown),
the local WIMP density (which can be measured) and the velocity of the WIMPs (which cannot
be measured observationally, and one has to resort to simulations to try to estimate it). If the
WIMP mass is nearly identical to that of one of the nuclear species in the Earth, the capture rate
will increase considerably, as is shown in Fig. 1. It should be noted that recent direct detection
limits [8] exclude cross sections larger than GI‘EI = 10~* cm? over a wide range of WIMP masses.
This implies that the normalization in Fig. 1 should be corrected downward by about an order
of magnitude lower, as the cross section that is assumed in the calculation for the capture rate is
o = 107%? cm? [7], but it does not affect the overall shape.

The capture rate could be higher if the WIMPs have a low velocity with respect to the Earth
due to the small escape velocity, ves., of WIMPs inside the Earth. This escape velocity varies from
11 km/s at the mantle to 15 km/s at the center of the Earth. WIMPs with high velocities will thus
only be captured at the center, whereas low velocity WIMPs may be captured anywhere inside
the Earth. As different models for the halo lead to different WIMP velocity distributions, these
distributions are very sensitive to theoretical assumptions. The most popular halo model is the
Standard Halo Model (SHM), which is a smooth, spherically symmetric density component with
a non-rotating Gaussian velocity distribution [9]. Galaxy formation simulations including baryons
indicate, however, that there is at least one local macrostructural component beyond the SHM.
Some of these simulations show that a thick disc of dark matter, with kinematics similar to the
thick disc of stars and a mid-plane density of 0.25 — 1.5 times the local dark halo density [10, 11], is
formed as the baryonic disc of the Milky Way draws satellites closer to the disc plane by dynamical
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friction, where they are disrupted by tides [12]. The particles in this dark disc have a lower relative
velocity to the Earth compared to the SHM. Therefore, less scattering is needed for the particles in
the dark disc to become gravitationally captured. This dark disk would lead to a higher capture rate
and therefore a higher neutrino-induced muon flux at detectors such as IceCube.

4. Analysis

The last published Earth WIMP search was performed with the neutrino data recorded by
the AMANDA detector over the three year period 1997 — 99 [2]. No excess above the expected
atmospheric neutrino background was found in this search and therefore an upper limit was set on
the WIMP annihilation rate I'4, in the Earth (dotted line in Fig. 6)

This analysis uses the first year of IC86 data, which has been taken between May 2011 and
May 2012. In order to do everything in a blind way, the event selection is optimized by using
simulations to estimate the background and signal events. The background simulation consists
of atmospheric muons that are simulated with CORSIKA [13] and atmospheric neutrinos that are
simulated with GENIE [14] for neutrinos below 190 GeV and NuGeN [15] above. The signal
simulations that are used in the analysis are performed using WimpSim [16]. WimpSim is a code
that describes the capture and annihilation of WIMPs inside the Sun or the Earth, collects all
neutrinos that emerge and lets these propagate out of the Sun/Earth to the detector. The code
includes neutrino interactions and neutrino oscillations in a fully consistent three-flavour treatment.

To be sensitive to a wide range of WIMP masses, the analysis is split in two parts, one that is
optimised for low masses and the other for higher masses.
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Figure 2: The normalized energy distributions for signal neutrinos and signal neutrino-induced muons, for
a WIMP mass of 50 GeV (left) and 1 TeV (right).

The low mass analysis is optimised on WIMPs with a mass m, = 50 GeV, that annihilate
into T7. As the capture rate is highest for WIMPs for this mass (see Fig. 1), the annihilation
and thus neutrino rate are also highest. The high mass optimisation is done on WIMPs with a
mass m, = 1 TeV, that annihilate into W*W~. The expected neutrino spectrum (solid lines) and
the neutrino-induced muon spectrum (dashed lines) for 50 GeV WIMPs annihilating into 77 and
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1 TeV WIMPs annihilating into W W~ are shown in Fig. 2. Note that the expected muon energy
for the 50 GeV WIMPs is lower than 50 GeV, so DeepCore detector will be crucial in this part of
the analysis.

The neutrino-induced muon rate in IceCube, coming from WIMPs in the centre of the Earth
can not be higher than ~10° muons per year [2, 3], which is a very low rate, compared to the
2.5 kHz rate at which IceCube is taking data. The data are dominated by atmospheric muons (kHz
rate), which can be removed via selection cuts, as explained below. These cuts lower the data rate
by ~6 orders of magnitude, to get to the level where the data are mainly consisting of atmospheric
neutrino events (mHz rate). As atmospheric neutrino events with the same direction and energy as
signal neutrino events are irreducible, a statistical analysis is performed on this neutrino sample, to
look for an excess from the centre of the Earth.

The first level of cuts are done on the whole sample, i.e. before splitting the data into a low and
a high energy sample. This is done to reduce the data rate to ~ 1 Hz, such that more precise (and
more time-consuming) reconstructions can be used to calculate the energy on which the splitting
will be based. These first cuts consist of a selection of online filters that tag upgoing events,
followed by linear cuts on direction and interaction vertex of the lepton. These variables are not
correlated with the energy of the neutrino and have thus similar efficiencies for different WIMP
masses.

The variables that are used for cuts at this level are the reconstructed zenith angle, the recon-
structed interaction vertex and the average drift of hits in the vertical (z) direction. The zenith angle
cut can not be too strict, as we aim to retain a signal free control region in which the agreement
between data and background simulation will be tested. This is necassary as the detector accep-
tance is zenith dependent and it is thus not possible to define an off-source region in this analysis.
Therefore we need to rely on simulations to understand the background, requiring a detailed under-
standing of systematic uncertainties. Based on these considerations, the zenith angle cut is chosen
such that all events with a reconstructed zenith angle < 120° are removed, and the agreement be-
tween data and background simulation can be tested in the region < 150°. The other cut values are
chosen by looping over all possible combinations of cut values and checking which combination
brings down the background to the Hz level, while removing as little signal as possible.

Figure 3: The reconstructed energy dis-
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After this first cut level, the data rate goes down to ~3 Hz, while 30%-60% of the signal
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(depending on WIMP mass and channel) is kept. The data is still dominated by atmospheric muons
at this level. Now that the data is at this low rate, it can be reprocessed using more precise (and
more time-consuming) reconstructions.

One of these reconstructions is an energy reconstruction that is used in oscillation analyses in
IceCube [17]. The reconstructed energies for 50 GeV and 1 TeV WIMP neutrinos are shown in
Fig. 3. A division at 100 GeV, shown as a vertical line in this figure, is used to split the datasets
into low and high energy samples which are statistically independent and will be optimized and
analyzed separately.

Both analyses make use of Boosted Decision Trees (BDT), which is a machine learning tech-
nique that is designed to optimally separate signal from background [18] by assigning a score
between -1 (background-like) and +1 (signal-like) to each event. Before training the BDT, one has
to be sure that the simulation is representing the experimental data in a correct way, for this reason
some more linear cuts are made prior to the BDT training in order to get good agreement between
data and simulation. After this step, the experimental data rates are on the order of 100 mHz, and
the data are still dominated by atmospheric muons. The BDTs are then trained on variables that are
not too correlated, and that have good data-simulation agreement.

In the low energy optimization, the BDT training samples consist of simulated 50 GeV WIMP
neutrinos and experimental data for the signal and background set respectively.
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Figure 4: The plot shows the BDT score distributions the low energy analysis (left) and for the high energy
analysis using the Pull-Validation method (right). Signal distributions are upscaled to be visible in the plot.
Signal and backgrounds are compared to experimental data from 10% of the first year of IC86 data. The
vertical lines indicate the final cut value used in each analysis, where high scores to the right of the line are
retained.

Because the opening angle between the neutrino and its daughter lepton is inversely propor-
tional to the energy of the neutrino, WIMP neutrino-induced muons in the high energy analysis are
going to be narrowly concentrated into vertical zenith angles, whereas in the low energy analysis
they will be spread over a wider range of zenith angles. To train the BDT in the high energy analysis
to find upgoing neutrino-induced candidates generally (rather than straight vertical events specif-
ically), an generic muon neutrino simulation weighted to the energy spectrum of 1 TeV WIMP
neutrinos is used to simulate the signal.

The cuts on the BDT score are chosen such that the sensitivities of the analyses are optimal.
The sensitivities are calculated with a likelihood ratio hypothesis test based on the values of the
reconstructed zenith, using the Feldman-Cousins unified approach [19]. The required probability
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densities for signal and background are both calculated from simulations, as this analysis has no
off-source region. The background sample that is left after the cut on BDT score mainly consists
of atmospheric neutrinos and only has a small amount of atmospheric muon events. Smoothening
methods are used to deal with this problem of small statistics.

