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Neutrinos produce secondary particles by 
scattering with a nucleus
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Figure 1 Feynman diagrams describing the most important neutrino interactions dis-
cussed in this paper. The top four are fundamental for oscillation measurements, and
the bottom two are potential sources of backgrounds in oscillation searches. Top left
(right): neutrino (antineutrino)–quark charged-current interaction (deep-inelastic scat-
tering).Middle left (right): neutrino (antineutrino)–electron elastic scatter. Bottom left:
neutrino or antineutrino neutral-current interaction. Bottom right: charm production in
a  ⌫µbeam.

If one is trying to measure large effects, this contamination is not a big problem.
For future studies of neutrino oscillations, the situation is different, since what
has yet to be measured is an effect with an upper bound of about 5%. Precise
knowledge of the beam background and its subtraction from the raw signal will
be the only way to make the measurement in a conventional neutrino beam. Also,
for most massive detectors, neutral-current events, in which the final state does
not contain a muon but may contain an electromagnetic shower, can fake the
⌫e-induced charged-current events.

Consider now the beams produced by muon decays,

µ�

! e�⌫µ  ⌫e, µ+

! e+  ⌫µ⌫e, 1.

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

2.
52

:2
53

-3
02

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 W
IB

62
44

 - 
U

ni
ve

rs
ity

 o
f B

on
n 

on
 1

0/
23

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

Gomez-Cadenas & Harris, 2002

t



Particles emit Cherenkov radiation if they exceed 
the speed of light in the ambient medium

http://en.wikipedia.org
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Neutrinos are detected by observation of 
Cherenkov radiation from secondary leptons

Francis Halzen, "IceCube neutrino observatory," in 
AccessScience, ©McGraw-Hill Companies, 2011, 

http://www.accessscience.com



Antarctic ice at >1450m depth is the ideal detector 
medium

Halzen & Klein, 2010



IceCube is located at the south pole

http://commons.wikimedia.org



IceCube is located at the south pole

http://icecube.wisc.edu/gallery



Assembly during the austral summer months with 
hot-water drills

http://icecube.wisc.edu/gallery



IceCube
An in-ice Cherenkov detector at the south pole
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Digital-Optical-Modules send events to the surface

http://icecube.wisc.edu/gallery



Digital-Optical-Modules send events to the surface

Assembled at DESY

http://icecube.wisc.edu/gallery



Muon neutrinos produce tracks
KLEIN: ICECUBE: A CUBIC KILOMETER RADIATION DETECTOR 1145

Fig. 4. Absorption (top) and scattering (bottom) lengths of light in South Polar
ice, as a function of depth and wavelength. From Ref. [11].

hemisphere. The filters use simple criteria, “first-guess” recon-
struction algorithms and simplified maximum likelihood fitting.
Current filters select upward going muons, cascades ( , and
all-flavor neutral current interactions), extremely high energy
events, starting and stopping events, and air showers seen in
IceTop. Currently, about 6% of the events are selected by these
filters, comprising about 32.5 Gbytes/day. The remainder of the
data is stored on tapes at the South Pole station. The tapes are
carried north during the austral summer.

VIII. EVENT RECONSTRUCTION

In the Northern hemisphere, events are reconstructed using
maximum-likelihood fitting techniques. Events are fitted to tem-
plates representing different decay modes. Fig. 5 shows exam-
ples of three different interaction topologies in IceCube [2].

Fig. 5. IceCube event displays for (top) a muon or muon bundle (multiple
muons) in IceCube 40 (the 40 string configuration running in 2008), a simu-
lated (middle) and a simulated (bottom). The latter shows the classical
“double-bang” topology. Each dot is from a single struck DOM. The size of
the circles indicates the number of detected photons, while the color gives the
time, from red (earliest) to blue (latest). The 125 m string spacing and the 17
DOM-to-DOM spacing give the scale of the events. From Ref. [3].

Fig. 5 (top) shows an actual (data) muon or muon bundle
(group of parallel muons from an air shower). The tracks are
visible over more than 1 km. This long lever arm allows for
good directional reconstruction, better than 1 degree. Of course,
for shorter tracks, the resolution degrades. It is also possible to
estimate muon energies by either the length of their tracks, or
by measuring the specific energy loss; at energies above 1 TeV,
muon energy loss (dE/dx) is proportional to the muon energy.

