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One km3 of extremely transparent polar ice
Buried 1.5 - 2.5 km below the surface of the ice cap
Amundsen-Scott South Pole Station

IceCube

Skiway

Living Quarters

Control Room



Eiffel Tower

324 m

IceCube

Digital Optical Module (DOM)

5160 DOMs on 86 strings

160 tank ice-Cherenkov surface
 air shower array (IceTop)

Includes DeepCore infill array
 (sensitivity to lower energies)

All strings now deployed after 
 7 construction seasons



Neutrino 
Signatures

νe
or 

NC

ντ
“Double Bang”:

One of several tau 
signatures : lollipop, 

inverted lollipop, etc…
(Learned & Pakvasa, Beacom et al.,…)

μ (cosmic ray) 



Signals and Backgrounds

cosmic ray
astrophysical

neutrino

atmospheric
neutrino

atmospheric
muon

ν ν
μ

μ

Reconstruct muon track from pattern of Cherenkov light, 
assume muon is aligned with primary neutrino



νµ
Sun

χ

Silk, Olive and Srednicki, ’85
Gaisser, Steigman & Tilav, ’86

Freese, ’86
Krauss, Srednicki & Wilczek, ’86 

Gaisser, Steigman & Tilav, ’86
et alia

ρχ

velocity
distribution

σscatt

Γcapture

Γannihilation

ν interactions

annihilation 
channels

µ

Indirect Detection of Dark Matter
Similar accumulation in Galactic and terrestrial     

gravitational wells, dwarf spheroidals

IceCube can also probe dark matter decay 
	 models, other types of dark matter



Expected Neutrino Energy Spectrum

• All neutrinos from the Sun are low energy for IceCube (few	 hundred 
GeV), even for the highest dark matter masses

• For Galactic and Earth searches, no significant neutrino energy 
losses in dense medium, so higher energy neutrinos possible

5 TeV χ → W+W–5 TeV χ → bb ̅
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Background Rejection

• Event quality 
parameters and 
multivariate methods 
used to reject 
misreconstructed 
atmospheric muons

• Search for low energy
tracks from below 
horizon (March – Sept.)

• Analyses of 22-string IceCube data set from 2007 and AMANDA 
2000-06 data set (preliminary) will be shown

• Most restrictive limits shown; IceCube more sensitive at higher masses

arXiv:0902.0021

Upgoing: 
atmos. neutrinos 

Downgoing: 
atmos. muons 
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Signal Selection

• Signal selection efficiency typically O(20%) 

• Remaining data set dominated by atmospheric neutrinos

• Look for excess coming from direction of the Sun, use shape 
analysis to limit flux due to dark matter
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angle from Sun

atmospheric neutrinos

ν from 1 TeV 
  χ → W+W–

Astropart. Phys. 24. 459 (2006) G. Wikström, Ph.D. thesis



Neutralino mass (GeV)
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Limits on Muon Flux

For given MSSM parameters, use DarkSUSY and detector simulation to 
predict muon flux – depends on WIMP mass and branching ratios (χχ → X) 

(AMANDA data)

Phys. Rev. Lett. 102, 201302 (2009)



Neutralino mass (GeV)
10 210 310 410

)2
N

eu
tr

al
in

o-
pr

ot
on

 S
D

 c
ro

ss
-s

ec
tio

n 
(c

m

-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110  CDMS(2010)+XENON100(2010)lim
SI < SI

 CDMS(2010)+XENON100(2010)lim
SI < 0.001xSI

)bIceCube (b
 = 80.4GeV)W < m for m-+, -W+IceCube (W

 = 80.4GeV)W < m for m-+, -W+IC80+DC6 sens.(180d) (W
*IceCube PRELIMINARY*

 < 0.202h0.05 < 

(Lines are to
guide the eye)

MSSM model scan

CDMS (2010)
COUPP (2008)
KIMS (2007)
Picasso (2009)
SUPER-K 1996-2001

10 210 310 410
-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

10 210 310 410
-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

Limits on Scattering Cross Section

Assume equilibrium between capture and annihilation in Sun, capture rate 
dominated by spin-dependent scattering (can also limit SI scattering)

(AMANDA data)



Kaluza-Klein Particles

Can reinterpret limit by calculating expected muon flux in models of universal 
extra dimensions to limit LKP scattering cross section

Phys. Rev. D81, 057101 (2010)
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Dark Matter in the Galactic Halo

• Look for spatially-extended excess neutrino flux from the halo using the 
point source sky map 

• Galactic Center in Southern sky – above horizon for IceCube

• Weak dependence on halo distribution when looking so far away from GC 

background
region

Galactic 
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E
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Limits on Annihilation in the Halo