The high energy analysis uses the Pull-Validation method [20], which is a method in which
several BDTs (200 in the case of the present analysis) are trained on small subsets that are randomly
resampled from the complete dataset. The variation of the BDT output between the trainings can
be interpreted as a probability density function (PDF) for each event. This PDF can be used to
calculate a weight that is applied to each event instead of making a binary cut decision. With this
method not only the BDT score distribution is smoothened (Fig. 4-left), but also the distributions
that are made after a cut on the BDT score. In particular the reconstructed zenith distribution used
in the likelihood calculation is smooth, as events that would be removed when using a single BDT
could now be kept, albeit with a smaller weight.

The low energy analysis tackles the problem of poor statistics of the atmospheric muon back-
ground sample in a different way. In this part of the analysis, only a single BDT is trained (Fig. 4-
right), and after the cut on the BDT score, the reconstructed zenith distribution is smoothened using
Kernel Density Estimation (KDE) [21, 22], which is a method that smoothens each observed data
point over a local neighbourhood of that data point.

The reconstructed zenith distributions after the cuts on the BDT scores are shown in Fig. 5. In
these plots, the complete dataset of the first year of IC86 data is shown.

5. Results and conclusions
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Figure 5: The plot shows the unblinded reconstructed zenith distributions of 1 year of IC86 data for the
low energy analysis (left) and the high energy analysis using the Pull-Validation method (right). Signal
distributions are upscaled to be visible in the plot. The gray areas indicate the background distributions
with the 1 sigma uncertainties, including both statistical and systematic uncertainties for the left plot, and
statistical uncertainties for the right plot.

As can be seen in Fig. 5, no statistically significant excess is found from the direction of the
centre of the Earth, allowing us to set limits on the neutrino flux from the centre of the Earth in
the GeV-TeV range. These limits are calculated by using the final reconstructed zenith angle dis-
tributions as probability density functions in the likelihood calculation, using the Feldman-Cousins
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unified approach [19]. For the signal, the zenith distribution at each WIMP mass is calculated with

WimpSim and for the background the smoothened zenith distributions of the remaining simulated

atmospheric muons and neutrinos are used.

The limits on the WIMP annihilation rate
in the Earth I'y for 1 year of IC86 data (2011-
2012)" are shown in Fig. 6 and are compared
with the AMANDA limits [2] which is the last
Earth WIMP neutrino search. An improvement
of a factor 10 has been found, meaning that a
whole new part of the theoretical phase space
can be excluded with this analysis.
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1. Introduction

Astrophysical observations provide strong evidence for the existence of dark matter(DM).
However the nature of DM is unknown. An interesting and experimentally accessible candidate is
the so called "Weakly Interacting Massive Particle (WIMP)’(see [1] for a comprehensive review)
- expected to exist in the mass range of a few GeVs to a few TeVs. If DM consists of WIMPs,
they will be gravitationally captured by the Sun [2], where they may pair-annihilate into standard
model particles, including neutrinos. Given enough time, the capture and annihilation processes
would reach equilibrium [3] and on average only as many WIMPs annihilate 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 centre 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. However, 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, making this
a very low energy point-source search for IceCube. The energies are nevertheless high enough that
such neutrinos can never be made by nuclear fusion processes in the Sun.

2. The Detector

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
[8] between depths of 1450 m and 2450 m. Detector construction started in 2005 and finished in
2010. Neutrino reconstruction relies on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the surrounding ice or the nearby bedrock.
At the center of the array, there are 8 more densely instrumented strings containing Digital Optical
Modules (DOMs) with higher quantum efficiency photomultiplier tubes, optimized for lower ener-
gies. Along with 7 adjacent standard strings, these are defined as the DeepCore sub-array for the
purpose of this analysis.

3. Event Selection

Neutrino flux predictions at Earth from WIMP annihilations in the Sun have been widely stud-
ied, for example in Ref [4]. We use the flux predictions from DarkSuSy [5] and WimpSim [4]
to simulate signals for the IceCube detector according to specific annihilation scenarios. The en-
ergy range of the expected signal (a few TeV at maximum) and the properties of IceCube at these
energies dictate the event selection strategies. While the principal IceCube array has an energy
threshold of ~100 GeV, the more densely instrumented DeepCore infill array has an energy thresh-
old of ~10 GeV. This means that for WIMP masses < 200 GeV, which produce signal neutrinos
mostly with energies below the IceCube threshold, only DeepCore[6] will contribute significantly
towards the effective volume. However, for higher WIMP masses where a significant fraction of
the resultant neutrinos are above the IceCube threshold, the full effective volume of IceCube comes
into play. For optimizing the event selections for the analysis and setting upper limits, we consider
two scenarios: WIMPs annihilating completely into W W ~, a "hard’ channel with emission peaked
at neutrino energies close to the WIMP mass, and WIMPs annihilating completely into bb, a *soft’
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Figure 1: The three event selection strategies for the solar WIMP analysis. Most of the sensitivity for
neutrino signals below 100 GeV comes from the DeepCore (DC) dominated low energy samples(2 and 3).
During the austral summer (when the Sun is a source of downgoing neutrinos), the very large muon back-
ground forces us to use the outer detector as a Veto (see Fig. 2) and consequently there is only a DeepCore
dominated-low energy sample (3). This approach is similar to that of earlier IceCube analyses such as [7].

channel with emission peaked at neutrino energies of a few GeV. Since IceCube acceptance is very
energy dependent, cuts have to be optimized for the spectral composition of the expected signal
flux. For WIMP masses below 80.4 GeV, we also consider a WIMP annihilating into 77, since
annihilations to WW ™~ are no longer kinematically allowed.

Within IceCube, a standard set of filters are used to pre-select signal-like muon events and
reduce the rate of the dominant atmospheric background. This analysis starts with a stream of data
from three of these filters, a low-energy DeepCore filter and two filters selecting muon-like events
that point upwards; one favouring short low energy tracks and another that favours bright through-
going tracks. After these filters the data rate is ~ 100 Hz. From this point onwards, data are treated
differently depending upon whether they fall in the austral winter or summer.

During the austral winter, when the Sun is below the horizon, the signal consists of upgo-
ing neutrinos. The background is dominantly made up of downgoing atmospheric muons falsely
reconstructed as upgoing. Reconstructed event properties quantifying topology, track length, re-
construction quality etc are used to reject background such as very high energy events or vertical
events which obviously cannot come from the Sun and reduce the data to ~ 2 Hz. At this point,
a likelihood reconstruction with a prior based on the zenith distribution, which takes into account
that the majority of the tracks are downgoing atmospheric muons, is performed to identify and
remove falsely reconstructed downgoing events. Depending upon the location of the majority of
detected Cherenkov photons (whether within IceCube (1) or within DeepCore (2)), events are split
into two streams (see Fig 1). Subsequently, separate instances of a multivariate classification al-
gorithm, known as Boosted Decision Tree (BDT), are used to select signal-like events from both
these streams. The BDT of the IceCube dominated sample (1) is optimized for events from a
1 TeV WIMP annihilating into the hard W W~ channel while the DeepCore dominated sample
(2) is optimized for events from 100 GeV and 50 GeV WIMPs annihilating into W*W~, bb and
771~ channels. After the selection based on the BDT classifier, event rates of the two samples are
~ 2.9 mHz and ~ 0.34 mHz, respectively, consistent with expectations from a background that is
dominated by atmospheric neutrinos.
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Figure 2: On the left and center: A schematic representation of the veto concept to reject atmospheric muon
background and retain neutrinos during austral summer. Only events with their reconstructed vertex near
DeepCore are selected. Subsequently, the photon detections within a cone of 40° half-angle at the vertex
and aligned along the muon track are sorted into clusters based on whether they are within a specific *Radius
+ Time (RT)’ radius of each other. The size of the largest of these clusters of hits is reported. On the right:
size of this cluster for signal (green) and background (red). Selecting events with cluster sizes < 3 will keep
more than 90% of signal while rejecting more than 90% of background of atmospheric muons.

