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Basic Result

• If  the electron excess seen by Fermi is DUE TO DM 
annihilation going leptonic final states  

• 5+5: ICECUBE will see a 5    excess of neutrinos 
from toward the Galactic center in 5 years

• If  we DON’T see any excess neutrinos

• 2+5: ICECUBE can constrain Leptonic DM as an 
explanation of Pamela at 2    in 5 years

• Even better with some branching fraction directly to 
neutrinos

µ+µ−,τ+τ−, etc...

σ

σ



Outline

• DM Introduction

• IceCube 

• neutrino as a new handle

• Galactic Center



Good news 

• Weakly Interacting Massive Particles  WIMPs

– e.g. the neutralino ( LSP  SUSY  )

– Automatically Get the Right Relic Density

! !    !

Dark Matter

Don’t Need to invent new particles which exist for other 
reasons



LHC-Making DM 
?

Looking For DM



A WIMP in the Galaxy 
travels through our               
detectors. It hits a 

nucleus, and deposits
a tiny amount of energy.  
The nucleus recoils, and 

we detect
this energy deposit. 
WIMP/NUCLEUS

SCATTERING

Direct Detection Experiments



• WIMP Annihilation     
Typical final states include heavy  

fermions, gauge or Higgs 
Bosons

1. Fragment / Decay   
Annihilation products decay and/
or fragment into combinations of  
electrons, protons, deuterium,  

neutrinos and gamma-rays

2. Synchrotron and 
Inverse Compton 

Relativistic electrons up-scatter 
starlight/CMB to MeV-GeV 

energies,     and emit 
synchrotron photons via 

interactions with magnetic fields
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Indirect Detection WIMP Annihilation



 Many anomalous signals:
WIMP dark matter detection?

how can we be sure?
• The DAMA annual modulation

– (direct detection experiment in Gran Sasso tunnel)
• CoGeNT….CDMS….
•  The HEAT, Fermi, PAMELA positron excess

– (is it WIMP annihilation?)
• INTEGRAL 511 KeV line
• WMAP/Fermi Haze

HAS DARK MATTER BEEN DISCOVERED?

Crest.....



Cosmic Rays
produced from SuperNova, Pulsars, (DM), etc



PAMELA Excess
GALPROP

PAMELA



Fermi Excess

Too many electrons
and

positrons
versus too many 
positrons with

PAMELA



• Astrophysical (S. Profumo)

• Super Nova and Pulsars

• GALPROP is wrong 

• Different diffusion coefficient etc.

• DM Annihilation Provides the source

Explanations



DM properties

• Boosted Signal 

1. Enhanced Annihilation cross-section over 
the relic annihilation cross-section

• Sommerfeld Enhancement 

- quantum mechanical analog of 
gravitational focusing

• Breit-Wigner enhancement

- Resonance effect



Explain Pamela/Fermi

• not dependent upon profile

• assume Isothermal Sphere

• Fit Pamela and Fermi Data 
annihilation directly to neutrinos 
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FIG. 1: The 2σ contours in the enhancement factor - mass plane for a) annihilation to µ+µ−, b) the Nomura-Thaler model N3

and c) the Arkani-Hamed et al. model AH4. The contours are shown for PAMELA and Fermi, whereas the HESS data is only

used as an upper limit. The black dot is the example model shown in Fig.2.
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FIG. 2: Spectra for examples of good fit models in 1. The signal and background are shown for electrons (e+
+ e−) together

with Fermi [9] and HESS data [11, 27]. The HESS data and the background model has been rescaled with a factor 0.85. In

the inset, the positron fraction as measured with PAMELA is shown together with the predicted signal for the same model.

towards the galactic centre and dwarf spheroidals were
investigated. For Einasto or NFW profiles, the best fit
models are excluded due to gamma rays from the galactic
centre. However, for less steep profiles, like an isothermal
sphere, our best fit models are not excluded by these
data.

