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Abstract: The IceCube Neutrino Observatory at the South Pole has been completed in December 2010. In this paper we
describe the final detector and report results on physics and performance using data taken at different stages of the yet
incomplete detector. No signals for cosmic neutrinos from point sources and diffuse fluxes have been found. Prospects
of these searches, including the setup of multi-messenger programs, are discussed. The limits on neutrinos from GRBs,
being far below model predictions, require a reevaluation of GRB model assumptions. Various measurements of cosmic
ray properties have been obtained from atmospheric muon and neutrino spectra and from air shower measurements;
these results will have an important impact on model developments. IceCube observed an anisotropy of cosmic rays
on multiple angular scales, for the first time in the Southern sky. The unique capabilities of IceCube for monitoring
transient low energy events are briefly discussed. Finally an outlook to planned extensions is given which will improve
the sensitivities both on the low and high energy side.
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1 Introduction1

The main component of the IceCube Neutrino Observatory2

at the geographic South Pole is a 1-km3 detector instru-3

mented with optical sensors in the clear ice of the polar4

glacier at a depth of about 2000 m. The installation of Ice-5

Cube with all its components was completed in December6

2010. The main purpose of IceCube is the detection of7

high energy neutrinos from astrophysical sources via the8

Cherenkov light of charged particles generated in neutrino9

interactions in the ice or the rock below the ice.10

The basic motivation for the construction of IceCube is to11

contribute to answering the fundamental, still unanswered12

question of the origin of cosmic rays. If cosmic rays are13

accelerated in astronomical objects, like Supernova Rem-14

nants (SNR), Active Galactic Nuclei (AGN) or Gamma15

Ray Bursts (GRB), one expects the accelerated particles16

to react with the accelerator environment leading mainly17

to pion production. The principle of such a reaction of an18

accelerated hadronN with an ambient hadron or photon is:19

N+N ′, γ → X+

{
π+ → µ+ νµ → e+ νµ ν̄µ νe (+c.c.)
π0 → γγ

(1)
While neutral pions decay to gammas which can be de-20

tected by satellite gamma detectors up to several 100 GeV21

and by Cherenkov gamma ray telescopes in the TeV range,22

the charged pion decays or other weak decays such as kaon23

decays lead to neutrinos with a similar energy spectrum. If24

the pion production happens in or near the accelerator one25

expects to observe neutrino point sources. Interactions on26

the interstellar or intergalactic radiation background would27

lead to a diffuse flux of neutrinos. Also the summed flux of28

many faint sources could be seen as diffuse flux. The high-29

est energies in the diffuse flux are expected to be in the EeV30

range stemming from interactions of the highest energy31

cosmic rays with the photons of the Cosmic Microwave32

Background (CMB). The observation of these neutrinos33

could confirm that the cosmic rays are limited at energies of34

about 1020 eV by the so-called ”Greisen-Zatsepin-Kuzmin35

limit” (GZK cut-off). The importance of the observation of36

neutrinos from astrophysical sources to prove or disprove37

theoretical models was stressed in various talks at this con-38

ference, for example [1].39

In the lowest part of the IceCube detector a subvolume40

called DeepCore is more densely instrumented lowering41

the energy threshold from about 1 TeV in most of the de-42

tector to about 10 GeV. This addition to the original detec-43

tor design extends appreciably the physics reach of the ob-44

servatory to atmospheric neutrino oscillation phenomena,45

WIMP searches at lower masses and improves the sensitiv-46

ity for the detection of transient events like supernovae and47

GRBs.48

IceTop, the surface component of IceCube, is an air shower49

array covering an area of 1 km2. With this detector air-50

showers from primary particles in the energy range from51

about 300 TeV to above 1 EeV can be measured. The52

detector is primarily designed to study the mass composi-53

tion of primary cosmic rays in the energy range from about54
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Table 1: List of the years when a certain configuration of
IceCube (IC), IceTop (IT) and DeepCore (DC) became op-
erational. The DC strings are also included in the numbers
for IC. In this paper we will use abbreviations like IC40,
IT40 for the constellation in 2008, for example.

Year IC strings IT stations DC strings
2006 9 9 -
2007 22 26 -
2008 40 40 -
2009 59 59 -
2010 79 73 6+7
2011 86 81 8+12

Figure 1: The IceCube detector with its components Deep-
Core and IceTop in the final configuration (January 2011).