During the austral summer (23rd September 2011 to 16th March 2012), the signal (downgoing)
is overwhelmed by a background of downgoing atmospheric muons (~ 10° times higher in rate)
in addition to the atmospheric neutrinos. A sample of DeepCore dominated downgoing tracks ((3)
in Fig 1) can be isolated by using the outer laters of IceCube as a veto (see Fig. 2). This sample
is again optimized using a BDT algorithm to select events expected from 100 GeV and 50 GeV
WIMPs annihilating into W*W~, bb and T+ 7~ channels. After the BDT-based event selection the
even rate is ~ 0.24 mHz, consistent with the expected residual atmospheric neutrino and muon
background.

Fig. 3 summarizes final effective areas and angular resolutions of the three samples.

4. Analysis method

The significance of a cluster of events in the direction of the Sun can be estimated using a
modified version of the unbinned maximum likelihood ratio method described in Ref. [9]. Due to
the very large point spread function of IceCube at these low neutrino energies, we model the spatial
signal p.d.f of Ref. [9] as a Fisher-Bingham distribution from directional statistics [10].

For the fully contained events of the DeepCore dominated samples ((2) and (3) of Figure 1),
the energy of the neutrino can be estimated by summing the energy of the muon (obtained by
reconstructing the starting and stopping vertex of the muon) and the hadronic cascade from the
charged current interaction. Signal and background p.d.f.s are constructed from the signal simula-
tion and datasets randomized in azimuth respectively. Energy weighting is added to the likelihood
to enhance sensitivity. Thus the signal p.d.f. is given by:

Si(|)_éi *)_C‘sun(ti”’EiamXacann) = %(Rl 756&1411(”)‘7 Ki) X éinx.cam (Ei)a 4.1)
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Figure 3: Top Left: v, + Vv, effective areas for the three different event selections. Bottom Left : Ratio
of the v, and v, effective areas, determined by the relative cross sections and inelasticities of v, and vj,.
Right: The angular resolutions of the three samples at different energies, defined as the median of the angular
separation between the incoming neutrino and the reconstructed muon.

where % stands for the spatial and & for the spectral parts of the p.d.f. and m, and c,,, stand for
the mass and annihilation channel of the WIMP respectively.

Kl_eK‘iC()S(G‘}i —Xsun ()] )
2m(ei — e~ Ki)
where the concentration factor k; of the monovariate Fisher-Bingham distribution is obtained from

the likelihood based estimate of the angular resolution of the track reconstruction [11].
The backgroung p.d.f. is:

4.2)

%(’fl _fsun(ti)h Ki) =

Bi(Xi,Ei) = B(8;) X P(Ei|Paim) 4.3)

where B(&;) is the declination dependence and P(E|@,,) indicates the distribution of the energy
estimater E of the data sample at analysis level which is consistent with expectations from atmo-
spheric muon and neutrino fluxes and is denoted by ¢,,.

The spatial p.d.f of the signal and the energy p.d.f of a specific signal and background are
illustrated in Fig. 4.

For a sample of N events consisting of n, signal events from the Sun and N — ng background
events, the likelihood can then be written as:

n n
Z(ny) =11’VI(];Si+(1—NS)%) (44)

The best estimate for the number of signal events in the sample is obtained by maximizing the
likelihood ratio as defined in Ref. [9]. The significance of the observation can be estimated without

depending on Monte Carlo simulations by repeating the process on datasets scrambled in right
ascension. As the three separate event selections have no events in common, they can be combined
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Figure 4: Left: Distribution of the angle between the Monte Carlo neutrino and the reconstructed muon
for Monte Carlo events in three different ranges of angular resolutions of the track reconstruction. The
histograms denote the observed distribution from Monte Carlo while the smooth curves are the analytical
predictions from the Fisher Bingham distribution. While a better description of the tails can improve the
sensitivity of this search, the impact will be small due to the small fraction of events present. Right: Nor-
malized distributions of the reconstructed energy observed in real data as well as in signal Monte Carlo for
50 GeV WIMPs annihilating into the 7" 7~ channel. Both plots are for the Winter Low Energy selection.

statistically using the method described in [12]. Confidence intervals on the number of signal
events present within the sample are constructed using the method of Feldman and Cousins[13].

5. Results and discussion

No significant excess was found in the direction of the Sun, allowing us to set stringent limits
on the neutrino flux from the Sun in the GeV-TeV range. Assuming a local DM density of 0.3
GeV/cm?, a standard Maxwellian halo velocity distribution and the Standard Solar Model, this
limit can also be interpreted as a limit on the WIMP-nucleon scattering cross section. For the
spin dependent case, IceCube limits are the most competitive in the region above ~ 150 GeV
(Fig. 5). Limits have improved by a factor of ~30% to 60% w.r.t. the previous IceCube analysis [7].
The uncertainties on these limits due to uncertainties in velocity distributions of DM have been
quantified in [20] and turn out not to be not greater than ~ 50%. The study also concludes that these
limits are conservative with regard to the possible existence of a dark-disk. A second independent
solar wimp analysis carried out on the same data set has achieved a consistent level of sensitivity
and is presented as separate contribution to ICRC[14].

Two more years of IceCube data are being analyzed using a similar approach and sensitivities
are expected to improve further.

In specific supersymmetric models such as the MSSM [21] where the lightest stable state is
the neutralino - a good WIMP candidate, these results can be used to constrain the parameter space
of such models. More generally, the limits can be interpreted as limits on coupling strengths and
mediator masses in certain Effective Field Theories(EFTs), parameter space of which can also be
explored at collider searches [23, 24].

46



IceCube: Search for neutrinos from dark matter annihilations in the Sun M. Rameez

- A3 | T T T T I T T T T | T T T T I T
€ 35— \ ] MSSM incl. LUX (2014) ATLAS + CMS (2012) ]
o - . DAMA no channeling (2 .
2 ", \’lceCube Preliminary* = __ 28ibmegig 2 €2 o
Q \ —— - PICASSO (2012) _ R
2 YN SUPERK (2015)(bb) =~ " 8
o 36— "\ — ) ... SUPER-K (2015) (W*W") S -
- L ——— SUPER-K (2015) (1*1’)
o \ Baksan Hard
-.c—» \ ----- Baksan)ézﬂ
3 87N\ _ /—4XENON 2013 —
-38— —
B N —
S —
-40— —
41 [1C86-1 (2011): 341 Days of Liyetime ]
T - - - Limit bF)W_.
—a— Limit (W_W)
--=-- Sens (bb)
42 —a— Sens (W'W)
B * (t'1 for Tx<mw = 80.4GeV/c) I |
1 | | | 1 1 1 1 1 1

1 2 3 4
Iog10(my/GeVC'2)

Figure 5: Limits on the spin dependent WIMP-Nucleon scattering cross section as a function of the WIMP
mass, derived from this analysis and compared to other experiments’ limits from [15, 18, 19, 21, 22]. The
red band around the limit signifies systematic uncertainties.
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In high energy physics, many background dominated analyses suffer from limited statistics in
simulation: With increasing efficiency of the event selection, the simulated samples are reduced
so that in many cases the event number at final analysis level is very low. Due to limited compu-
tational resources, the production of more simulation is not always feasible. In these cases, it is
helpful to extract more information from the available simulated datasets.

One way to deal with this issue in multivariate analyses (MVA) is by using resampling methods:
The MVA is trained many times on small subsets that are randomly resampled from the complete
dataset. The variation of the MVA output between the trainings can be interpreted as a probability
density function (PDF) for each event. This PDF can be used to calculate a weight that is applied
to each event instead of making a binary cut decision. With this procedure, events, that were
normally removed by the event selection, can still contribute to the final dataset with a small
weight. Another advantage is that pull-validation also provides an estimator for the uncertainty
of the multivariate method. As an example of how the method can be used, we present a case-
scenario from searches for physics beyond the Standard Model with IceCube.
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1. Introduction

For typical analyses in high energy physics, very large datasets have to be evaluated. These
datasets consist mostly of background, so that an effective event selection must be performed to
remove parts of the data that presumably contain no signal. For this task, various multivariate
analysis (MVA) tools can be applied, which assign to each event a value that can be interpreted
as a probability that the event belongs to the signal or background class. An example are boosted
decision trees (BDTs) [1], which assign a score between —1 (background-like) and +1 (signal-
like) to each event. While the pull-validation technique described in this paper can be applied to
different kinds of multivariate analysis methods, all examples provided in this papers are based on
boosted decision trees.

In the first step of event selection, the classification algorithm has to be trained on labeled
datasets (i.e. data with known class membership) to define efficient decision criteria exploiting
differences in the measured variables of background and signal events. These datasets typically
consist of simulated signal events and a combination of simulations of all known background types.
After training, the decision criteria of the BDT are defined and the algorithm can be used to classify
unlabeled data. An example of signal and background score distributions of a BDT is shown in
Figure 1.