• Probes <σAv> rather 
than σχN

• Cleaner analysis than for
Solar dark matter

• No neutrino energy losses
after WIMP annihilation

• No dependence on χN 
scattering assumptions

• Present limits in physically 
relevant region but still 
well above natural scale
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arXiv:1101.3349
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IceCube DeepCore

• Eight special strings plus 7 
nearest standard IceCube strings

• 72 m interstring spacing

• 7 m DOM spacing

• High Q.E. PMTs

• ~5x higher effective 
photocathode density
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IceCube DeepCore

• Eight special strings plus 7 
nearest standard IceCube strings

• 72 m interstring spacing

• 7 m DOM spacing

• High Q.E. PMTs

• ~5x higher effective 
photocathode density

• In the clearest ice, below 2100 m

• λatten ≈ 40-50 m (cf. 20-25 m in 
shallower ice)
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IceCube DeepCore

• Eight special strings plus 7 
nearest standard IceCube strings

• 72 m interstring spacing

• 7 m DOM spacing

• High Q.E. PMTs

• ~5x higher effective 
photocathode density

• In the clearest ice, below 2100 m

• λatten ≈ 40-50 m (cf. 20-25 m in 
shallower ice)

• Up to an order of magnitude 
increase in event rate at 
energies down to 10 GeV

250 m

35
0 

m Deep 
Core

extra
veto cap

AMANDA



Atmospheric 
Muon Veto

• Top and outer layers of IceCube 
can be used to detect and veto 
atmospheric muon background

• Should provide access to 
neutrinos from the full sky (4π)

• Sensitivity to Galactic Center, 
full-year Solar search

• Initial stage of background 
rejection provides 8 x 10–3 muon 
rejection with 99% signal 
efficiency in ~30 MTon volume

• Further background rejection 
being optimized, final signal 
efficiency not yet known

Deep
Core



Atmospheric 
Muon Veto

• Top and outer layers of IceCube 
can be used to detect and veto 
atmospheric muon background

• Should provide access to 
neutrinos from the full sky (4π)

• Sensitivity to Galactic Center, 
full-year Solar search

• Initial stage of background 
rejection provides 8 x 10–3 muon 
rejection with 99% signal 
efficiency in ~30 MTon volume

• Further background rejection 
being optimized, final signal 
efficiency not yet known

Deep
Core

Also interesting possibilities for 

low background experiments – 

see talk by Reina Maruyama 

on Thursday
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Limits on Solar Dark Matter

Preliminary estimate suggests sensitivity to an interesting range of parameter 
space, depending on assumed branching ratios

IceCube + DeepCore

WW (ττ)
 spectrum 

sensitivity (prelim
.)
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Limits on Annihilation in the Galactic Center 

Sensitivity to Galactic Center allows us to probe regions of higher WIMP 
density (with strong dependence on halo distribution model)



with cascade events it will only take one year. Note the
weakening of the constraints below m ¼ 250 GeV, where
the energy per final-state particle is less than 125 GeV. This
is caused by the energy cutoff at 40 GeV.

The results for annihilation are shown in Fig. 3; the
regions above the contours are excluded. The plots show
the same constraints as for decay, except that no isotropic
limits are shown because they are weaker than the Super-
Kamiokande limit by a factor "105 due to the low density
of dark matter on cosmological scales. As with decays,
cascade events greatly accelerate the development of a
useful constraint. For the !þ!$ final state the region by
the Fermi data can be eliminated in only one year.

The exclusion plot for annihilations to "þ"$ is shown
only for completeness, as the Fermi-preferred region has
already been eliminated by the Super-Kamiokande obser-
vation of upward-going muons. However, it may provide a
useful generic constraint on all dark matter models irre-
spective of the e% anomalies.

IV. CONCLUSION

We have shown that, by using cascade events, IceCube +
DeepCore can more quickly establish constraints on dark
matter models that would explain the reported e% anoma-
lies, and over time establish stronger constraints than from
tracklike events. Specifically, tracklike events will be able
to significantly constrain the parameter space of decays to

!þ!$, and rule out decays to "þ"$ and annihilations to
!þ!$ in less than five years of running. In comparison,
cascade events can rule out decays to !þ!$ in only three
years, and rule out decays to "þ"$ and annihilation to
!þ!$ after only one year. Moreover, these constraints are
highly robust to the choice of dark matter halo profile and
independent of dark matter-nucleon cross section.
In closing, we note two interesting possibilities for

future work. First, if the pointing accuracy for tracklike
events at IceCube + DeepCore is established to be less than
10&, the signal-to-noise for annihilations may be signifi-
cantly enhanced by observing a smaller region around the
galactic center, possibly outperforming cascade searches
(albeit with greater dependence on the choice of dark
matter halo profile). This would strengthen the discovery
potential for dark matter because the galactic center could
be identified as a localized source of excess neutrinos.
Second, because the #" atmospheric background is so
low at energies above 40 GeV and at low zenith angles, if
IceCube + DeepCore can demonstrate efficient #" dis-
crimination [46], signal to noise could be increased by a
factor "100. This would put leptophilic dark matter to a
severe test.