1014 eV to 1018 eV by exploiting the correlation between55

the shower energy measured in IceTop and the energy de-56

posited by muons in the deep ice, see [2].57

In the following I will describe the IceCube detector with58

the sub-components DeepCore and IceTop. During the59

construction time from 2004 to the end of 2010 data have60

been taken with the still incomplete detector, see Table 1.61

Results obtained with differently sized detectors will be re-62

ported for neutrino point source searches, for diffuse neu-63

trino fluxes searches, search for “Exotics” and studies of64

cosmic rays. The summary includes a brief outlook to pos-65

sible extensions in the future.66

2 Detector67

IceCube: The main component of the IceCube Observa-68

tory is an array of 86 strings equipped with 5160 light de-69

tectors in a volume of 1 km3 at a depth between 1450 m70

and 2450 m (Fig. 1). The nominal IceCube string spacing71

is 125 m on a hexagonal grid (see DeepCore below).72

Each standard string is equipped with 60 light detectors,73

called ‘Digital Optical Modules’ (DOMs), each containing74

a 10′′ photo multiplier tube (PMT) to record the Cherenkov75

light of charged particles traversing the ice. In addition, a76

DOM houses complex electronic circuitry supplying sig-77

nal digitisation, readout, triggering, calibration, data trans-78

fer and various control functions [3]. The most important79

feature of the DOM electronics is the recording of the ana-80

log waveforms in 3.3 ns wide bins for a duration of 422 ns.81

The recording is initiated if a pulse crosses a threshold of82

0.25 photoelectrons. With a coarser binning a ‘Fast ADC’83

(fADC) extends the time range to 6.4µs.84

Ice Properties: At the depth of the detector the ice is85

very clear with an absorption length reaching about 100 m.86

However the scattering length turned out to be much87

shorter, of the order of 20 m, which obviously influences88

how well events can be reconstructed from the arrival times89

of Cherenkov photons at the DOMs. The depth dependence90

of the scattering length has a pronounced layer structure91

with a particularly prominent increase around 2000 m due92

to a dense dust layer. The measurement and modelling of93

the ice properties for reconstruction and simulation is dis-94

cussed in [6].95

DeepCore: In the lower part of the detector a section96

called DeepCore is more densely instrumented. The Deep-97

Core subarray includes 8 (6) densely instrumented strings98

optimized for low energies plus the 12 (7) adjacent stan-99

dard strings (the numbers in brackets apply to the Deep-100

Core configuration of the 2010 running with 79 strings for101

which we will discuss results below).102

IceTop: The 1-km2 IceTop air shower array [2] is located103

above IceCube at a height of 2832 m above sea level, cor-104

responding to an atmospheric depth of about 680 g/cm2. It105

consists of 162 ice Cherenkov tanks, placed at 81 stations106

mostly near the IceCube strings (Fig. 1). In the center of107

the array, three stations have been installed at intermedi-108

ate positions. Together with the neighbouring stations they109

form an in-fill array for denser shower sampling yielding a110

lower energy threshold. Each station comprises two cylin-111

drical tanks, 10 m apart from each other.112

Each tank is equipped with two DOMs to record the113

Cherenkov light of charged particles that penetrate the tank.114

DOMs, electronics and readout scheme are the same as for115

the in-ice detector. The two DOMs in each tank are op-116

erated at different PMT gains to cover linearly a dynamic117

range of about 105. The measured charges are expressed in118

units of ‘vertical equivalent muons’ (VEM) determined by119

calibrating each DOM with muons (see ref. [5]).120

Trigger and data acquisition: To initiate the readout of121

DOMs, a so-called ‘hard local coincidence’ (HLC) is re-122

quired. In IceCube one of the two nearest neigbour DOMs123

of a string must have signals above threshold within±1µs,124

resulting in a rate of about 20-40 Hz compared to about125

400 Hz of a single DOM. In IceTop the HLC requirement126

is a coincidence of the two high gain DOMs of a station.127

This results in a launch rate of high gain DOMs of 2-4 Hz128
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compared to about 1600 Hz of a single high gain DOM at129

a threshold of about 0.2 VEM.130

In the counting house at the surface, triggers are formed131

from the HLCs deciding if the data are written to a perma-132

nent storage medium to make it available for later analy-133

sis. The basic in-ice trigger, for example, requires that at134

least 8 DOMs are launched by an HLC leading to a rate of135

about 2 kHz. A very loose trigger requirement is applied to136

the DOMs in the DeepCore fiducial region (below the dust137

layer) by requiring 3 or more HLC hits within a 2.5 µs time138

window. The basic trigger for IceTop is issued if the read-139

outs of 6 or more DOMs are launched by an HLC leading140

to a rate of 30 to 40 Hz. For all detector components HLC141

hits are always stored in case of a trigger issued by another142

detector component.143

For each DOM above threshold, even without a local co-144

incidence, condensed data, so-called SLC hits (‘soft local145

coincidence’), are transmitted. These data contain in the146

in-ice case the charges and times of the three highest fADC147

bins and in the case of IceTop integrated charge and time148

stamps obtained from the ATWDs. The SLC hits are, for149

example, used for detecting transient events and to gener-150

ate vetos for special event signatures. In the case of Ice-151

Top they are useful for detecting single muons in showers152

where the electromagnetic component has been absorbed153

(low energies, outer region of showers, inclined showers).154

For monitoring transient events via rate variations, the time155

of single hits are histogrammed.. In IceTop the single156

hits in different tanks are obtained with various thresholds157

(‘scaler rates’ for heliosperic physics).158

Triggered events which fulfil filter criteria for certain event159

classes (‘muon’, ‘cascade’ etc.) are send via satellite to160

the IceCube Computing Center in Madison. In addition161

fast online processing produces alerts for other telescopes162

in case of significant neutrino accumulations (see Section163

4.5 on follow-up programs).164

3 Detection Methods and Performance165

IceCube Performance: For point source searches muon166

neutrino detection is best suited because they generate167

tracks from muons which provide a good direction infor-168

mation in the order of 1◦ and below (see the moon shadow169

analysis presented in [4]. Primarily IceCube is designed to170

measure up-going neutrinos using the Earth as filter against171

the large background of high energy muons from cosmic172

rays. However, because the neutrino cross section increases173

with energy the Earth becomes opaque for neutrinos above174

about 1 PeV. This can be seen in Fig. 2 where the energy175

dependence of the effective area of IceCube is plotted for176

different zenith angles. The effective area is defined as177

the target area which yields the observed muon neutrino178

rate when each neutrino is detected with 100% probability.179

Since at high energies the background from down-going180

cosmic ray muons becomes relatively small IceCube has181

Figure 2: Effective area for muon neutrino detection with
IceCube as a function of the neutrino energy for different
zenith angle ranges of the Northern sky.

