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The IceCube Detector	
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digital optical module (DOM)	


AMANDA-II Array!
(precursor to IceCube)!



Event Signatures	

Positions, times, and amplitudes of Cherenkov light deposition: neutrino direction + energy	


νe CC + all flavor NC	


νμ CC (+CR muons!)	


ντ CC (“double-bang”)	
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Fig. 2. Offsets between the reconstructed and the true x and z coordinates obtained from an iterative minimization of the 7 dimensional
likelihood. Only cascades are selected, whose reconstructed vertex is contained in IC40. The width ! of a fitted Gaussian defines the resolution,
which is better for z because of the denser DOM spacing along the string.

Fig. 3. Left: Offset between the reconstructed and the deposited logarithmic energy for the same event sample. Right: Comparison between
the reconstructed and the deposited logarithmic energy. The deviation from the identity line above 10PeV illustrates the increasing impact of
saturation effects on the energy reconstruction.

from the improved light-propagation model. In this case,172

the search for the minimum is reduced to a numerical173

root finding problem:174
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where $t denotes the readout window length.175

III. RESULTS176

The reconstruction algorithm has been tested with a177

simulated electron neutrino dataset for IceCube in its178

year 2008 configuration with 40 strings. The primary179

neutrinos have energies in the range from 101.7GeV to180

1010GeV and are weighted to an E−2 spectrum. For181

the simulation of showers the parametrization derived182

in [4] and implemented in Photonics is used. Lower183

energetic showers (< PeV) are represented as point-like184

light source with an anisotropic emission profile. At PeV185

energies the cascade is split up into several cascades to186

simulate the elongation due to the LPM effect.187

To be part of the further on used event selection, an188

event has to trigger the detector, the reconstruction must189

converge (fulfilled by 79% ) and the reconstructed vertex190

has to be located inside the geometric boundaries of the191

detector (fulfilled by 38%).192

To evaluate the resolution of the reconstruction the193

distribution of offsets between the reconstructed and194

the true vertex coordinates and energies are shown in195

Figures 2 and 3. The obtained vertex resolutions are196

about 7m in x and y and 4m in z. This is an improvement197

with respect to the existing likelihood reconstruction [8].198

For the same dataset and selection criteria it yields199

resolutions of 15m in x and y and 8m in z. The better200

resolution in z results from the smaller distances of only201

Detector Performance	


Simulated tracks	
 Simulated cascades	


Continual time synchronization to ~2 ns; ice calibration with in-situ flashers	
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Fig. 6.— Energy distribution for an arbitrary normalization E−2 flux of neutrinos as a
function of declination for the final event selection. The black contours indicate the 90%

central containment interval for each declination.
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Fig. 7.— Cumulative point spread function (angle between neutrino and reconstructed muon
track) for simulated E−2 neutrino signal events at the final cut level in the up-going region

(left). Also shown is the final IceCube configuration. The median of the PSF versus energy
is shown separately for the northern and southern skies (right). The improvement in the

southern sky is because of the more restrictive quality cuts.

angular resolution: ~1º	

(verified with CR Moon shadow)	

μ energy estimation via dE/dx 	
 angular resolution: ~30º	


energy resolution: ~35%	
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IC40	

E-2 spectrum	




Searches for New Physics with IceCube	


•  Need a neutrino source!	


•  Atmospheric neutrinos (CR+Earth’s atmosphere)	

–  violation of Lorentz invariance?	

–  eV-scale sterile neutrinos?	


•  Neutrinos from dark matter annihilation	

–  WIMP signal from the Sun, Earth, or Galactic Center?	


•  Neutrinos from cosmic ray accelerators or CR+CMB 	

–  may eventually be useful for new physics searches, but...	

–  first step is detection!	
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Atmospheric Neutrino Spectra	
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µ!AMANDA 

unfolding
forward folding 

µ!IceCube 
unfolding
forward folding

neutrino point sources?	

diffuse HE flux?	

cosmogenic neutrinos?	