For the N and AH models, constraints from gamma
rays and radio (including final state radiation photons)
were investigated in [18]. The same conclusion holds for
these models, if the halo profile is an Einasto or NFW
profile (or steeper), the models are already excluded.
However, for shallower halo profiles, like an isothermal
sphere, the models are still viable. One should note that
the electron and positron fluxes discussed in this paper
are not very dependent on the choice of halo profile, so
the best-fit models derived here, would be more or less
the same for an NFW profile instead of the isothermal
profile we used in our analysis.

Given the large amounts of high-energy electrons and
positrons injected into the galaxy with these models, it
is also fair to wonder about secondary radiation from
inverse Compton scattering on the interstellar radiation
field [14, 15, 17, 28]. In [14] it is concluded that models
annihilating to µ+µ− are at tension with EGRET data

and that Fermi will be able to probe these models. Given
the new Fermi data, lower boost factors are needed than
those assumed in [14], so the tension with EGRET data is
less severe. However, Fermi should still be able to probe
these models. For the N3 and AH4 model, we get very
similar constraints [17] and these are also viable with a
shallow halo profile.

One should also note that we have chosen to work
with a rather standard halo and diffusion model, but it is
rather straightforward to rescale our results via the en-
hancement factor introduced in Eq. (1). Note that the
dependence on ρ0 and τ0 in Eq. (1) is a very good ap-
proximation for high energies. For lower energies (i.e. the
PAMELA range), it is more involved as the positrons at
these energies have propagated rather far. Keeping the
signal fixed at higher energies, it is possible to move the
signal from dark matter up at lower energies by having
a larger significant diffusion region (by having a larger
diffusion zone half height and a larger diffusion coeffi-
cient). Increasing τ0 will also increase the fluxes at low
energies slightly more than the linear relation in Eq. (1)
as positrons then sample a larger (and partly denser) re-
gion in the galaxy. These effects are more pronounced
for steeper halo profiles, like a Navarro-Frenk-White [29]

µ+µ−

2

density ρ0. For all classes of models, we have set the
annihilation cross section to (σv) = 3 × 10−26 cm3 s−1.
Note that all the fluxes scale with ρ2

0 and at high ener-
gies (all energies of interest here), they also scale with
τ0. With a boost factor from substructure and/or Som-
merfeld enhancements, BF , we can then define an overall
enhancement factor,

EF =
� ρ0

0.3 GeV cm−3

�2 � τ0

1016 s GeV−2

�
BF (1)

which to a very good approximation will scale our fluxes
up (or down). The enhancement factors we find below
thus includes the Sommerfeld enhancement arising in the
AH and N type of models. For both these latter models,
we use the benchmark models AH1–AH4 and N1–N5 as
defined in [18].

We will also discuss other constraints, like constraints
from gamma rays [13, 14, 15] and synchrotron radiation
[16, 17, 18].

DATA AND BACKGROUNDS

In our analysis, we will include the recent data from
Fermi [9] and HESS [11] for the summed spectrum of elec-
trons and positrons, and Pamela data on the positron
fraction [1]. We will not include ATIC [4] in our fits,
as those data do not seem compatible with Fermi (al-
though an excess is indeed also found by Fermi, the peak
structure seen by ATIC is not). For HESS, we consider
energies up to 2 TeV. Since the background model we
use agrees with the HESS data (below 2 TeV) within 2σ,
we use HESS data only to place an upper limit on our
models, by requiring that our signal + background does
not overproduce electrons at the HESS energies.

For the background estimate, we use the conventional
GALPROP [10] model (i.e. not specifically adjusted to
fit the recent data; see also further discussion in the next
Section), as given in [9].

As both data and background estimates have system-
atic uncertainties, we have some freedom of adjusting
their relative normalizations. It is a non-trivial task to
do this in a fully consistent way, but looking at the back-
ground estimate and the data it seems that the HESS
data and the background estimate is slightly higher than
the Fermi data. To take this normalization uncertainty
into account, we have arbitrarily rescaled the HESS data
and the background estimate by 0.85, which is within the
expected systematic uncertainties of Fermi, HESS and
the background estimates.