extended its search also to the Southern sky at high ener-182

gies (see Section 4).183

For up-going neutrinos the background comes dominantly184

from atmospheric neutrinos generated in the Northern at-185

mosphere, while the background for down-going neutri-186

nos comes mostly from high energy atmospheric muons187

reaching the detector from above. The extraction of sig-188

nals for astrophysical neutrinos relies either on accumula-189

tions in space (point sources, galactic plane, ... ) and/or190

time (flares, GRB, ...) or on the assumption that the cosmic191

neutrino spectra are harder than for secondary cosmic rays,192

often a spectral index of about -2 compared to -3.7 for at-193

mospheric muons and neutrinos is assumed. The latter is194

particularly important for the measurement of diffuse neu-195

trino fluxes where a side band subtraction of background is196

not possible.197

The muon neutrino energy cannot be directly measured198

(except in the cases where a neutrino interacts in the de-199

tector and the muon ranges out). The measured energy loss200

of muons in the ice is used as a rough proxy for the neutrino201

energy. For muon energies above about 1 TeV, correspond-202

ing to the critical energy of muons in ice, bremsstrahlung,203

pair production and nuclear interactions lead to an approxi-204

mately linear dependence of the energy loss from the muon205

energy. This allows to determine the muon energy from the206

energy loss with a resolution of about 50% (∆ log10E ≈207

0.2). The muon energy yields only a very coarse proxy for208

the neutrino energy which is only partially transferred to209

the muon. The angular resolution for muon neutrinos is210

about 1◦ at 1 TeV and about 0.5◦ at 1 PeV211

In the search for diffuse fluxes neutrinos of all flavours can212

contribute if they generate an electromagnetic or hadronic213

cascade in the ice. Electron and tau neutrinos can generate214

electromagnetic cascades in charged current interactions,215

all flavours can generate hadronic cascades via neutral cur-216

rent and charged current interactions. Cascades appear in217

IceCube as nearly spherical isotropic light sources, so that218

little direction information can be obtained. On the other219

hand, however, the neutrino energy resolution is much bet-220

ter than in the case of neutrino detection via muons, about221

30% at 10 PeV (∆ log10E ≈ 0.13). Neutrinos have to in-222
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Figure 3: Skymap of neutrino candidates in equatorrial co-
ordinates for the IC40+59 data sample (left). The declina-
tion dependence of the selected energy ranges is shown on
the right.

teract in or near the detector to be detectable as cascades223

which makes the neutrino effective area about an order of224

magnitude smaller than in the muon case.225

DeepCore performance: The main improvement added226

by DeepCore is the decrease of the energy threshold to227

about 10 GeV. With the surrounding IceCube strings as228

veto one is able to trigger on low energy events starting in229

or near the DeepCore volume. In this way, for example,230

unprecedented statistical samples of atmospheric neutri-231

nos can be collected, about 150,000 triggered atmospheric232

muon neutrinos per year, thus allowing oscillation studies233

[7]. The observation of a sizeable number of cascade event234

in DeeepCore [34] confirms the performance expectations.235

IceTop performance: IceTop will cover a primary en-236

ergy range from about 300 TeV to 3 EeV for zenith angles237

up to about 65◦. In coincidence with IceCube the zenith238

angle range is more limited yielding an angular coverage239

of about 0.3 sr; the event rate is sufficient for a composition240

analysis up to about 1 EeV.241

The following resolutions have been obtained for 10 PeV242

(100 PeV) and for zenith angles smaller than 30◦: core po-243

sition 7 m (8 m), zenith angle 0.5◦ (0.3◦), energy resolution244

0.05 (0.04) for log10E/PeV.245

4 Neutrino Point Sources246

4.1 Search Strategy247

The neutrino point source search relies on the good direc-248

tion information from muons generated by muon neutri-249

nos interacting in the ice in and around the detector or the250

Earth crust below the detector. Figure 3 shows a skymap251

of arrival directions of neutrino candidates. The plot con-252

tains 43339 up-going and 64230 down-going neutrino can-253

didates from 723 days with the 2008 to 2009 in the 40254

and 59 string configuration (IC40+59). In the Northern255

sky high energies are limited by neutrino absorption in the256

Earth (Fig. 2), in the Southern sky the energy threshold has257

to be increased to reject the large background from atmo-258

spheric muons. Most of the up-going events are atmo-259

spheric neutrinos and most of the down-going events are260

atmospheric muons.261

In an unbiased search each direction has to be scanned lead-262

ing to a large number of trials and thus a significance reduc-263

tion. To improve signal significances one wants to reduce264

the number of trials by using additional information on the265

signal probabilities:266

- Predefine a list of candidate sources which are theoreti-267

cally likely to emit neutrinos.268

- The list search can be further improved by summing the269

fitted signals for many sources (’stacking’).270

- Search for extended sources on scales from a few de-271

grees, just resolvable, to scales of the size of the galactic272

plane.273

- Search for time and spatial correlation with transient274

events, like flares in AGN.275

- A special class of transient events are GRB with partic-276

ularly short expected active times and particularly well277

suited for stacking because of their similar properties278

(Section 4.4).279

- Since IceCube is sensitive about 99% of the time to the280

full sky alerts can be given to other telescopes if IceCube281

detects multiplets of neutrino candidate which accumu-282

late in space and time. Such ’Follow-up Programs’ are283

realised with optical, X-ray and γ-ray telescopes.284

4.2 Full sky time integrated search285

In a basic approach one searches in the full considered data286

set for a significant accumulation of events in an angular287

range compatible with the angular resolution. For that pur-288

pose a likelihood function is defined which takes into ac-289

count a possible signal and background:290

L(ns, γ) =

N∏
i=1

[ns
N
Si +

(
1− ns

N

)
Bi

]
(2)

For a given direction on the sky Si and Bi are the proba-291

bilities for the event i to be signal or background, respec-292

tively; N is the number of events which is looped over and293

ns is the number of most likely signal events. The like-294

lihood function depends also on the energy via a spectral295

index γ which is estimated in the search procedure. The296

search has to be done in a fine grid of directions, here at297

about 100000 points which reduces appreciably the “pre-298

trial” significance for a point source to a “post-trial” sig-299

nificance. The significances are evaluated defining a test300

statistics which compares the most likely values n̂s, γ̂ with301

the null hypothesis Using simulations the distribution of the302

test statistics for the case of no signal is evaluated yielding303

a p-value which is the probability to reach the observed or304

a higher significance for a result n̂s, γ̂ if there is no signal.305

In the analysis of the IC40+59 data the hottest spot at306

(Ra,Dec) = (75.45◦,−18.15◦ has a pre-trial p-value of307
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Figure 4: Neutrino point source limits (90% c.l.) for an
E−2 spectrum. The currently most stringent limit from
IC40+59 data is compared to previous and expected lim-
its.