In analyses where the background rate is estimated from simulation, it can be problematic if
the phase space of features for the background class is sparsely populated in the signal region. This
will lead to low statistics for high classification scores so that the surviving background rate can be
estimated only with large uncertainties. For cuts where no simulated background events survive,
background estimation may be impossible. For example, a cut at 0.2 on the BDT score shown in
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Figure 1: Score distribution for a single BDT, trained on a complete dataset available for training.
This example is taken from an IceCube search for annihilating dark matter inside the Earth [2].
The goal of this selection is to achieve a sample with high neutrino purity. Experimental data,
background simulations for atmospheric muons and neutrinos, and a neutrino signal from WIMPs
with 1 TeV mass that annihilate inside the Earth into W"W ™ are shown.
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Figure 2: Schematic overview of the pull-validation technique in an analysis chain.

Figure 1 would remove all simulated atmospheric muons, falsely leading to a pure neutrino sample.
An obvious solution is the production of larger Monte Carlo datasets. However, simulation
of large background statistics requires large computational efforts and is very inefficient if only
the very signal-like tails of the score distributions are of interest. In contrast, the pull-validation
technique utilizes the readily available datasets by enlarging the signal-like tail, as will be described
in the following section. The term "pull" refers here to the selection of randomized samples and
calculation of uncertainties. A schematic overview of this technique is given in Figure 2.

2. Pull-validation

A way to improve the usage of simulation statistics is to make use of uncertainties that can
be derived by validation techniques. The most important validation techniques are cross-validation
and bootstrapping [3, 4]. For cross-validation, the complete dataset is divided in N disjoint parts
and the model is trained on subsamples composed of (N — 1) parts. After each training, the model
is applied to the remaining subsample. In bootstrapping, events are randomly drawn and replaced
for each subsample until these have the same size n as the original sample. Both methods achieve
a smoothing of a distribution with insufficient statistics over the whole range. However, the effect
is not large enough to compensate a lack of statistics larger than one order of magnitude. Pull-
validation on the other hand can enlarge especially the tails of distributions.

Pull-validation includes a validation similar to bootstrapping. Like in bootstrapping, the vari-
ability of subsamples is used as an estimator for the variability of the whole sample. Instead of
training the classification models with resampled sets of the size n, the subsamples are reduced
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Figure 3: Score distribution of two example Figure 4: Sum of 200 BDT score distributions
events, one of the background class and one of for the complete test dataset. Each BDT was
the signal class. As 200 BDTs were trained on trained on 10% of the training data. Compared
different subsamples, the resulting scores for the to Figure 1, the distributions are smoother and
same events show a variance. broader.

in size (e.g. 10%), which leads to larger uncertainties. Since the subsamples are much smaller,
the resampling can be done without replacement. This resampling and training is repeated several
times (e.g. 200 times), each with a different subsample. This results in a large number of BDTs
that will assign slightly different scores to the same event. The BDT score distribution of one event
can be interpreted as probability density function (PDF), which is shown in Figure 3. The sum of
all these PDFs (or equivalently the sum of the BDT histograms), shown in Figure 4, is considerably
smoother that the single BDT distribution, shown in Figure 1. Note that the tails reach far deeper
into the signal-like region.

A relation between pull-validation and kernel density estimation (KDE) is given by the fact that
both methods smooth the score distributions. An important difference is that for pull-validation, the
weights are derived from the uncertainties of the model while in KDE the smoothing is achieved
without taking individual uncertainties into account. Calculating a weight for each event has the
advantage that this information can be used in later stages after a cut on the BDT score.

In a classical event selection, a direct cut on the BDT score is applied, which means that an
event is either accepted or rejected depending on whether its score is above a threshold or below.
With pull-validation, this procedure can be replaced by calculating a weight for each event from
its score distribution. This weight is determined by the fraction of scores above a threshold. This
means that events with a medium score below the threshold can contribute to the final sample with
a reduced weight, instead of being rejected completely. Therefore this procedure gives a higher
statistics in the final sample. Figure 5 shows a comparison with a classical event selection, where a
cut on a single BDT is applied, with an event selection using pull-validation weights. In this figure,
the BDT cut was varied, which results in different final event rates. For each estimated event rate,
the statistical uncertainty on the rate is clearly smaller when using pull-validation. Consequently,
the distribution of any variable in the final sample will show a smoother behavior than without
pull-validation.
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Figure 5: The uncertainty of the background rate versus the rate itself for varying cut values. The
uncertainties were calculated as the square root of the sum of the squared weights. Using pull-
validation, the uncertainties are significantly smaller than for a cut on a single BDT. The reason is
that more events contribute to the final sample.

3. Manual

This section provides some information, that will help implement pull-validation in an analy-
sis.

3.1 Prerequisites

Pull-validation can be used in combination with an MVA that is applied at any stage of an
analysis, e.g. for preselections or the final event selection. Of course the computational effort is
smaller at later stages, after some preselections have been applied to the data sets. However, some
requirements must be fulfilled in all use cases. Then, ideally, pull-validation has the power to handle
data with more than an order of magnitude missing simulation statistics. This was successfully
tested in the applications described in the next chapter.

At first, the preselection of the events used for pull-validation and the BDT have to be tuned
carefully in parallel. A critical issue is that pull-validation, as well as other methods, can not handle
unknown (i.e. not simulated) event types. This can be checked by comparing the distributions of
physical variables after the pull-validation using the calculated weights.

The interpretation of an MVA output is not straightforward. However, since the input variables
have a physical meaning it can be interpreted with some experience. For example, a change of
slope in a BDT distribution can be caused by an additional event type. This knowledge can be used
to manipulate the result of pull-validation to strengthen its effect even further. This is for example
useful if the available statistics for one type of background is much lower than for other background
contributions. The event selection and the choice of variables for the BDT can be adjusted to
strongly reduce the rate of this background type so that the other event types will compose the
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dominating background. Consequently, it is not necessary to calculate the rate of the insufficiently
simulated event type directly as this procedure assures that its contribution is negligible.

3.2 Choice of input variables

The variables for pull-validation have to be chosen carefully. The agreement between simula-
tion and data must be excellent since small deviations might be multiplied due to the pull-validation
procedure. The optimal number of variables may be higher than without using pull-validation.
These training variables should have small correlations and describe the physics well, so that the
output is reliable.

3.3 Definition of subsamples

For pull-validation, a comparably small subsample should be chosen (e.g. 10%). The small
training sample leads to a large extrapolation of the tails of the BDT score distribution. In addition,
this reduces correlation effects because the overlap of the subsamples is smaller. The number of
subsamples has to be sufficiently large, so that additional repetitions would not change the result.
For the analyses described in Section 4, the choice of 200 repetitions fulfills these requirements.

Once the pull-validation procedure has been applied, typically a cut on the result will be cho-
sen. For the optimal choice of a cut value, a few criteria have to be kept in mind. The looser the
cut is, the more reliable is the estimation achieved by pull-validation, i.e. the relative rate uncer-
tainty is smaller. However, uncertainties of the order of 100% are manageable with this method.
The number of events contributing at least partially to the final event rate decreases the statistical
uncertainty. Another useful statistical check is how much every remaining event contributes to the
rate if it had never been simulated. Pull-validation could be sensitive to systematic uncertainties
due to the chosen variables which has to be checked and avoided.

3.4 Unblinding test

To prevent bias, the analyses of the IceCube collaboration are built on simulation. Only 10%
of recorded data (the so-called burn sample) are typically used to validate the simulation sets. After
the event selection is finalized, the remaining 90% of data are unblinded and used to calculate the
result. As the optimization of the pull-validation is tested on the burn sample only, it is useful to
check with a mock-unblinding if it is valid for the complete dataset. The burn sample is reduced
to 10% of the original burn sample. The event selection, pull-validation and sensitivity calculation
(including uncertainties) are finalized on this choice and then the other 90% of the sample are
unblinded. This should give a rate in the calculated confidence interval, mostly near the estimated
rate.