ACKNOWLEDGMENTS

The authors would like to thank D. Grant, D. J.
Koskinen, and I. Taboada for answering questions about

FIG. 3 (color online). Constraints for annihilation to!þ!$ (left) and "þ"$ (right); the regions above the contours are excluded. The
black contour (‘‘Super-K up-!’’) is the Super-Kamiokande limit to 3$ 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. [27]. The dashed blue line
(‘‘DeepCore tr. 5yr’’) is the constraint to 2$ from IceCube + DeepCore for #! tracklike events after five years of running, and the solid

blue lines are the constraints to 2$ for all-flavor cascade events after one year (‘‘DeepCore casc. 1yr’’) and three years (‘‘DeepCore
casc. 3yr’’) of running.

CASCADE EVENTS AT IceCube + DeepCore AS A . . . PHYSICAL REVIEW D 81, 043508 (2010)

043508-5

dark matter, and dark energy densities divided by the
critical density [1]. The isotropic diffuse flux from the
annihilations of cosmological dark matter is too small to
be relevant, since the density of dark matter on cosmologi-
cal scales is very low, and the flux is suppressed by another
power of !c=m.

Because of the loss of signal due to event selection and
the presence of background fluxes, both the AMANDA-II
limit and the projected IceCube limit are only valid at
energies greater than !20 TeV. Below these thresholds
we add the atmospheric background flux to these limits,
and use these total fluxes to calculate the constraints on the
dark matter lifetime.

III. 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-"’’) is the Super-Kamiokande limit
to 3# 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. [27] 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 $", 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. Since the flux from cosmologi-
cal dark matter is weak to begin with, contributing only 1%
of the total flux over the 2% facing the galactic center, we
see that it is quickly overwhelmed by the atmospheric flux
below !40 TeV. Nonetheless, due to the lower back-
ground of atmospheric $e compared to $" at these high
energies, using cascade events improves the constraint by a
factor of !5.
The dashed blue line (‘‘DeepCore tr. 5yr’’) is the con-

straint to 2# from IceCube + DeepCore for tracklike events
after five years of running, and the solid blue lines are the
constraints to 2# for cascade events after one year
(‘‘DeepCore casc. 1yr’’) and three years (‘‘DeepCore
casc. 3yr’’) of running. We see that for the "þ"$ final
state, while tracklike events can only reduce the available
Fermi-preferred parameter space in five years, cascade
events can rule it out altogether in only three years.
Similarly for the &þ&$ final state, tracklike events can
rule out the parameter space in less than five years, but

FIG. 2 (color online). Constraints for decay to"þ"$ (left) and &þ&$ (right); the regions below the contours are excluded. The black
contour (‘‘Super-K up-"’’) is the Super-Kamiokande limit to 3# 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. [27]. The dashed green line (‘‘AMANDA-II
diff.’’) is the constraint to 90% confidence from the AMANDA-II limit on the isotropic diffuse flux of $", 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 2# from IceCube + DeepCore for $" tracklike events after five

years of running, and the solid blue lines are the constraints to 2# for all-flavor cascade events after one year (‘‘DeepCore casc. 1yr’’)
and three years (‘‘DeepCore casc. 3yr’’) of running.

MANDAL et al. PHYSICAL REVIEW D 81, 043508 (2010)

043508-4

Limits on Other Dark 
Matter Models

• Projected DeepCore sensitivity to leptophilic dark matter decay or 
annihilation, motivated by PAMELA / Fermi results

• N.B.: not official IceCube predictions

• Many other discussions of how IceCube / DeepCore can probe 
various dark matter scenarios – lots to do!

Mandal, Buckley, Freese, Spolyar & Murayama, Phys. Rev. D81 (2010)
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Conclusions

• IceCube is now completely deployed, data taking with full 86-string 
detector will begin within a few months

• Indirect searches underway for dark matter in the Sun, Galactic 
Center, outer halo, dwarf spheroidals

• Initial results from the 2008 and 2009 (22, 40 string) configurations, and final 
results from AMANDA, are appearing now

• Sensitivity to some types of dark matter competitive with or better 
than direct searches, complementary to other indirect methods

• IceCube is beginning to probe physically relevant regions of parameter space

• DeepCore deployed and taking data for the last 8 months

• Will expand sensitivity to Sun & Galactic Center, lower DM masses