Fig. 5 (middle) shows a simulated interaction which pro-
duces a compact deposition of energy; this is known as a ‘cas-
cade.’ Cascades are also produced by neutral current neutrino
interactions and low-energy (below 1 PeV) interactions. Al-
though there is very little directional information, cascade ener-
gies may be determined to within a factor of 2.

Halzen & Klein, 2010



Electron neutrinos produce cascades
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Fig. 4. Absorption (top) and scattering (bottom) lengths of light in South Polar
ice, as a function of depth and wavelength. From Ref. [11].
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Tau neutrinos produce a cascade followed by a 
secondary cascade from tau lepton decay
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Fig. 4. Absorption (top) and scattering (bottom) lengths of light in South Polar
ice, as a function of depth and wavelength. From Ref. [11].
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IceCube Science: 
High-energy neutrino point sources
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4: 3C273 pp-Neutrinos
5: Crab Nebula
6: Coma Cluster
7: 3C273 pɣ-Neutrinos
8: Supernovae

IceCube Preliminary Design Document, 2001



Juan Antonio Aguilar Vulcano Workshop 2010

IC40 SIGNIFICANCE MAP
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‣Log-likelihood is calculated on a fine grid: 0.1° x 0.1°
‣Significance comes from the hottest single spot, calculated as the fraction 
of scrambled trials with equal or higher significance – robust result
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IC40 All-Sky Stacking Conclusions
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Fig. 3. Upper limits at the 90% confidence level on the spin-
dependent neutralino-proton cross-section σSD for the soft (bb) and
hard (W+W−) annihilation channels, adjusted for systematic effects,
as a function of neutralino mass [5]. The lighter [green] and darker
[blue] shaded areas represents MSSM models not disfavored by direct
searches [20], [21] based on σSI and 100 · σSI , respectively. Also
shown are the limits from CDMS [20], COUPP [24], KIMS [23] and
Super-K [17], and the expected sensitivity of IceCube with DeepCore.
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Fig. 4. Impact of the string trigger for the detection of vertically
up-going muon neutrinos as function of their energy. The efficiency
increase is shown compared to IceCube’s multiplicity eight DOM
trigger.

this class of events. A similar trigger has also been active
in AMANDA. The IceCube string trigger, which selects
events with a cluster of hits on a single string, has been
active since spring 2008. It requires 5 DOMs to be above
threshold in a series of 7 consecutive DOMs, within a
time window of 1.5 µs. Due to the low noise environ-
ment and this special trigger, IceCube has an energy
threshold for these vertical events that can reach below
100 GeV. The increase in efficiency to these events,
over the default DOM multiplicity trigger condition, is
shown in Figure 4. Based on selection criteria optimized
for these vertically up-going events [30], we will derive

a sensitivity for the detection of a possible additional
muon flux. These results will be shown at the time of
the conference.

Interpreting a possible muon flux (induced from muon
neutrino interactions in or below the IceCube detector)
from WIMP annihilation in the Earth is somewhat more
complicated compared to the solar WIMP searches. The
escape velocity is relatively small (v � 15 km/s at
the center) and capture is only possible for low speed
WIMPs unless its mass is nearly identical to that of one
of the nuclear species in the Earth. WIMPs are typically
only expected to be captured after they are bound to
the solar system due to previous scattering in the Sun;
such capture mechanisms are described in [26], [27],
[28]. Contrarily to the Sun, capture and annihilation of
WIMPs are generally not in equilibrium in the Earth.
Hence, the expected flux of neutrinos from dark matter
annihilations strongly depends on how much dark matter
was previously accumulated. Models that enhance the
collection of dark matter by the Earth therefore also
significantly boost expected signals. One such example
is an expected boost due to lower velocity WIMPs in
the galactic halo from previous dwarf mergers. Such
scenarios could boost fluxes at neutrino telescopes by
a few orders of magnitude [29].

Such examples show that big uncertainties remain
in the overall flux predictions for neutrinos from the
center of the Earth. IceCube, with the combination of
DeepCore, is an ideal instrument to look for such signals.