3.5 Overtraining check

Like for all supervised learning techniques, overtraining checks have to be performed when
using pull-validation. In general, the risk of overtraining increases when reducing the size of the
training data set. However, while individual BDT may be trained on statistical fluctuations, these
effects will be averaged out by combining all BDTs. Figure 6 shows the score distributions of 200
BDTs for the complete training set and for an independent dataset. It can be seen that overtraining
effects do not appear, if all BDTs are taken into account.
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Figure 6: Overtraining test: the combined distributions of all 200 BDTs for the training set and
for the testing set do not differ significantly. Possible overtraining in individual BDTs are averaged
out.

3.6 Discrimination power

It is expected that the pull-validation technique does not suffer from a reduction in discrimina-
tion power compared to a classical training of a single BDT, if for both methods the same features
and the same amount of data were used for training. This is indeed the case, as can be seen in
Figure 7, which shows the background reduction versus the signal efficiency for a classical cut and
for pull-validation event selection.

4. Applications to IceCube analyses

Pull-validation was already used in several analyses within the IceCube Collaboration. The
method was first described and used in an IceCube unfolding analysis of the energy spectrum of
atmospheric muon neutrinos [6]. In this analysis, a sample of very high signal purity is prepared by
the event selection. The the quality of the unfolding that is based on this sample can be improved by
smoother input distributions, which is achieved by introducing pull-validation to the analysis. The
power of this method could be proven and a comparison with cross-validation showed the sanity of
the results.

A second analysis is the search for magnetic monopoles [7], which would be a very rare signal
in the IceCube detector. This analysis crucially depends on pull-validation and therefore the method
was thoroughly checked as described in section 3. The final background rate after unblinding could
be estimated successfully.

Finally, the plots throughout this paper are from a search for neutrinos from annihilating dark
matter inside the Earth [2]. As this analysis relies on background simulations, a detailed under-
standing of systematic uncertainties is required. Therefore large enough statistics are necessary in
the simulated data sets. The analysis benefits from the increased usage of background statistics by
utilizing pull-validation, as shown in Figure 5.
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Figure 7: Receiver operating characteristic (ROC) plot. For a given signal efficiency, the back-
ground reduction is identical for the classical one BDT and for 200 BDTs. The step at hard cuts
for the single BDT is due to low statistics for background estimation. This problem is reduced for
pull validation.

S. Summary

Pull-validation is an efficient way to reduce the problem of sparse statistics. By estimating un-
certainties of the scores and interpreting their distributions as a PDF, a weight can be calculated that
replaces classical binary decisions of event selection. Consequently, more events contribute to the
final sample and the statistical uncertainties are considerably reduced without reducing the discrim-
inating power. Additionally, the estimated uncertainties can be taken into account as systematical
erTors.
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In many models, the self-annihilation of dark matter particles will create neutrinos which can
be detected on Earth. An excess flux of these neutrinos is expected from regions of increased
dark matter density, like (dwarf) galaxies and galaxy clusters. The IceCube neutrino observatory,
a cubic-kilometer neutrino detector at the South Pole, is capable of detecting neutrinos down
to energies of the order of 10 GeV and is therefore able to constrain the self-annihilation cross
section as a function of the mass of the dark matter particle. This work will present the analysis
method and results obtained from the first search for dark matter annihilations in (dwarf) galaxies
and galaxy clusters with the complete IceCube detector.
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Dark matter in galaxies and clusters with IceCube M. de With

1. Introduction

There are many observations which imply the existence of a new type of non-baryonic, non-
visible and (meta)stable matter, usually called dark matter (for a review, see e.g. [1]). The currently
most favoured candidates are Weakly Interacting Massive Particles (WIMPs), which are predicted
by many theories for Beyond the Standard Model physics, for example supersymmetry and theories
with extra dimensions. Typical masses are approximately between 10 GeV and 100 TeV.

So far only the gravitational effects of dark matter have been detected, but many experiments
are searching for other signatures, both to confirm the gravitational observations and to study the
properties of this new type of matter, which are so far mainly unknown. For example, indirect
detection experiments search for a flux of stable particles produced in the self-annihilations or
decays of WIMPs. The analysis described in these proceedings is a search for neutrinos produced
in dark matter annihilations in dwarf galaxies in the Northern Hemisphere, the M31 galaxy and the
Virgo cluster, using three years of data from the completed IceCube detector.

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole
[2] between depths of 1450 m and 2450 m. Detector construction started in 2005 and finished in
2010, and for this analysis data taken between May 2011 and May 2014 were used, with a total
of 982.6 days of livetime. Neutrino reconstruction relies on the optical detection of Cherenkov
radiation emitted by secondary particles produced in neutrino interactions in the surrounding ice
or the nearby bedrock. The DeepCore subarray as defined in this analysis includes 8 densely
instrumented strings optimized for low energies plus 12 adjacent standard strings [3].

2. Signal expectation

The expected differential neutrino flux from dark matter annihilations is given by

dgy _ (oav) dNy
dE ~ 4m-2m} dE

J(AQ) 2.1)

with (o4v) the velocity-averaged annihilation cross section, m, the mass of the WIMP and
dNy /dE the WIMP annihilation spectrum. J(AQ) is the so-called (integrated) J-factor,

J(AQ) = /A QdQ n p2(1)dl (2.2)

where [ is the coordinate along the line of sight, p is the dark matter density and AQ is the
solid angle being integrated over.

The WIMP annihilation spectrum dN, /dE depends heavily on the specific annihilation chan-
nels of the WIMP and their branching ratios. For this model-independent analysis, we have studied
four benchmark channels (neutrinos, muons, W bosons and b quarks) which are typical for many
models and in each case assumed a 100% branching ratio to this channel. For each of these chan-
nels (where possible) we have considered 19 WIMP masses ranging from 30 GeV to 100 TeV.

For annihilation to neutrinos, dNy /dE is a line spectrum at E, = m,, since the WIMPs are
assumed to annihilate at rest. For the other channels, the annihilation spectra were computed using
Pythia 8.1 [4]. Since the region in which neutrinos are produced is much larger than the typical
neutrino oscillation length, the spectra at the Earth can be averaged and are no longer dependent on
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Targets H Type ‘ RA [deg] ‘ Dec [deg] ‘ Distance [kpc] ‘ logio(Jnrw / GeV? cm™) ‘
Segue 1 Dwarf galaxy | 151.767 16.082 23 19.54+0.29
Ursa Major II Dwarf galaxy | 132.875 61.310 32 19.34+0.28
Willman 1 Dwarf galaxy | 162.343 51.051 38 19.14+0.31
Coma Berenices || Dwarf galaxy | 186.746 23.919 44 19.0£0.25
Draco Dwarf galaxy | 260.052 57915 76 18.8£0.16
M31 Major galaxy 10.685 41.269 785 19.2+£0.1

Virgo Galaxy cluster | 187.704 12.391 16800 18.5

Table 1: The list of targets considered in the analysis described in these proceedings, including their
locations [7] and their distances and J-factors assuming an NFW dark matter profile [8, 9, 10]. For
the Virgo cluster, no uncertainty on the J-factor is available.

the exact distance between the source and the Earth [S]. For each annihilation channel, neutrinos
of all flavours will arrive at Earth, but for this analysis only muon neutrinos are considered, so only
track-like events are used.

As a consequence of equations 2.1 and 2.2, the expected flux is highest in regions with a high
dark matter density which are relatively close by. The J-factor will in general depend on the dark
matter halo profile, in this analysis we consider the Navarro-Frenk-White (NFW) profile [6], which
is given by

plr)=—"F0 (23)

r r 2
w(1+%)

with pg and R; the characteristic density and radius.

Dwarf spheroidal galaxies orbiting the Galaxy are interesting targets for indirect dark matter
searches because they are close to the Earth (see table 1), highly dark-matter-dominated and have
no expected astrophysical backgrounds [11]. In this analysis, the five dwarf galaxies in the Northern
Hemisphere with the highest J-factors are considered: Segue 1, Ursa Major II, Willman 1, Coma
Berenices and Draco.

In addition to the dwarf galaxies, we also consider the M31 galaxy and the Virgo cluster. As
can be seen from table 1, the J-factors for these targets are smaller than for the best dwarf galaxies,
leading to a lower sensitivity. However, from N-body simulations [12, 13] it is known that dark
matter haloes for major galaxies and galaxy clusters are expected to contain a large amount of
substructure, which could increase the expected flux significantly, especially at larger distances
from the center of the dark matter halo. Initial estimates for the total size of this increase were of
the order of 1000 for galaxy clusters [14], but later studies give more modest estimates [15, 16].
Since the subhaloes are also expected to change the spatial shape of the dark matter profile, we will
give limits for the conservative case where there is no significant substructure and the dark matter
profile is given by equation 2.3, but we will also search for an extended emission from the direction
of M31 and the Virgo cluster.
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3. Event selection and reconstruction

The main backgrounds for neutrinos produced in dark matter annihilations are atmospheric
muons (triggering the detector at a rate of approximately 2.5 kHz) and atmospheric neutrinos
(approximately 20 mHz). Atmospheric neutrinos are an irreducible background, but atmospheric
muons can be eliminated from the event sample by removing events which are either downgoing
or badly reconstructed. It is also possible to remove atmospheric muons by using the outer layers
of IceCube as a veto.