ppre = 10−4.65, corresponding to an about 4 sigma signif-308

icance, but a post-trial p-value of 0.67, indicating a high309

compatibility with the null hypothesis. This means that no310

significant point source observation can be reported from311

this search.312

An overview of limits obtained from time integrated point313

source searches is given in Fig. 4. The IceCube 40+59 re-314

sults are compared to previously published limits from Ice-315

Cube and other experiments. The recently published IC40316

results [8] include also limits for specific source candidates317

which had been selected before looking at the data (see the318

list and more details in [8]). It is interesting to note that319

with these IceCube measurements the limits decreased by320

about a factor 1000 over the last 15 years.321

The IC40+59 limits reached already the projected sensitiv-322

ities obtainable by the full detector in one year. However,323

sensitivities below about 10−12E−1TeV−1cm−2s−1 are324

necessary to seriously scrutinize models for cosmic ray ac-325

celeration with neutrino production. Hence in this search326

mode several years of additional data taking might be nec-327

essary for either a neutrino source discovery or a falsifica-328

tion of the models.329

4.3 Time-dependent Searches for Point Sources330

The statistical significance can be improved by includ-331

ing time dependence in the likelihood function (2) since332

sources such as Active Galactic Nuclei can exhibit signifi-333

cant time variability in photon fluxes, which might be also334

visible in neutrinos, while the atmospheric background is335

roughly constant.336

An example for an ‘untriggered’ search, i.e. without a pri-337

ori time information, was presented at this conference [10]338

using the IC40+59 data as for the time-independent search339

(the IC40 analysis has recently been published [9]). The340

time-dependent likelihood term for this search is a Gaus-341

sian function, with its mean and width as free parameters.342

Figure 5: IC59: The distribution of the signal to back-
ground ratio of

Scanning for flares of all durations from 20 s to 150 days343

the likelihood maximization returns the most significant344

flare from a particular direction. The strongest deviation345

from background was found in the IC59 data in a direction346

(Ra,Dec) = (21.35◦,−0.25◦), centered on March 4, 2010347

with a FWHM of 13 days (Fig. 5). An excess of 14 events348

is seen with a soft spectrum of E−3.9, i.e. with no discrim-349

ination against the atmospheric spectrum. The post-trial350

p-value is determined to be 1.4% (corresponding to about351

2.3 sigma) which is not sufficiently significant for claiming352

a neutrino flare discovery.353

4.4 Gamma Ray Bursts354

The large energy dissipation in a Gamma Ray Burst (GRB)355

of about 1044 J suggests that a large fraction of the extra-356

galactic cosmic rays at the highest energies could be ac-357

celerated in GRBs. GRBs are usually modeled as explo-358

sions of very massive stars which eventually collapse to a359

black hole. In such models the observed gamma rays stem360

from synchrotron radiation and/or inverse Compton scat-361

tering of electrons accelerated in shock fronts in the colli-362

mated explosive outflow. It was proposed that in the same363

way also protons are accelerated [12, 11]. These protons364

would undergo interactions with the surrounding photon365

field in the fireball and thus generate neutrinos according366

to (1). With their preferred parameters the models predict367

that GRB neutrinos be detectable by IceCube within not368

more than a year.369

At this conference a search using IC59 was reported [13].370

The search was based on a list of 98 GRB observations re-371

ported from satellites during times when IceCube was tak-372

ing data. The neutrino search was done as for the point373

source searches using a likelihood like (2) with an addi-374

tional term for the time included. The time probability375

density function was flat in the interval were the first and376

last gamma rays were observed falling off smoothly to both377

sides. In the point-spread function the uncertainty in the378

GRB coordinates as obtained from satellites was included.379

No neutrino candidate was observed in the space-time win-380

dows. The data set a limit far below the predicted model381

flux (Fig. 6). Combining the results from IC40 [14] and382

IC59 our data lie a factor 5 below the model curve. This383
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Figure 6: Limits on neutrino flux from GRBs compared to
models from Waxmann [12] and Guetta et al. [11]. The
derivation of the limits is based on the Guetta et al. model
and accounts for the estimated properties of individual
GRBs (the Waxmann predictions use average properties).

leads to the conclusion that either the model picture of384

GRBs is wrong or the chosen parameter values are not cor-385

rect. Important model parameters are the Lorentz boost fac-386

tor Γ of the collimated outflow of the exploding star and the387

typical time scale tvar of subsequent collisons of internal388

shocks. In [13] the limits obtained for the combination of389

these parameters are presented.390

4.5 Follow-Up Programs391

A special feature of the IceCube detector is that it is able to392

monitor the whole sky (though with different energy sensi-393

tivities, see Section 3). This can be exploited to send alerts394

to other telescopes with narrow fields of view (optical, X-395

ray, gamma-ray) if in a certain space-time window an ac-396

cess of neutrinos above background is observed with a pre-397

defined significance. The alerted telescopes can than make398

follow-up observations on these ‘targets-of-opportunity’399

which would lead to a significance enhancement if a posi-400

tive correlation between different messenger signals are ob-401

served. The alert decisions have to be made fast, i.e. online402

at Pole and reported via satellite, and have to be tuned in a403

way that the alert rate is tolerable for the alerted partners.404

The IceCube collaboration has follow-up programs estab-405

lished with several telescopes:406

- Search for GRB and core-collapse supernovae: neu-407

trino multiplets in a short time window, < 100 s, gen-408

erate alerts for optical follow-up by the Robotic Optical409

Transient Search Experiment (ROTSE) and the Palomar410

Transient Factory (PTF), see [15]. Furthermore an X-411

ray follow-up by the Swift satellite of the most signifi-412

cant multiplets has been set up and started operations in413

February 2011 [16].414

- Search for neutrinos from TeV-gamma flares: a follow-415

up program with the MAGIC telescope has been tested416

with the IC79 setup and should become active for the417

IC86 running [17].418

Figure 7: Limits and predictions for diffuse muon neutrino
fluxes.