RESULTS OF FITS

We are now ready to perform our dark matter fits to
the data. First we consider the leptonic models. It turns

out that annihilation directly to e+e− typically gives a
too pronounced peak at the WIMP mass MDM . Tau
leptons typically give a too soft spectrum and too many
gamma rays from π0 decays from hadronic tau decays
[14, 17]. Hence, we will for these leptonic models focus
on models annihilating only to µ+µ−. It can be argued
that this is unnatural (and not expected) for most dark
matter candidates, but will come back to this question
when we discuss the Nomura-Thaler and Arkani-Hamed
type of models.

In Fig. 1a we show the required enhancement factor
versus mass assuming 100% annihilation to µ+µ−. In 1a,
the contours are shown for fits to Fermi and PAMELA
data within 2σ and the exclusion region which is 2σ above
the HESS data. As can be clearly seen, we typically get
rather large regions with good fits to the data. The boost
factors are of the order of 1000 and typically, slightly
larger boost factors would be needed to get good fits
also to the PAMELA data on the positron fraction. The
quality of the fit is shown in Fig. 2a, where we show the
spectrum for an example of a good fit model (the dot in
Fig. 1a)). As can be seen, the excess in the Fermi data
is very well-fit with this dark matter model and we get
a reasonable (but a bit low) fit to the PAMELA data as
well.[30]

For the leptonic model, it is rather unnatural to as-
sume that annihilation only goes to µ+µ−. However, for
the AH [22] and N [23] type of models, this follows nat-
urally from the mass of the scalar being above 2mµ, but
below 2mτ . In the N models, the light scalar (actually a
pseudo-scalar) decays only to µ+µ−, whereas in the AH
models, the decay can go either purely to µ+µ− or to a
mixture of e+e− and µ+µ−, depending on the nature of
the scalar. Not surprisingly, the N models and the AH4
model (which has a scalar that decays 100% to µ+µ−)
give the best fit to the electron and positron data and we
therefore focus on these. In Figs. 1b and 2b, we show the
2σ contours and an example spectrum for a good fit N3
type of model where we have only kept the enhancement
factor EF and WIMP mass MDM as free parameters (all
the other N1–N4 models considered in [18] give the same
positron fluxes and are thus equivalent in this respect).

In Figs. 1c and 2c, we show the same 2σ contours and
example spectrum for the AH4 model. Even if the fits to
the data for model N3 and AH4 are not as excellent as
for the muon channel model, they are still good, and of
course it is more natural to get predominantly muons in
these models. Another advantage of these types of mod-
els is that it is natural to get the required boost factors
which enter the total enhancement factor (Eq. (1)) from
the Sommerfeld enhancement.

Of course, one has to investigate other constraints on
these kinds of models, especially given the rather large
boost factors needed to fit the electron and positron data.
For the leptonic model, we can use the constraints in [16],
where the gamma ray and radio constraints, primarily



New Indirect Detection Results!
(When it rains it pours)

AMS 
positrons

IceCube 
neutrino

s

Running!

Running!

Fermi

Looking for
Dark matter 
annihilation

2011 Deployment
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IceCube + Deep Core
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Physics Capabilities of the IceCube DeepCore Detector
Christopher Wiebusch∗ for the IceCube Collaboration†

∗
III.Physikalisches Institut, RWTH Aachen, University, Germany

†
See the special section of these proceedings

Abstract. IceCube-DeepCore is a compact
Cherenkov Detector located in the clear ice of the
bottom center of the IceCube Neutrino Telescope.
Its purpose is to enhance the sensitivity of IceCube
for low neutrino energies (< 1 TeV) and to lower
the detection threshold of IceCube by about an
order of magnitude to below 10 GeV. The detector is
formed by 6 additional strings of 360 high quantum
efficiency phototubes together with the 7 central
IceCube strings. The improved sensitivity will
provide an enhanced sensitivity to probe a range
of parameters of dark matter models not covered
by direct experiments. It opens a new window for
atmospheric neutrino oscillation measurements of
νµ disappearance or ντ appearance in an energy
region not well tested by previous experiments, and
enlarges the field of view of IceCube to a full sky
observation when searching for potential neutrino
sources. The first string was succesfully installed in
January 2009, commissioning of the full detector is
planned early 2010.