The first set of cuts consists of a number of online filters which select either track-like events,
upgoing events or low-energy events where there is no evidence of activity in the detector which
would be consistent with an atmospheric muon. These are followed by cuts which remove down-
going events, badly reconstructed events, noise events and events which do not contain enough
information for a full direction reconstruction.

The sample is then split in two independent subsamples: one containing events which mostly
take place in the DeepCore subdetector (the DeepCore-dominated subsample), and one containing
all other events (the IceCube-dominated subsample). For each of these subsamples, a number of
further cuts related to the quality of the reconstruction and the light pattern in the detector are made.

The final step of the event selection consists of a cut on the output of a Boosted Decision Tree
(BDT) [17]. ABDT is a multivariate machine learning algorithm which is trained to separate signal
and background events using training samples of both (which are discarded for the actual analysis).
For the DeepCore-dominated subsample, the BDT was trained on 500 GeV WIMPs annihilating
to b quarks. For the IceCube-dominated subsample, one BDT was trained on 500 GeV WIMPs
annihilating to muons (the ‘soft BDT’) and one was trained on 10 TeV WIMPs annihilating to
muons (the ‘hard BDT’). For each target, the final cut on the BDT output score is optimized for the
best sensitivity to (o4v). Also, for each combination of a target, a WIMP mass and an annihilation
channel, the sensitivities using the hard BDT and using the soft BDT are calculated. In this analysis,
we choose whichever one gives the best sensitivity.

The direction reconstruction used for this analysis is described in detail in section 2.1 of [18].
The resulting median angular resolution for different signal samples is shown in figure 1 for simu-
lated signal events passing the event selection up to the final level, using a typical cut on the output
of the final-level BDT. A per-event estimation of the angular reconstruction error is also calculated
[19].

To reconstruct the energy of the event, different algorithms are used for the IceCube-dominated
sample (which contains mainly events above 100 GeV) and the DeepCore-dominated sample (which
contains mainly events below 100 GeV). For the IceCube-dominated sample, an algorithm is used
which reconstructs the energy loss of the muon in the detector [20], while for the DeepCore-
dominated sample, a dedicated low-energy reconstruction algorithm is used [21]. In both cases
only the difference in the distributions of output values for signal and background is used, not the
absolute output values.

4. Analysis method

After the event selection, the event sample consists mainly of atmospheric neutrinos, with
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Figure 1: The median angular resolution for different WIMP masses and annihilation channels,
using simulated signal events passing the event selection up to the final level, using a typical cut
on the output of the final-level BDT. For (b), the sample selected by cutting on the output of the
soft BDT is used for masses where the soft BDT gives the better sensitivity to (c4v), otherwise the
sample selected by cutting on the output of the hard BDT is used.

a contamination of approximately 10 % (depending on subsample and BDT cut) of atmospheric
muons. To determine whether the sample contains neutrinos from dark matter annihilations tak-
ing place in the targets that are considered in this analysis, a likelihood method is used which is
based on that used in [22], but takes into account the general improvement suggested in [23]. The
likelihood for a single sample containing n,,, events, of which u are signal events, can be written
as

ﬂ@:ﬁ( K S,-+<1— K >B,-> @.1)

i—1 \obs Nobs
with the signal PDF S; for an event with space angle (angle between the reconstructed muon

direction and the target direction) yj;, reconstructed energy E; and direction reconstruction error
estimate o; given by

Si(Wi,Ei,61) = fsig(VilOi) - &sig(Ei, O1)
. 2
= ECXP <_le> 'gsig(EhGi) 4.2)

c? 20

i i

with fi;s(;|0;) the probability for signal events to have a space angle y; given that the direc-
tion reconstruction error estimate is o;, which is assumed to follow a two-dimensional Gaussian
distribution with a width given by o;. gsig(E,‘7 0;) is the probability for a signal event to have a
reconstructed energy E; and error estimate o;. This is taken from simulated signal events and
smoothed using Kernel Density Estimation [24, 25].

The background PDF is given by

Bi(Wi, E;, 0;) = frg(W;) - gig(Ei, 0;) 4.3)

61



Dark matter in galaxies and clusters with IceCube M. de With

where fu, (Vi) and g, (E;, 0;) are taken from data events where the azimuth has been random-
ized, and gj¢ is smoothed in the same way as gse. Background events are isotropic, so y; is not
correlated with o; or E;.

For this analysis, only events where the difference between the reconstructed zenith and the
zenith of the target is less than 2.5 degrees (for the dwarf galaxies) or 5 degrees (for the M31
galaxy and the Virgo cluster) are considered, since events which are further from the target are very
unlikely to be signal events. The PDFs are constructed using only events in these zenith bands,
and thus are not only different for each WIMP mass and annihilation channel (in case of the signal
PDFs) but also for each target.

For multiple independent subsamples, equation 4.1 is adapted to

Rsamp Nobs, j

2w =] H< K S,,i+<1 ad )B,J) (4.4)

J=1 =1 \Mobs,j Nobs, j

where j runs over the different subsamples, the PDFs are now (in general) different for each
sample, and the total number of signal events in all subsamples combined is u =} ; ;.

For this analysis, the DeepCore-dominated and IceCube-dominated subsamples are indepen-
dent, as are the three years of data-taking. We also stack the five dwarf galaxies by considering
them as subsamples, which are indeed independent since the zenith bands do not overlap.

We obtain a best estimate for u for each WIMP mass and annihilation channel by maximizing
the likelihood given in equation 4.4. Using the method of Feldman and Cousins [26], confidence in-
tervals on the number of signal events present in the total sample and thus on the velocity-averaged
annihilation cross section can be constructed.

As mentioned in the introduction, we also search for a more extended emission from M31 and
the Virgo cluster, which could be caused by dark matter substructure. As the specific profile and
extension are unknown, we consider two-dimensional Gaussian source profiles with widths 0.5,
1, 2 and 5 degrees. In this case, the two-dimensional Gaussian distribution used as fy;,(y;|0;) in
equation 4.2 is convolved with the source profile, and the result is used as fi;(y;|0;) instead.

5. Results and conclusion

For the first time, data from the completed IceCube detector has been used to search for neu-
trinos produced in dark matter annihilations in nearby extra-Galactic objects. No significant excess
of neutrinos was found in the direction of any of the targets that were considered, and upper limits
at the 90 % confidence level were calculated. In figure 2a the sensitivities and limits are compared
for the stacking of five dwarf galaxies, the M31 galaxy and the Virgo cluster, for annihilation to
muons. In figure 2b, the limits for different annihilation channels are compared.

Since the background for this analysis was determined directly from data, only systematic un-
certainties on the signal acceptance play a significant role. These are dominated by the uncertainty
on the sensitivity of the PMTs used for detecting the Cherenkov light and the optical properties
(scattering and absorption lengths) of the ice. To get the total systematic uncertainty, these are
varied by 10 % and the resulting uncertainties are added in quadrature. The total systematic uncer-
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(a) Comparison of upper limits and sensitivities for
the stacking of five dwarf galaxies, the M31 galaxy
and the Virgo cluster, for annihilation to muons.

(b) Comparison of upper limits for the different anni-
hilation channels considered in this analysis, for the
stacking of five dwarf galaxies.

Figure 2: The 90 % confidence limits on the velocity-averaged annihilation cross section.

tainty which is included in the limits ranges from approximately 15 % to 35 %, depending on the
source, WIMP mass and annihilation channel.

For the stacking of five dwarf galaxies, there is an overfluctuation for high WIMP masses
which shows up for all channels and a broad range of masses, as the PDFs look relatively similar.
To estimate the global significance of this excess, a test statistic is used which is defined as

Z(ft)
TS—ZIOg% 5.1
with [i the best fit value for . A large number of pseudo experiments using data events with
randomized azimuths were performed, and for 4.3 % of these background-only pseudo experi-
ments, there was at least one WIMP mass and channel combination with a higher 7'S. This makes
it clear that the excess is not statistically significant.