5 Diffuse Flux of Neutrinos419

If there are many point sources, each with an unobservably420

low flux, then the aggregate flux may still be observable421

as a diffuse flux. Interactions of the cosmic rays with the422

matter and radiation near the source or somewhere else on423

their path through the space would lead, according to eq.424

(1), to meson production and the subsequent weak decays425

to a diffuse flux of neutrinos.426

The identification of diffuse cosmic neutrinos relies on the427

assumption that they have a harder spectrum, e.g. E−2428

compared to about E−3.7 for atmospheric neutrinos. The429

‘prompt’ component of atmospheric neutrinos from decays430

of heavy flavour hadrons, which are produced predomi-431

nantly in the first interactions in the atmosphere, is pre-432

dicted to be harder than the ‘conventional’ neutrino flux.433

This introduces some additional uncertainty in the transi-434

tion region where the cosmic flux is expected to become435

dominant. The experimental limits tell us that this transi-436

tion is well above 100 TeV neutrino energy (see Fig. 7).437

5.1 Diffuse Muon Neutrino Flux438

Figure 7 shows the currently best limit obtained from IC40439

data of up-going muons [18]. The points are the atmo-440

spheric neutrino spectrum determined by unfolding the441

measured muon energy depositions to obtain the flux as a442

function of the neutrino energy. The limit is now below443

the Waxmann-Bahcall bound [20] which gives a guideline444

of how much flux can be at most expected if cosmic neutri-445

nos are generated in or near the accelerating sources (AGN,446

GRB, ...) via meson production as in (1).447

5.2 Cascades and all-flavour neutrino flux448

The interaction of electron neutrinos in IceCube generates449

an electromagnetic cascade which shows up in the detector450

as a nearly spherical source of light with little information451
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Figure 8: All-flavour diffuse flux limits from IC40 data
from three analyses optimized for different energy ranges.
Limits presented as horizontal lines assume an E−2 spec-
trum.The EHE neutrino flux limit is shown together with
limits of other experiments (employing radio techniques)
and the estimated reach for the full detector in 1 and 5
years. The sensitivity to the specific model [25] shown on
the plot as band will only be reached in about 5 years. Other
models may even be less accessible.

about the direction. To this ‘cascade channel’ also neutral452

current interactions of all flavours, generating hadronic cas-453

cades, contribute. Therefore the results for cosmic neutri-454

nos are expressed as all-flavour neutrino fluxes assuming a455

flavour ratio of 1:1:1 at the detector (evolving from a 1:2:0456

ratio at the source by mixing). For diffuse flux measure-457

ment the lack of direction resolution is not a major draw-458

back, but the relatively good energy resolution has substan-459

tial advantages (see Section 3).460

While the detection of muon neutrinos via extended muon461

tracks is well established in IceCube the reconstruction and462

background rejection for cascades is still under develop-463

ment. At this conference a result on a cascade analysis464

using IC40 data taken over 374 days was presented [21].465

Above a cascade energy cut of 25 TeV 14 events are left466

from which 10 events have a very clean cascade signature.467

Less than 4 events from atmospheric neutrinos, including468

prompt neutrinos, were expected. However, because of in-469

sufficient statistics from the background simulation and be-470

cause of possible inaccuracies of the atmospheric neutrino471

calculation in this high energy regime (see also [19]) no472

final conclusion was drawn yet.473

The current best limit from cascades as derived in a more474

conservative analysis of the IC40 data for an energy range475

between about 90 TeV and 20 PeV is shown in Fig. 8.476

5.3 Extremely-high energy neutrinos477

Interactions of the highest energy cosmic rays with the pho-478

tons of the Cosmic Microwave Background (CMB) are pre-479

dicted to generate a diffuse neutrino flux in the EeV range.480

The observation of these neutrinos could confirm that the481

cosmic rays are limited at energies of at about 1020 eV482

by the ”GZK cut-off”, at the point where the γCMB - nu-483

cleon system surpasses the threshold for pion production484

(with a strong enhancement due to the ∆-resonance close485

to threshold). Since all involved processes and particles486

are well known this GZK process could be considered a487

‘guaranteed’ source of cosmogenic neutrinos. However,488

in detail the theoretical predictions for the fluxes vary by489

about 3 orders of magnitude, depending mostly on the as-490

sumed primary composition and the distribution of cosmic491

ray sources.492

At this conference preliminary results for ‘Extremely-High493

Energy’ (EHE) neutrinos have been presented [22] using494

the IC40 detector. The analysis aims at finding down-495

going neutrinos generating very bright events in the detec-496

tor. However, the large atmospheric muon background re-497

stricts the search to events coming from near the horizon498

where neutrino have also the largest interaction probabil-499

ity. The obtained EHE neutrino flux limits are shown in500

Fig. 8. Up to about 10 EeV IceCube has the best upper lim-501

its. The comparison with predictions shows that a positive502

observation of GZK neutrinos might still take some years.503

On the other hand improvements in the analysis procedure504

could increase the detection efficiency [23]. For example505

a scheme is currently investigated to use single-tank hits506

in IceTop for a veto against the overwhelming background507

from downgoing muons [24].508

6 Exotics509

An essential part of the IceCube physics program deals510

with generic Particle Physics problems such as the search511

for new particles beyond the Standard Model, called ‘ex-512

otic particles’. Such particles include Dark Matter candi-513

dates such as proposed by Supersymmetry (SUSY) or by514

Kaluza-Klein models. The breaking of larger symmetries,515

as postulated by ’Grand Unified Theories’, implies the gen-516

eration of topological defects such as monopoles which can517

also be searched for with IceCube.518

6.1 WIMP Search519

It is now experimentally well established that ‘Dark Mat-520

ter’ (DM) exceeds normal, baryonic matter by about a521

factor 5. In most common scenarios the DM consists of522

Weakly Interacting Massive Particles (WIMPs) which re-523

mained from the Big Bang after the expansion rate of the524

Universe surpassed their annihilation rate. A promising525

WIMP candidate is the lightest supersymmetric particle, in526

most SUSY variants the neutralino χ. In the searches re-527

ported below parameters have been investigated within the528

MSSM (‘Minimal Supersymmetric Model’).529

There are three general DM search strategies: In direct530

searches one looks for elastic WIMP scattering off nuclei;531

in indirect searches one tries to detect WIMP annnihila-532
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Figure 9: Limits on the WIMP induced muon flux from the
Sun modelled by MSSM.