Keywords: Neutrino-astronomy, IceCube-DeepCore

I. INTRODUCTION

Main aim of the IceCube neutrino observatory [1] is
the detection of high energy extraterrestrial neutrinos
from cosmic sources, e.g. from active galactic nuclei.
The detection of high energy neutrinos would help to
resolve the question of the sources and the acceleration
mechanisms of high energy cosmic rays.

IceCube is located at the geographic South-Pole. The
main instrument of IceCube will consist of 80 cable
strings, each with 60 highly sensitive photo-detectors
which are installed in the clear ice at depths between
1450 m and 2450 m below the surface. Charged leptons
with an energy above 100 GeV inside or close to the
detector produce enough Cherenkov light to be de-
tected and reconstructed using the timing information of
the photoelectrons recorded with large area phototubes.
While the primary goal is of highest scientific interest,
the instrument can address a multitude of scientific
questions, ranging from fundamental physics such as
physics on energy-scales beyond the reach of current
particle accelerators to multidisciplinary aspects e.g. the
optical properties of the deep Antarctic ice which reflect
climate changes on Earth.

IceCube is complemented by other major detector
components. The surface air-shower detector IceTop is
used to study high energy cosmic rays and to calibrate
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Fig. 1. Geometry of the DeepCore Detector. The top part shows
the surface projection of horizontal string positions and indicates the
positions of AMANDA and DeepCore. The bottom part indicates the
depth of sensor positions. At the left the depth-profile of the optical
transparency of the ice is shown.

IceCube. R&D studies are underway to supplement Ice-
Cube with radio (AURA) and acoustic sensors (SPATS)
in order to extend the energy range beyond EeV en-
ergies. Six additional and more densely instrumented
strings will be deployed in the bottom center of the Ice-
Cube detector and form the here considered DeepCore

detector.
A first DeepCore string has been succesfully installed

in January 2009 and is taking data since then. The
DeepCore detector will be completed in 2010 and will
replace the existing AMANDA-II detector, which has
been decomissioned in May 2009. DeepCore will lower
the detection threshold of IceCube by an order of mag-
nitude to below 10 GeV and, due to its improved design,
provide new capabilities compared to AMANDA. In
this paper we describe the design of DeepCore and the
enhanced physics capabilities which can be addressed.

II. DEEPCORE DESIGN AND GEOMETRY

The geometry of DeepCore is sketched in figure 1.
The detector consists out of 6 additional strings of

DeepCore 72m

               

IceCube 125m

String Space Bead Spacing

DeepCore 7m

               

IceCube 17m

”dust layer”, an ice layer at 2100 m with reduced
optical transparency, 50 DOMs will be deployed in
the very transparent ice with 7.0 m spacing (Ice-
Cube standard is 17 m spacing) and above the dust
layer an additional 10 DOMs will be deployed in
the transparent ice with 10 m spacing. IceCube is
optimized for the search of cosmic ray sources able
to accelerate up to PeV energies. This translates
into neutrino energies of the order of few TeV.
However, for several topics in particle physics and
astrophysics, the detection of lower energy neutri-
nos is absolutely crucial. Some examples are:
- Dark matter: neutrinos from neutralino (mass mχ)
annihilation in the Sun and the Earth are expected
to have low energy. The muon energy from these
neutrino interactions in the detector would have
mean E ∼ mχ/3 for hard and mean E ∼ mχ/6 for
soft annihilation channels (Fig. 9). One difficulty in
the analysis of neutrinos coming from the Sun is that
their incoming direction is very close to the horizon
(a maximum of 23◦ below the horizon at the South
Pole) where the background of badly reconstructed
atmospheric muons is highest. The possibility to
observe neutrinos from above the horizon will per-
mit to increase the exposure time for neutrinos from
dark matter annihilations up to the entire year.
- High energy galactic sources: Muon neutrinos
produced in the decay chain π → µνµ → eνµνµνe