Searching for an extended neutrino emission from M31 and the Virgo cluster also led to no
significant excess, so all results of this analysis are compatible with the background-only hypothe-
sis.
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Dark matter particles can be trapped in massive celestial bodies, such as the Sun or the Earth
and their self-annihilations may produce standard model particles, including neutrinos of all
flavors. So far, IceCube dark matter searches have focused on muon neutrinos due to their
track-like topology and the resulting good pointing resolution. However, recent developments
of reconstruction tools have allowed us to reconstruct electron and tau neutrino interactions with
sufficiently good angle and energy resolutions and to estimate the corresponding uncertainties.
IceCube’s in-fill array DeepCore, when using the outer IceCube detector as a veto, permits us to
extend all-flavor dark matter searches to energies well below neutrino energies of 100 GeV. This
is particularly important for the search of Weakly Interacting Massive Particles (WIMPs) that
accumulate in the center of the Earth, as their annihilation rate is expected to be enhanced for
WIMP masses around 50 GeV/c2. All-flavor neutrino searches, in principle, enhance IceCube’s
sensitivity with respect to previous searches based solely on muon neutrinos. While this paper
primarily focuses on demonstrating the applied methods, we will also present a sensitivity and
discovery potential for an Earth WIMP search as well as data selection efficiencies for an ongoing
solar analysis. We find that efficient neutrino flavor identification is challenging at low energies
given that the signatures for tracks and showers are very similar. For the proposed event selection
the signal rate increases by a factor of two. However, the worse angular resolution for cascades
gives rise to a larger background in the signal region.
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1. Introduction

The IceCube Neutrino Observatory, located at the geographic South Pole, consists of the
IceCube neutrino telescope and the IceTop air shower array [1]. In the ice, a volume of one cubic
kilometer is instrumented with 5160 digital optical modules (DOMs), deployed at depths between
1450 m and 2450 m. The denser low energy infill, DeepCore, considerably improves neutrino de-
tection with energies 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 emission from sec-
ondary particles created when a neutrino interacts in the ice. The primary background in the search
for neutrinos originates from cosmic ray hadronic air showers produced in the Earth’s upper atmo-
sphere. The decay of pions, kaons (and charmed mesons) results in a continuous stream of neu-
trinos and penetrating muons. High energy muons are capable of traveling long distances through
matter before they eventually decay, resulting in a downgoing muon flux at the IceCube detector.
In contrast to earlier solar analyses we do not restrict ourselves to periods where the Sun is below
the horizon and the Earth forms a shield against cosmic ray muons. Instead we take advantage of
IceCube’s veto capabilities, which limits the accessible WIMP mass range below 1 TeV/c?.

Muon neutrinos with extended track-like topologies are relatively easy to reconstruct with
degree pointing precision. The reconstruction of electron and tau neutrino interactions, leaving
cascade-like signatures in the detector, is more challenging. Due to this better angular resolution,
Earth WIMP searches [2] as well as solar WIMP searches [3] with IceCube have until now aimed
at extracting solely v, events from the dataset. However, all-neutrino searches have become more
important recently. The reasons are obvious [4]: the measured flux is enhanced, the neutrino
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.

This paper discusses a study of IceCube’s sensitivity to WIMP annihilations in the centers
of the Earth and Sun with an analysis that is sensitive to all flavors of neutrinos. The methods
presented in sections 3 and 4 have been developed for application on one year of 86-string config-
uration IceCube data from the 2011 season. Note that while both Earth and Sun may trap WIMPs,
only the Sun is expected to be in an equilibrium making the annihilation rate directly proportional
to the WIMP-Nucleon scattering cross section. The lower mass of the Earth prohibits this equi-
librium in most cases. Similar to the moderation process in nuclear reactors, WIMPs are most
efficiently slowed down if their energy is in the mass range of their nuclear scattering partners. As
iron is very abundant in the Earth’s core, 50 GeV/c> mass WIMPs are most easily captured, thereby
enhancing the annihilation rate. For the simulation of a WIMP-induced neutrino signal we use the
WimpSIM package [5], which takes care of neutrino generation, propagation and oscillations.

2. Low Energy Cascade Reconstruction

Unlike the extended tracks caused by muons from charged-current (CC) v, events, V. and V¢
leave an almost spherical pattern of hit DOM:s in the detector. The e* produced in CC Vv, interac-
tions are subject to successive bremsstrahlung energy losses and lead to electromagnetic cascades.
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v; interactions and T decays predominantly produce hadronic cascades, as do neutral-current in-
teractions from all neutrino flavors. While the energy reconstruction benefits from the confined
event signature, a good directional reconstruction of the spherically shaped cascade events de-
mands significant computing resources and also an excellent description of the ice properties [6].
Energy E, position and orientation are estimated [7] by minimizing the negative log-likelihood
—InL=Y,kIn(EA;+p;) —
The number of photons per unit energy for an assumed orientation and vertex A; incorporates de-

(EA; — pi) — Ink;!, where p; is the expected number of noise photons.

tailed information on the position dependent absorption and scattering of photons in the ice. This
information is available in the form of spline-fitted [8] tables obtained from a photon-tracking sim-
ulation using a ray tracing algorithm modeling scattering and absorption. When iterating the min-
imization chain (in this analysis 32 times) and optimizing minimization parameters, the resulting
angular resolutions are similar to the ones seeded by the true direction and vertex.

The energy dependent median spa-
tial angle resolution is shown in Fig. 1.
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vary from the average resolution (see
Fig. 1) dependent on the event’s ex-
act topology and the amount of light de- gorithm versus the energy of neutrinos.
posited in the detector volume. Since
event-based resolutions allow for a recon-
struction quality based event weighting, a
resolution estimator, based on the Cramer-Rao upper bound on the variance, was coded. Assuming
a set of parameters 6= (x0,¥0,20,0,0), the vertex and directional angles, we formulate a Poisso-

nian likelihood!

#hitDOMs / nbins(i)

. i ”( b) .
L(G): H H ‘u 97 ’] CXp(-ﬂh(e,i,j))

i=1 k=1

#nonhitDOMs

exp (n(B.0)21)

with uy being the expected number of photons in module i for time bin j (i, for a non-hit module
k respectively) and n the actually measured number of photons.

In order to obtain resolution expectations for individual cascades, one can either scan the like-
lihood around its minimum or take advantage of the Cramer-Rao bound. Under certain conditions,

I'Similar to the likelihood formulated in the beginning of the section, but without explicit energy formulation and
neglecting noise.
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Figure 1: Angular resolution of the cascade reconstruction al-
The resolution im-
proves with energy for cascade signatures. For comparison, the
dashed orange line shows the resolution potential for tracks re-
constructed by an algorithm using the correct track hypothesis.
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9%logL(6)
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tion matrix, the inverse of the covariance matrix. Applying the second derivative and exploiting

(n(i, j)) = ua(8,i, j) we obtain:

the latter provides the relation (cov™!);, = F,, = — < > where F is the Fisher Informa-
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The expected value for the number of 60
registered photons for DOM i and time
bin j, pn(6,i,j), is obtained from the ESO’
spline fitted tables discussed above. In 5 a0l
order to accelerate the algorithm, optical 3
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ing information are currently ignored. £
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the zenith and azimuth uncertainties and

O:cco is the reconstructed zenith angle. Figure 2 shows the relation between the median resolution
taken from the difference of reconstructed and true event direction and the estimate.

3. Search for dark matter annihilation in the center of the Earth

Figure 2: Cascade Resolution Estimator: a successful quantita-
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dataset, an event selection favoring po-

tentially well reconstructed, low energetic Figure 3: Rates of signal (arbitrarily scaled for comparison),
neutrino events mainly from the northern background MC and data versus selection levels. The lower sub-
hemisphere was developed. For example, plot shows the ratio of data over the sum of the background MC
the reconstructed energy was required to rates and its statistical uncertainty. The arrow indicates an outlier

not visible at the scale chosen.
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be in the 5 to 30 GeV range. This selection is subdivided into levels, each combining requirements
pursuing a similar objective.