tion products, such as gammas or neutrinos, with astropar-533

ticle detectors and finally in accelerator experiments one534

searches for pair-production of DM candidates. None of535

these searches was successful until now.536

WIMPs from the Sun: IceCube is looking for neutrinos537

from WIMP (or other exotics) annihilation. The assump-538

tion is that WIMPs would accumulate in gravitational wells539

like the Sun or more extended objects like the Milky way.540

In Fig. 9 limits on an excess flux of muons from the Sun are541

given for WIMP masses from 50 GeV to 500 TeV [26]. The542

excess determination assumes a muon spectrum which de-543

pends on the WIMP mass and the annihilation channel. The544

studied channels W+W− and bb̄ have particularly hard545

and soft spectra, respectively (the harder the spectrum, the546

higher IceCube’s sensitivity). The analysis combines data547

taken between 2001 and 2008 with the precursor detector548

AMANDA with IceCube data for a total livetime of 1065549

days, when the Sun was below the horizon [26]. Data have550

partly been taken in parallel by both detectors; AMANDA551

was switched off in 2008 when IceCube reached the IC40552

configuration. The figure shows also the estimated sensi-553

tivity for the full detector.554

The muon flux limits can be related to direct measurements555

using the following chain of arguments: The accumula-556

tion requires a cool-down of the WIMPs by ellastic scatters557

to get gravitationally trapped. This connects the neutrino558

search to the direct search experiments. To calculate the559

resulting muon flux the WIMP (DM) density and the av-560

erage annihilation cross section times velocity, 〈σann v〉,561

are needed. These parameters are in principal known from562

the measured cosmological parameters (mainly CMB mea-563

surements), because the decoupling after the Big Bang re-564

lates the density to the average product of the annihilation565

cross section and the WIMP speed. However, they can also566

be treated as free parameters . The shaded area in Fig. 9 in-567

dicates the region not yet excluded by the MSSM parameter568

constraints through the direct searches by the experiments569

CDMS and XENON100. For more details see [26].570

WIMPs annihilation in the Milky Way and Dwarf571

Spheroidals: In the contribution [27] a search for an neu-572

trino excess from the galactic center and halo was reported.573

Using IC40 data (367 days) limits for 〈σann v〉 as a func-574

tion of the WIMP mass in the range 10−22−10−23cm3 s−1575

have been obtained. The ‘natural scale’, given by the above576

mentioned relation to cosmological parameters, is about577

3 · 10−25cm3 s−1. The limits depend strongly on the as-578

sumed model for the WIMP density and on the annihila-579

tion channel. A comparison of the limits for the τ+τ−580

channel with the regions preferred by the satellite experi-581

ments PAMELA and Fermi (see details in [27]) shows that582

the WIMP searches of IceCube are constraining these pre-583

ferred regions.584

Another WIMP search reported at this conference is aim-585

ing at Spheroidal Dwarf Galaxies [28]. A first study us-586

ing IC59 data and stacking several dwarf galaxies yielded587

the achievable sensitivities. Although the sensitivities do588

not yet reach those of the γ ray measurements (MAGIC,589

Fermi) the neutrino channel adds certainly complementary590

information.591

6.2 Magnetic monopoles592

Relativistic magnetic monopoles, if they exceed the593

Cherenkov threshold at β ≈ 0.76, deposit huge amounts of594

light in the detector and thus have a very clear signature. In595

a contribution to the conference a preliminary upper limit596

for the monopole flux was reported using IC22 data. This597

limit is orders of magnitude better than previous ones.598

Also discussed in [29] are the prospects of improving this599

limit with IC40 data to a level which is about a factor 1000600

below the Parker bound. The Parker bound relates the ob-601

served strengths of cosmic magnetic fields to the maximal602

possible abundance of monopoles exploiting that the accel-603

eration of monopoles by magnetic fields would damp those604

fields. The non-observation of monopoles causes serious605

problems to Grand Unified Theories.606

7 Cosmic Rays607

Origin, composition and spectrum of high energy cosmic608

rays are still not well understand. In particular above some609

100 TeV, up to which direct measurements with balloons610

and satellitites are posssible, the experimental situation is611

far from being satisfactory. On the other hand muons and612

neutrinos from cosmic ray initiated air showers are the ma-613

jor background in the search for extraterrestial neutrinos614

and exotic particles.615

The IceCube observatory offers a variety of possibilities616

to measure cosmic rays, analyse composition and deter-617

mine the spectra which can be used to tune the mod-618

els. IceCube can be regarded as a cubic-kilometer scale619

three-dimensional cosmic ray detector with the air showers620

(mainly the electromagnetic component) measured by the621

surface detector IceTop and the high-energetic muons and622
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Figure 10: Composition sensitivity of the in-ice muon
spectrum: The measurements of the muon spectrum up to
1 PeV, corresponding to about a factor 10 higher primary
energies, indicates a preference for a change in the spectral
slope for all elements around the knee.