peak at an energy that is a factor of 2-5 lower than
the gamma rays from πo

→ γγ decays (44). In
the scenario in which gamma rays are of hadronic
origin, features such as cutoffs observed in gamma
ray spectra would be expected in neutrino spectra
at around half the energy. Recently the gamma-
ray telescopes HESS, VERITAS and MAGIC have
observed a population of galactic sources charac-
terized by steep spectral indices. Moreover, several
sources show evidence of an exponential cutoff in
the source spectrum at energies of 10 TeV or so,
implying that sensitivity at low energy will be es-
sential for observing these sources. The sources
recently discovered are concentrated in the region
of the inner Galaxy, most of them in the Southern
Hemisphere, i.e. outside the nominal field of view
of IceCube. The southern sky is a prime target for
observations by Mediterranean telescopes such as
ANTARES. AMANDA and IceCube searches for
point sources have focused on the Northern Hemi-
sphere, using the Earth to filter out atmospheric
muons. With IceCube Deep Core we aim not only
to lower the threshold of IceCube but also to access
the Southern Hemisphere using part of IceCube as

Fig. 8. Overhead view of the in-ice detector. The black spots
represent the 40 strings already deployed. The squares mark
the positions of AMANDA strings. The red and green spots
correspond to the planned IceCube and Deep Core string
positions.

active muon veto. Later in the text more details
about a first implementation of the veto in IceCube
are reported.
- Atmospheric neutrinos: The ability of the Deep
Core array to push the neutrino energy threshold
down to ∼ 10 GeV also confers benefits on the study
of atmospheric neutrinos. Their energy spectrum
has been measured by AMANDA for energies above
a few hundred GeV. With an instrumented phys-
ical volume of roughly 20 megatons, simulations
show that Deep Core will trigger on about 60,000
atmospheric-neutrino-induced events per year, us-
ing a simple majority trigger set at six hits in a 5 µs
window and requiring hits on at least three strings.
Roughly 8% of these events are in the 1-10 GeV
energy bin, 45% in the 10-100 GeV bin, and 45%
in the 100 GeV - 1 TeV bin. The measurement of
the energy spectrum and angular distribution of at-
mospheric muon neutrinos in the region 10 GeV to
1 TeV is particularly interesting for the study of the
transition from pion decay to kaon decay produc-
tion and for neutrino oscillation study. Another aim
of Deep Core is to make a first measurement of the
flux of electron neutrinos at energies overlapping
with and extending that of Super-Kamiokande (42).

IceCube offers for the first time the possibility to
enlarge the field of view of the neutrino telescope us-
ing part of the instrumented volume as active veto.
The performance in this respect has been investi-
gated using Monte-Carlo simulation. In order to per-
form a search for neutrinos from above, muons have
to be rejected by a factor of 106. We have divided
the detector in two regions: Fiducial Volume (FV)
and Veto Volume (VV). The FV is the most shielded
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Veto

Signal

Use IceCube as a Veto

Poor angular resolution 30-50  degrees
1-10TeV (unclear at lower energies)

take resolution to be  1/2 of the Sky (conservative)

Look for 
signal from the galactic Center



Neutrinos Signal Galactic Center
From DM Annihilation

Signal

Can Neutrinos from Dwarf Galaxies Bound the Dark Matter Annihilation Cross Section?

Douglas Spolyar1, Katherine Freese2, Dan Hooper3, Matthew Buckley4, and Hitoshi Murayama5

2 UC Santa Cruz, Physics Department, Santa Cruz, CA 95064
2Fermi National Accelerator Laboratory, Particle Astrophysics Center, Batavia, IL 60510

(Dated: September 22, 2009)

In this paper we investigate whether the IceCube neutrino telescope will be competitive with Atmospheric
Cerenkov Telescopes (ACTs), such as HESS and VERITAS, in bounding the dark matter annihilation cross
section. We examine the potential of IceCube to detect neutrinos from dark matter annihilations in the nearby
Dwarf Spheroidal Galaxy Sagittarius and compare with current limits from ACTs.