V. HALO WIMPS

Besides searches for indirect signals from dark matter
annihilation in the center of the Sun and Earth, another
promising way is to look directly at the galactic halo.
Such a signal could be seen in neutrinos as a large scale
flux anisotropy that peaks towards the Galactic Center.
IceCube has in the past not performed a dedicated search
for such signals. However, theoretical predictions indi-
cate that such a search can provide stringent limits [31],
[32] on the dark matter self-annihilation cross-section.
They are complementary to Solar WIMP searches, as
they probe the dark matter self-annihilation cross-section
directly.

The analysis for a neutrino flux anisotropy is still on-
going on the IceCube dataset. We perform this analysis
on data collected with the IceCube 40-string configura-
tion. Neutrino-induced muon events are being used to
search for a neutrino flux anisotropy towards the direc-
tion of the Galactic Center. In its current configuration,
IceCube can only access up-going muon neutrinos for
the energy range of interest (around and below a TeV)
with sufficient background rejection. The region closest
towards the Galactic Center, accessible in IceCube with
up-going events, is therefore near the horizon. It covers,
in part, a distance of about 30◦ towards the Galactic
Center. Using a declination band simplifies the back-
ground estimation, as an on and off-source comparison
can be performed. Second order effects need to be taken

IceCube Science:
Search for WIMP decay

Rott et al., 2009



IceTop Science:
Anisotropy of cosmic rays
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Fig. 3: The IceCube skymap in equatorial coordinates

(Declination (Dec) vs. Right Ascension (RA)). The color

scale is the relative intensity.

Right Ascension
0 50 100 150 200 250 300 350

R
e
la

ti
v
e
 I
n

te
n

s
it

y

0.9985

0.999

0.9995

1

1.0005

1.001

1.0015

Fig. 4: The 1-dimensional projection of the IceCube 2-

dimensional skymap. The line is the second harmonic

function fit.

Fig. 5: The IceCube significance skymap in equatorial

coordinates (Dec vs. RA). The color scale is the signif-

icance.

anisotropy we performed a number of checks with the

data set. One check was applied by dividing the data into

two sets where one set contains sub-runs with an even

index number and the other set contains sub-runs with

an odd index number (a sub-run on average contains

events collected for ∼ 20 minutes at a time). Another
check is applied by dividing the data into two sets each

set contains half the sub-runs selected randomly. The

results for both tests were consistent.

In addition, stability checks are applied to test for

daily and seasonal variation effects. To test for the daily

variation effect the data were divided in two sets: The

first set contains sub-runs with rate values greater than

the mean rate value for that sub-run’s day. The second

set contains sub-runs with rate values less than the

mean rate value for that sub-run’s day. Furthermore,

to test for the seasonal variation effect the data set is

divided in two sets: The first set holds the winter month’s

sub-runs (June-Oct.). The second set holds the summer

month’s sub-runs (Nov.-March). For both tests we see

no significant changes in the value of the anisotropy of

the two data sets.

IV. ENERGY DEPENDENCE:

In order to better understand the possible nature of

the anisotropy we have searched for energy dependent

effects using our data. To determine the energy de-

pendence for the signal we divided the data into two

energy bins. To accomplish that and to ensure constant

energy distribution along our sky both the number of

sensors triggered by the event and the zenith angle of

the event are used for the energy bands selection. The

first energy bin contains 3.8×109 events with a median

per CR particle of 12.6 TeV and 90% of the events

between 2 and 158 TeV. The second energy bin contains

9.6 × 108 events with a median energy per CR particle

of 126 TeV and 90% of the events between 10 TeV

and 1 PeV. Each 2-dimensional skymap is projected

to 1-dimensional variations in RA. In comparison to

previous experiments the 1-dimensional RA distribution

is fitted to a first harmonic fit. The first harmonic

fit amplitude and phase for the first energy band are

A1 = (7.3 ± 0.3)× 10−4 and φ1 = 63.4◦ ± 2.6◦, while
the amplitude and phase for the second energy band are

A1 = (2.9±0.6)×10−4 and φ1 = 93.2◦±12◦. Figure 6
shows the amplitude of this analysis (in filled circles) in

comparison to previous experiments (In empty squares).

Note that the amplitude in this analysis shows a decrease

of the harmonic amplitude value at the higher energies

for the energy ranges of 10-100 TeV.
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Fig. 6: The filled circles markers are the

result of this analysis and the empty square

markers are the result from previous experiments

([3], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],

[19], [20], [21], [22], [23], [24], [25]).

Halzen & Klein, 2010
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