neutrinos measured in the ice. In particular the measure-623

ment of the dominantly electro-magnetic component of the624

airshower in IceTop in coincidence with the high energy625

muon bundle (muon threshold about 500 GeV), originating626

from the first interactions in the atmosphere, has a strong627

sensitivity to composition. Here IceCube offers the unique628

possibility to clarify the cosmic ray composition and spec-629

trum in the range between about 300 TeV and 1 EeV, in-630

cluding the ‘knee’ region and a possible transition from631

galactic to extra-galactic origin of cosmic rays.632

7.1 Cosmic Ray Physics with Muons in IceCube633

Atmospheric muon spectra: Atmospheric muon and634

neutrino spectra measured with IceCube probe shower de-635

velopment of cosmic rays with primary energies above636

about 10 TeV. In a contribution to the conference [52] it637

was shown that with an accurate measurement of the muon638

spectra one can discriminate between different composition639

models (Fig. 10). At the current stage of the investigation640

a smoother transition of the different element contributions641

in the knee region (than for example suggested by the poly-642

gonato model [30]) is preferred. With additional system-643

atic studies and a larger data set a clarification should be644

reached about what energy dependence of composition has645

to be used in simulation models.646

This is a completely new approach to analyse cosmic ray647

composition in the knee region which is otheerwise dif-648

ficult to tackle. For the analysis new methods had to be649

developed, for example a methode for determination of650

the energy of the leading muon by exploiting cascade-like651

stochastic energy losses [52].652

Laterally separated muons: At high energies the muons653

reach the in-ice detector in bundles which are, for primaries654

above about 1 PeV, collimated within radii of the order of655

some 10 m. Most of the muons stem from the soft pe-656

ripheral collisons with little transverse momentum transfer.657

Perturbative QCD calculations, however, predict the occur-658

rance of muons with higher transverse momenta in some659

fraction of the events. A first analysis of the IC22/IT26660

data [31], where the muon bundle was measured together661

with the shower energy in IceTop, demonstrated that sepa-662

rations of single muons from the bundle by more than about663

100 m, corresponding to transverse momenta above about664

6 GeV, could be detected. A better understanding of the re-665

maining background from uncorrelated multiple events and666

an unfolding from the lateral separation to transverse mo-667

mentum distributions is currently pursued. With a larger668

detector and also without requiring IceTop coverage, the669

statistics will be sufficient do perform a detailed analysis670

and comparison to the model predictions for meson produc-671

tion. This will have important implications for air shower672

simulations which the cosmic ray analyses have to rely on.673

Seasonal variations of the muon rate: IceCube ob-674

serves a ±8% seasonal variation of muon rates in the ice.675

This modulation is strongly correlated with the variability676

of the temperature, and thus of the density, in the upper677

atmosphere at heights corresponding to pressures around678

10 to 100 hPa. The convolution of the density profile with679

the production cross section for muons defines the effective680

temperature Teff . The relation between the effective tem-681

perature change and the rate change, assumed to be linear,682

∆Rµ
〈Rµ〉

= αT
∆Teff
〈Teff 〉

, (3)

depends on the K/π production ratio. From the coefficient683

αT measured over 4 years on a sample of 150 billion events684

a preliminary result is reported in [33] which indicates that685

the currently assumed K/π = 0.15 has to be lowered to686

about 0.1. If confirmed this would lead to modifications of687

the models for air shower simulation.688

7.2 Atmospheric neutrino spectra689

Muon neutrinos: IceCube has the most precise deter-690

mination of the atmospheric muon neutrino spectrum at691

high energies (Fig. 7). This spectrum has to be unfolded692

from the measured muon energies to the neutrino energies.693

A measurement of cascades from electron neutrinos and694

charged current interactions of all flavours would yield a695

better energy determination. This is important especially696

at the high energy end where signals from diffuse neu-697

trino fluxes are searched for. The potential transition region698

is still theoretically uncertain due to missing information699

about composition and about the uncertainty in the prompt700

contribution from heavy quark production.701

Cascade analysis with DeepCore: As discussed in Sec-702

tion 5 on diffuse flux measurements, cascades have been703

positively identified using the IC40 data (Section 5.2) and,704

at lower energies, in a first analysis of data taken with the705
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Figure 11: Relative intensity map for cosmic rays of the 20-
TeV sample (top) and the 400-TeV sample (middle). The
projections unto the right ascension of both maps are shown
at the bottom.

DeepCore detector. In the DeepCore detector 1029 cas-706

cades have been observed in an energy range between 10707

and 300 GeV for 281 days of data [34] while 1104 were708

predicted from simulations using the Bartol model [32].709

Of the predicted events 59% are cascades with about equal710

amounts of νe CC and νµ NC events. The remaining 41%711

is background from muon tracks from up-going νµ. A final712

conclusion about the quantitative comparison with model713

predictions would be premature because systematic uncer-714

tainties are still evaluated [34].715

This is a nice, surprisingly early result from the newly com-716

missionned DeepCore detector and supports the expecta-717

tions for the performance of the detector. The physics718

goals of measuring neutrino oszillations [35], decreasing719

the mass range for the WIMP search and enhancing the720

sensitivity for supernovae detection becomes very realistic.721

7.3 Cosmic Ray Anisotropy722

IceCube has collected a huge amount of cosmic ray muon723

events, about 1011 events between 2007 and 2010, and ev-724

ery year of running with the full detector will increase this725

number by about the same amount. These events have726

been used to study cosmic ray anisotropies, for the first727

time in the Southern sky. The observation of anisotropies728

Figure 12: Cosmic ray anisotropies on the scale of 10 to
30◦ is observed at a level of about 10−4.

on multiple angular scales has been previously reported729

[36, 37]. At this conference, analyses of anisotropies using730

33 ·109 events from IC59 data were presented with prelim-731

inary results on energy and angular scale dependencies as732

well as various stability tests of the analyses [38, 39, 40].733

Figure 11 shows skymaps of relative intensities for selec-734

tions of muon energies resulting in primary energy distri-735

butions which center around 20 TeV and 400 TeV. In the736

20-TeV right ascension projection a clear structure dom-737

inated by a dipole and quadrupole contribution is visible738

while the most significant feature in the 400-TeV data set739

is a deep deficite with a completely different phase than the740

dip in the 20-TeV data. For more details see [38].741

In addition to large-scale features in the form of strong742

dipole and quadrupole moments, the data include several743

localized regions of excess and deficit on scales between744

10◦ and 30◦ (Fig. 12). Angular decomposition into speri-745

cal harmonics exhibits significant contributions up to l=15.746

More details can be found in [39].747

As yet the anisotropies observed on multiple angular scales748

and at different energies have not found an explanation.749

One could expect an effect due to the movement of the solar750

system relative to the Milky Way, the so-called Compton-751

Getting effect. This effect which results in a dipole compo-752

nent in the cosmic ray intensity distribution cannot, at least753

not fully, explain the data. Theoretical explanations like lo-754

cal magnet fields affecting the cosmic ray streams and/or755

nearby sources of cosmic rays are discussed. The deter-756

mination of the energy dependence of anisotropies will be757

crucial for scrutinizing models. For this reason an analysis758

using IceTop with a better energy resolution and an exten-759

sion to the PeV range for the primary cosmic rays has been760

started in IceCube.761

7.4 Cosmic Ray Composition762

As mentioned above, the combination of the in-ice detector763

with the surface detector offers a unique possibility to de-764

termine the spectrum and mass composition of cosmic rays765

from about 300 TeV to 1 EeV.766

The first analysis exploiting the the IceTop-IceCube corre-767

lation was done on a small data set corresponding to only768

one month of data taken with about a quarter of the final769

detector. The energy was restricted to 1 to 30 PeV. A neu-770
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Figure 13: Simulated correlation between the energy loss
of the muon bundels in the ice (K70) and the shower size at
the surface (S125) for proton and iron showers. The shad-
ing indicates the percentage of protons over the sum of pro-
tons and iron in a bin. The lines of constant primary energy
are labelled with the logarithms of the energies.