The progress with the selection levels of signal and background rates from Monte Carlo (MC)
simulations and the data rates is shown in Fig. 3. Data here refers to a subset of the full experimental
dataset®. The applied event selection achieves a signal efficiency of about 4% while the atmospheric
muon background is reduced by seven orders of magnitude. As can be seen in the lower portion of
Fig. 3, showing the data-MC-agreement, the data rate falls short of the MC rate by about 25% on the
final selection level. Outliers on intermediate levels can mostly be explained by unsimulated noise.
This discrepancy is removed by subsequent noise-rejecting vetos. The precise MC description
of experimental data in the low energy regime is a non-trivial issue which is currently subject to
collaboration-wide investigations.

Since the event simulation and the simulation of the detector response near the detector’s
energy threshold is challenging, the method to analyze a potential WIMP signal should not rely
on precise MC background predictions. A further difficulty is the particle identification at very
low energies as well as the directional reconstruction of low energy events in general and cascades
in particular. A likelihood fitting procedure takes advantage of distinguishing features of cascade
and track signatures and the angular distribution of signal and backgrounds. The basic input for
the algorithm are two-dimensional histograms of two reconstructed zenith angles - one developed
to reconstruct cascade-like events the other well suited for the reconstruction of tracks. For the
case of signal events coming from the direction of the Earth’s core, one would e.g. expect the
cascade likelihood to recover the direction of the cascade-like events while the algorithm using
the incorrect track hypothesis smears this directional peak. This concept also reveals distributional
differences between atmospheric electron and muon neutrinos and discriminates the atmospheric
muon background. In order to pass this distributional information efficiently to the fitter, the two-
dimensional histograms are binned such that signal regions are well resolved while the background
dominated parts are merged. For the sake of simplicity and in order to increase the MC statistics,
the three signal channels are combined into one all-flavor flux . Fig. 4 shows a comparison
of the histograms of WIMP-induced neutrinos and atmospheric neutrinos and demonstrates the
discrimination potential of this method. The histogram for experimental data is analyzed by an
algorithm maximizing the Poissonian likelihood

ki
L= H %e‘k" -+ nuisance terms (3.1)
bins ki'
with the MC prediction
Afi =7 Aiatmo. u +Ar7r/K,vﬂ - Aiatmo. Vu +Arn/K,ve e liatmo‘ Ve +a- Aix (3.2)

and data k; in bin i and the physical fit parameter o revealing which annihilation rate is compat-
ible with the experimental data. Nuisance parameters included in this likelihood account for the
relevant systematic uncertainties. These are the absolute flux normalizations of the atmospheric
backgrounds and the pion to kaon ratio in the generation of atmospheric neutrinos which is con-
tained in the weight Ary k , in Eq. 3.2. Thus, the final log-likelihood function, including Gaussian

2In IceCube, selection criteria are developed on typically 10% of the experimental data to avoid biased results.
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penalty factors for the nuisance parameters, reads:

—1)? —1)2 —1)2 _1)2
7lnL:Zlﬁk.lnh+; (=17 (-7 (e-D7 (=1 33)

2 2 2 2
o; c loF: (oF:

bins u

The incorporated nuisance parameters together with their priors and uncertainties are summa-
rized in Table 1.

uncertainty H nuisance parameter n | default value ‘ o ‘
normalization of atmospheric Y 1.0 0.3
normalization of atmospheric v, u 1.0 0.3
normalization of atmospheric V. £ 1.0 0.3
pion-kaon ratio r 1.0 0.1

Table 1: Summary of the nuisance parameters explicitly implemented in the likelihood function together
with their priors and uncertainties.
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Figure 4: Two-dimensional histogram of reconstructed zenith angles with apt binning for atmospheric
electron neutrinos (left) and for WIMP induced neutrinos (right). The bin contents are normalized to the
bin size to emphasize the relative contributions.

To determine the sensitivity, evidence and discovery potential, a likelihood-ratio test is per-
formed on simulated data using the test statistic w = 2 -In mr;l;(l:sL , where maxg,L denotes the
maximum likelihood under the null hypothesis while maxL refers to the maximum likelihood un-
der the alternative, i.e. signal, hypothesis. From the comparison of the test statistic distribution for
many simulated data realizations containing a certain signal strength with simulated background
only data realizations the sensitivity, evidence and discovery potential were calculated for one year
of IceCube data (see Table 2).

Since the Earth is not expected to have reached equilibrium of WIMP capture and annihilation,
the annihilation rate is not directly correlated with the WIMP-nucleon scattering cross section. For
this reason, the sensitivities are given in terms of annihilation rates which maintains as much model
independence as possible.

The sensitivity determined in this analysis is not competitive yet with a dedicated study for
Earth WIMPs solely based on v, events [2]. The implementation of multivariate techniques
promises the required enhancement of the efficiency, as can be seen in the following section.
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|

H annihilation rate [annihilations/s] ‘

Sensitivity (90% Confidence Level) 7.7-1013
Evidence (30) 1.7-10'
Discovery Potential (50) 2.2-10"

Table 2: Sensitivity, evidence and discovery potential for one year of IceCube data taken with its 86-string
configuration assuming a 50 GeV/c? mass WIMP annihilating into t+7~.

4. Search for dark matter annihilation in the center of the Sun

The indirect detection of solar WIMP
particles with IceCube places some of the
most stringent limits on the spin-dependent
nucleon-WIMP scattering cross-section [9,
10]. Here we are exploring the capabilities
of the all-flavor approach, by taking advan-
tage of the cascade reconstruction methods
discussed in section 2.

Figure 5 shows the development of data
and MC rates throughout the event selection.
For the signal MC, a showcase WIMP can-
didate mass of 100 GeV/c? is chosen, while
the complete analysis will cover a candidate
mass range from 50 to 1000 GeV/c?. Cut
levels 3 and 4 aim at significantly reducing
the dominant background from atmospheric
muons, followed by filters that effectively re-
move noise clusters and coincident events.

3 T
10 atmo.

atmo. v,

10°

e—e atmo.y,
data i
v, from 100 GeV/c* solar WIMP, WW

v, from 100 GeV/c* solar WIMP, bb |4

Rate [Hz]

Figure 5: Data and Monte-Carlo (MC) rates versus selec-
tion level. The simulated all-flavor signal rate is shown for
a 100 GeV/c> WIMP mass, arbitrarily scaled assuming 10%
annihilations/s. The bottom sub-plot shows the ratio of data
and the sum of background MC including statistical uncer-
tainties.

Similar to the Earth WIMP analysis, we see differences between data and Monte Carlo which
we suspect to be due to a non-perfect description of the optical module noise for the particular time
period. Concerted efforts are under way in the collaboration to remedy this situation.

Candidate mass Hard channel efficiency Soft channel efficiency
[GeV/ cz] (WHW—, t+1~ for 50 GeV/c? WIMPs) [%) (bb) [%]
50 8.6 (Ve: 7.5, vyu: 9.7, v1: 1.5) 12.5 (V: 10.5, vy: 14.4, v;: 9.7)
100 5.0 (Ve: 4.5, vu: 5.7, v7: 4.5) 8.4 (Ve: 7.2, vy: 9.7, v7: 7.0)

Table 3: Selection efficiencies

Following level 5, a set of Boosted Decision Trees (BDTs) is trained to discriminate signal-
like from background-like events, leading to level 6 by selecting events with a BDT score larger
than 0.04 (see Fig. 6). Twelve variables are used as BDT input, including reconstructed direction,
energy and vertex, reconstruction quality parameters as well as veto and geometrical quantities. An
overtraining check was performed, showing good agreement of training and testing score distribu-

tions. The efficiency at level 6, compared to level 2, is ~ 10~° for atmospheric muons and 5.0%
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(8.4%) for signal neutrinos from the W™ W~ (bb) channel. Signal efficiencies are shown in Table 3
and are competitive to the final-level efficiencies obtained with a track-based approach [10]. Ulti-

mately, we want to include WIMP masses up to 1 TeV/c?, but concentrate here on the low energetic

50 and 100 GeV/c? candidates.

For the determination of limits we will
choose a likelihood approach [11] that will
consider direction, directional uncertainty es-
timates as well as the reconstructed energy.

5. Conclusions

For the first time, an all-flavor analysis
for WIMP searches has been made possible
by the development of better angular recon-
struction techniques for cascades at low neu-
trino energies. In order to limit the back-
ground from atmospheric muons, the analy-
sis was restricted to events reconstructed in
the volume of the DeepCore sub-array by ex-
ploiting the veto-capacity of the surround-
ing IceCube sensors. To maximize the selec-
tion efficiency, no flavor-separation — which
is very difficult to achieve at low energies —
was attempted. In the future, a combination
of the different analysis strategies, especially
for smaller candidate masses, should be con-
sidered.
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