PACS numbers: 95.35.+d;95.30.Cq,98.52.Wz,95.55.Ka FERMILAB-PUB-09-XXX-A

Weakly Interacting Massive Particles (WIMPs), such as the lightest supersymmetric particles (for reviews, see Jungman et
al. 1996; Bertone et al. 2005), are thought to be the best motivated dark matter (DM) candidates. It is thought that these
particles are their own antiparticles; thus, they annihilate among themselves in the early universe and naturally provide the
correct relic density today to explain the dark matter of the universe. This same annihilation process takes place in the present
universe wherever the DM density is sufficiently high and is the basis for DM indirect detection experiments, which search for
end products of WIMP annihilations. End products include (but are not limited to) e+/e−, photons, and neutrinos. The sites for
annihilation today include the Sun [? ], the Earth [? ? ], the Galactic Center [? ], the Milky Way [? ? ], and Dwarf Satellite
Galaxies. A study of DM annihilation to neutrinos from the entire Milky Way halo has been previously performed by Yuksel et
al. [1].

In this paper we estimate the neutrino production from WIMP annihilation in Dwarf Spheroidal Galaxies to examine whether
or not it may be observable in the IceCube detector at the South Pole. Our motivation is the evidence for anomalous positron
signals that has been found in several experiments: HEAT at ∼ 1GeV and PAMELA up to 100 GeV [? ]. A surplus of combined
e+ + e− at these energies has now been confirmed by Fermi (however less extreme than that found by ATIC [? ]). We ask the
questions: If the DM particle is capable of producing the excess positron signals that have been observed, can it also give rise
to an observable signature of neutrinos? Though an excess of astrophysical positrons may be the result of more conventional
objects such as pulsars, it is interesting to speculate that it is due to DM annihilation.

However, several hurdles must be overcome. First, as there is no observed excess of astrophysical anti-protons, the annihilation
channels must be ”leptophilic”, i.e. the WIMPs must annihilate preferentially to leptons [? ]. Many models have been proposed
with these properties [? ]. Here, we examine only a few representative models which capture the salient features of neutrino
products of dark matter annihilations. Second, the local halo density of DM within a kpc of the Sun is insufficient to explain
the signals unless the standard isothermal halo is supplemented by a large boost factor ∼ 100 − 104 [? ? ]. Such a boost may
arise due to particle physics, as with a Sommerfeld enhancement: here ladder diagrams lead to an annihilation cross section that
is enhanced relative to that at early times due to the fact that WIMPs today are moving more slowly than in the early universe.
Alternatively such a boost may arise due to astrophysics, for example if the DM density is enhanced by substructure. The boost
factor in Dwarf galaxies may be even higher than that of the center of the Milky Way due to the slower moving DM and the
survival of substructure [3, 8]. In this paper, we examine bounds only on the observed WIMP annihilation cross section; the
origin of any boost factor is left unspecified.

The differential flux of neutrinos ν (or for that matter any such products) from DM annihilation in a DM halo is given by

dΦ(∆Ω, E)
dE

=
B

8π

�σv�
m2

χ

�

j

fj
dN j

ν

dE
× J̄(∆Ω)∆Ω (1)

where dN j
ν/dE is the differential neutrino spectrum to a certain final state and fj is the branching fraction. The sum is over

all of the final annihilation states. We assume the standard thermally averaged annihilation cross section of �σv� = 3 × 10−26

cm3 s−1 and allow B to constrain any boost in the flux of neutrinos over the thermally averaged annihilation cross section (due
to non-thermal WIMPs, Sommerfeld enhancement, etc). The boost factor B can also account for the boost in flux due to the
presence of substructure. The line-of-sight integrated squared density of the DM distribution J , averaged over the instrument
solid angle ∆Ω, is

J =
�

l.o.s.
ρ2

χ(s)ds ; J̄(∆Ω) =
1

∆Ω

�

∆Ω
PSF � JdΩ (2)

where PSF is the point spread function of the instrument.
Dwarf Spheroidal Galaxies:

Astrophysics 
Particle Physics



Neutrino Bounds

• 5 years of Data

• assume NFW profile

• similar to Isothermal sphere factor of 
2 smaller

• no Substructure (additional boost of 2)