Figure 14: Average logarithmic mass of primary cosmic
rays measured with IC40/IT40.

ral network was employed to determine from the measured771

input variables shower size and muon energy loss the pri-772

mary energy and mass (Fig. 13). The resulting average log-773

arithmic mass is shown in Fig. 14. These results are still774

dominated by systematic uncertainties, such as the energy775

scale of the muons in IceCube and of the effects of snow776

accumulation on the IceTop tanks.777

A first look into the IC79/IT73 data set taken in 2010 shows778

that there will be enough statistics for composition analy-779

sis up to at least 1 EeV [50]. An estimation yields about780

150 event with energies larger than 300 PeV and 15 events781

larger than 1 EeV in 1 year of data taking with the full de-782

tector.783

In the near future we will concentrate on understanding the784

systematic uncertainties in the coincident analysis. The785

systematic uncertainties related to the models can be re-786

duced by including different mass sensitive variables, like787

muon rates in the surface detector and shower shape vari-788

ables, and checking for consistency.789

8 Transient rate monitoring790

Transient events such as supernovae, GRBs or sun flares,791

if they generate very high fluxes of low energy particles,792

could be observed as general rate increases above the noise793

level in the DOMs even if they could not be detected indi-794

vidually by IceCube or IceTop.795

Supernova explosions in our and nearby galaxies would be796

observable by IceCube via a rate increase in all DOMs due797

to a high interaction rate of low energy neutrinos. With798

a rather low average noise of 286 Hz per DOM IceCube is799

particularly suited to emit supernova alerts, specifically im-800

portant when the supernova is obscured by dust or stars in801

a dense region. Measurements would be sensitive to the su-802

pernova parameters such as the progenitor star mass, neu-803

trino oscillations and hierarchy. In the contribution [41]804

possibilities for improving the current sensitivities, includ-805

ing also DeepCore, are discussed.806

IceTop is able to monitor cosmic ray products from tran-807

sient events such as from Sun flares, as demonstrated with808

the observation of the Dec 13, 2006 Sun flare event [42].809

The detector readout has since then been setup such that810

counting rates could be obtained at different thresholds al-811

lowing to unfold cosmic ray spectra during a flare. At this812

conference the observation of a Forbush decrease in Febru-813

ary 2011 was reported [43].814

9 Summary and Outlook815

The IceCube Neutrino Observatory has been completed816

and reached the expected performance (or even better). As817

yet results from the partly completed detector (IC22,40,59)818

show no evidence for cosmic neutrinos although the de-819

tector reached sensitivities which are either close to model820

predictions or are sometimes seriously challenging mod-821

els. Most notably is the IC40+59 limit on GRBs which822

is 5 times below the model prediction of [11] with pre-823

ferred parameters, demanding a reassessment of the model824

and/or parameters. Point source searches, time dependent825

or not, with and without candidate lists, have not reached826

the level to constrain the most common models, but will827

in some years of running. The hope is to shorten the wait-828

ing time by further developing methods to enhance signif-829

icances, for example by employing multi-messenger meth-830

ods and follow-up programs with optical, X-ray and γ-ray831

telescopes.832

The limits on diffuse cosmic neutrino fluxes are now a fac-833

tor of 4 below the Waxman-Bahcall bound, indicating that834

the limits have reached a relevant region of predictions.835

The first time a positive observation of cascade events has836

been reported which opens a new window for studies of837

atmospheric neutrinos, in particular their ‘prompt’ contri-838

butions, and cosmic neutrinos with good energy resolution.839

In the EHE region the sensitivity to the range of GZK pre-840

dictions will be reached within few years.841
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Concerning searches for ‘exotic’ particles, limits for WIMP842

masses between 50 GeV and 500 TeV have reached re-843

gions in the parameter space which are not excluded by844

direct search experiments. Magnetic monopole limits are845

now nearly a factor 1000 below the ‘Parker Bound’ (upper846

bound derived from the strength of existing cosmic mag-847

netic fields) and are incompatible with GUT models.848

Although most of these limits are very important and849

unique complements to results with other messengers it850

is comforting to know that also positive observations have851

been made with IceCube. These results concern mainly the852

field of cosmic rays and are mostly of high importance for853

the improvement of cosmic ray and airshower models. Re-854

sults have been reported on atmospheric neutrino and muon855

spectra, muons with large transverse momenta, cosmic ray856

composition and cosmic ray anisotropies on multiple an-857

gular scales. The cosmic ray anisotropies, the first time858

measured in the Southern sky, are drawing a lot of interest859

but have not yet found an explanation.860

IceCube can be used as a unique instrument to measure861

transient events, such as supernovae, GRBs and sun flares.862

This already led to results on heliosperic physics.863

Looking into the future: it seems as if the discovery of cos-864

mic high energy neutrinos might need some more years, in865

which the existing detectors will be exploited, improved866

and extended. The first, already accomplished, exten-867

sion was DeepCore opening the way to low energy phe-868

nomena such as neutrino oscillations, low mass WIMPs869

and supernova physics. A new low energy extension870

with very dense optical sensor instrumentation to allow for871

Cherenkov imaging in a megaton scale detector is studied,872

an interesting physics application being the search for pro-873

ton decay [44]. To the high energy side: radio and acoustic874

extensions are studied to reach the sensitivity for GZK neu-875

trino fluxes [45, 46] and to extend the air shower detection876

capabilities [47].877
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