High Energy Neutrinos As A Test of Leptophilic Dark Matter

Douglas Spolyar1,2, Matthew Buckley3, Katherine Freese4, Dan Hooper1,5, and Hitoshi Murayama6,7,8
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Recent cosmic-ray experiments such as PAMELA and Fermi Gamma Ray Space Telescope (FGST) generated
strong interest in dark matter (DM) particles which annihilate at a high rate to leptons. We find that such
models produce neutrinos from the inner Milky Way detectable by IceCube and its planned DeepCore extension
(operational in 2010) within a few years.
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Weakly Interacting Massive Particles (WIMPs) are among
the best motivated classes of candidates for the dark matter
(DM) of our universe (for reviews, see Refs. [1–4]). The
search for these particles is one of the primary missions of the
Large Hadron Collider at CERN. Stable particles with weak-
scale interactions and masses are naturally predicted to anni-
hilate among themselves (or with their antiparticles) at a rate
in the early universe that leads to a thermal abundance similar
to the observed density of DM. This same annihilation process
is also expected to be taking place in the present universe, po-
tentially providing an opportunity for DM’s indirect detection.
The products of WIMP annihilations consist of a combina-
tion of electrons, positrons, protons, antiprotons, photons, and
neutrinos, each of which may be potentially detected in exist-
ing or planned experiments. Some of the most studied strate-
gies for the indirect detection of DM include searches for neu-
trinos from the Sun [5] or Earth [6], searches for gamma rays
from the Galactic Center [7] or dwarf spheroidal galaxies [8],
and charged cosmic rays from annihilations throughout the
halo of the Milky Way [9].

Over the past several years, there have been a number of
experimental signals which have been interpreted as possi-
ble indications of DM [10–20]. Confirmation that any of
these observations are actually due to DM, rather than be-
ing a mere experimental artifact or astrophysical background,
would likely require more than one experiment to provide
complementary information. In this letter, we consider the
anomalous features in the spectrum of cosmic ray positrons
and electrons reported by PAMELA [10], ATIC [11], PPB-
BETS [12], and very recently by the Fermi Gamma Ray Space
Telescope (FGST) [13] (as well as in earlier indications from
HEAT [14] and AMS-01 [15]). These observations have led
to a great deal of speculation that DM annihilations [21, 22]
or decays [23] may be responsible. However, any explanation
of these positron/electron signals in terms of DM annihilation
requires somewhat nonstandard WIMP properties. In partic-
ular, the local halo density of DM within the vicinity of the
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FIG. 1: Reach of ICECUBE/DeepCore to neutrinos from DM anni-
hilation to µ+µ−. Shown are the 5σ (dashed) detection and the 2σ
limit (solid) on the boost factor as a function of WIMP mass after
5 years of operation. Also shown are the 2σ contours in the boost
factor B as function of DM mass for Fermi (dotted) and PAMELA
(dot-dashed) inferred from [26] for (χχ→ µ+µ−).

Solar System is insufficient to produce these observations un-
less the annihilation cross section is considerably larger than
that typically expected for a thermal relic, or the annihila-
tion rate is otherwise supplemented by a large boost factor
∼ 101 − 104. Such a boost factor could plausibly arise due to
particle physics such as a Sommerfeld enhancement [24], in
which the presence of an attractive potential between WIMPs
leads to a low-velocity annihilation cross section that is en-
hanced relative to the value in the early universe. DM veloc-
ities in dwarf galaxies such as Wilman I are even lower than
the Milky Way. Dwarf galaxies may offer very strong con-
straints on the Sommerfeld [28]. Alternatively, such an en-

Calculate background with Honda etal 2006

Bounds calculated with poisson statistics  
assuming  a few sigma  excess over background 
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Decaying Dark Matter

IceCube can do roughly an order of magnitude better job!

IceCube Future Constraints

Figure 2: Constraints for decay to µ+µ− (left) and τ+τ− (right); the regions below the
contours are excluded. The black contour (“Super-K up-µ”) is the Super-Kamiokande limit
to 3σ from up-going muons, the orange band is the PAMELA-preferred region, and the red
ellipses are the Fermi-preferred region; these three are given by Ref. [29]. The dashed green
line (“AMANDA-II diff.”) is the constraint to 90% confidence from the AMANDA-II limit
on the isotropic diffuse flux of νµ, and the solid green line (“IceCube casc. diff.”) is the
constraint to 90% confidence from the projected IceCube limit on the isotropic diffuse flux
using cascade events. The dashed blue line (“DeepCore tr. 5yr”) is the constraint to 2σ
from IceCube+DeepCore for νµ track-like events after five years of running, and the solid
blue lines are the constraints to 2σ for all-flavor cascade events after one year (“DeepCore
casc. 1yr”) and three years (“DeepCore casc. 3yr”) of running.

3 Results

The results for dark matter decays are shown in Fig. 2; the regions below the contours are

excluded. The black contour (“Super-K up-µ”) is the Super-Kamiokande limit to 3σ from

up-going muons discussed in the Introduction. The orange band is the preferred region to fit

the PAMELA e± anomaly, and the red ellipses are the preferred region to fit the Fermi e±

anomaly. These three regions are given by Ref. [29] up to mass 30 TeV and lifetime 1027 s.

The dashed green line (“AMANDA-II diff.”) is the constraint to 90% confidence from the

AMANDA-II limit on the isotropic diffuse flux of νµ, and the solid green line (“IceCube casc.

diff.”) is the constraint to 90% confidence from the projected IceCube limit on the isotropic
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Dwarf Galaxies

• Dark Matter Dominated

• Can’t “fake a Signal

• Interesting point sources

With Pearl Sandick



Dwarf Galaxies
Placing Limits

• 50-50 branching 
ratio

• Segue 1

χχ→ µ+µ− + νµν̄µ

 Pearl Sandick

Text

R. Essig, N. Sehgal, L.E. Strigari (2009) 
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FIG. 3: The same as Fig. 1, but for observations of the dwarf spheroidal galaxy Segue 1. In this figure, the dotted lines denote the preliminary
limits from the Fermi Gamma-Ray Space Telescope [46].

Finally, we examine the closest of the three dwarfs we have considered, Segue 1. In Fig. 3, we present IceCube’s projected
sensitivity to dark matter annihilations in Segue 1, along with the current upper limits on the annihilation cross section from
FGST measurements [46]. For annihilation to muons (taus), IceCube may eventually set stronger exclusion limits for mX >
450(750) GeV. If there is a 50% branching fraction to neutrinos, IceCube will do better for all WIMP masses shown. As Segue
1 is newly discovered, we expect that ACTs will observe this galaxy in the near future.

DISCUSSION AND CONCLUSIONS

In this article, we have considered the prospects for the kilometer-scale neutrino telescope IceCube to detect neutrinos from
dark matter annihilating in dwarf spheroidal galaxies, and have compared these to the constraints placed by gamma-ray tele-
scopes. We find that if dark matter annihilates primarily to muons, taus, and/or neutrinos, IceCube can potentially provide
constraints comparable to or even stronger than those obtained by current gamma-ray telescopes.

Other dwarf spheroidal galaxies, such as Ursa Minor, which yield weaker gamma-ray limits on the dark matter annihilation
cross section will also be less promising to be observed by IceCube. An analysis of the neutrino flux from all dwarf galaxies
accessible to IceCube could potentially improve the sensitivity to the annihilation cross section, however, the maximal improve-
ment assuming all dwarfs are equal is proportional to 1/

√
N , where N is the number of dwarfs in the sample. All dwarfs, of

course, are not equal. In order to carry out such an analysis, one must assume that the mechanism responsible for the boosted
(relative to thermal) annihilation cross section results in the same observed cross section in each dwarf galaxy. As the velocity
dispersion in each dwarf is independent and the clumpiness of each dwarf is unknown, there is no reason to expect that the
observed annihilation cross section in any two dwarfs should be the same, thus, at this point, the only appropriately model-
independent interpretation is to view the annihilation signal from each dwarf independently. Given the velocity dispersion in
each dwarf, one could derive limits on particular dark matter models assuming a specific velocity-dependent enhancement to the
annihilation cross section. Such a study may be useful in the near future.
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Conclusion 

• Opportunity to discover or strong constrain DM

• Due to DM annihilation

•  Also an opportunity to place the strongest constraints 
on decaying DM

• Finally, dwarf galaxies can be very helpful in constraining 
the scenario if  there is a sizable branching fraction 
directly to neutrinos