~200 atm. neutrinos / day	

       in IceCube	
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Violation of Lorentz Invariance (VLI)	
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maximal mixing, δc/c = 10-27	


VLI atmospheric νµ survival probability	


Different limiting velocity eigenstates: VLI oscilations*	


*see González-García, Halzen, and Maltoni, hep-ph/0502223	




AMANDA 2000-2006 VLI limits	


Data consistent with SM atmospheric neutrinos + O(1%) background	


zenith angle	
 number of OMs hit	
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Abbasi et al., PRD 79, 102005 (2009)	


 δc/c < 2.8 × 10-27 (90%CL) — IceCube will improve by an order of magnitude	




Direction-dependent VLI Oscillations	
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Standard Model Extension includes interaction 
coefficients that violate rotational invariance	


	

“Vector Model”:	

	
 energy-independent directional VLI, aL	


+      energy-dependent directional VLI, cL 	


Kostelecky and Mewes, PRD 70, 076002	


,ˆ  are unit vectors
for the neutrino's direction,
and depend on RA
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Survival probability	




•  Right ascension distribution consistent with 
atmospheric neutrino expectation ���
	


•  Set upper limits on VLI coefficients based 
on power in Fourier modes	


•  For energy-dependent effects:���
results 3-4 orders of magnitude improved 
over MINOS	





	


16/07/2012	
 J. Kelley, BSM 2012	
 12	


32	  bins	  in	  RA	  (using	  zenith	  97	  to	  120	  degrees)	  
20 23MINOS:  3 10  and  9 10

Adamson,  et. al,  Phys. Rev. Lett.101,  151601 (2008)
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IceCube Direction-dependent VLI limits	


IC40	  atmospheric	  muon	  neutrino	  RA	  
Phys.	  Rev.	  D	  82,	  112003	  (2010)	  

III. THE EVENT SAMPLE

When completed in 2011, IceCube [8,9] will consist of
86 strings. Each string includes 60 digital optical modules
(DOM), for a total of 5160 DOMs. A DOM is a single
photomultiplier tube and associated electronics in a glass
pressure sphere [10]. The instrumented part of the array
extends from 1450 to 2450 m below the surface of the ice.
Horizontally, 78 of the strings are 125 m apart and spread
out in a triangular pattern over a square kilometer. Vertical
DOM spacing is a uniform 17 m for these 78 strings.
A subset of the detector, known as ‘‘DeepCore,’’ consists
of 8 specialized and closely spaced strings of sensors
located around the center IceCube string.

This analysis used data from 359 days of live time while
operating in a 40-string configuration, from April 2008 to
May 2009. No DeepCore strings had been installed at that
time. The event sample is a subset of the data used for an
unfolding of the atmospheric muon neutrino spectrum [11].
Triggering, filtering, and background rejection are dis-
cussed in detail in [11]. The 40-string detector was roughly
twice as long in one horizontal direction as in the other.
However, this azimuthal dependence of the detector shape
conveniently canceled out due to the sidereal rotation of
the Earth (and thus, the detector around its vertical axis).

IceCube detects the Cherenkov radiation from charged
particles produced in charged current (CC) and neutral
current (NC) interactions between incident neutrinos and
nucleons in the ice. If the incident neutrino is a !" or !!", a
muon or antimuon is produced and undergoes radiative
energy losses as it propagates, creating additional
Cherenkov radiation. The muon directions are recon-
structed from records of photon arrival times at DOMs
participating in each event. The mean angular deviation
between the direction of the parent neutrino and the muon
is less than a degree for the energy range of this analysis.
Additionally, simulation and reconstruction studies indi-
cate that muon angular resolution is typically between
0.5! and 1!, depending on the angle of incidence and the
muon energy. Hence, the reconstructed muon direction
provides a good estimate for the neutrino direction.

Background events in the data were down-going atmos-
pheric muons, or coincident muons, that were recon-
structed as up-going events. Rejection of this background
was done in several stages, beginning with triggering and
local coincidence checks on the DOMs [12], and software-
based filtering at the South Pole [11]. Then, before more
computationally intensive reconstructions were performed
during offline processing, unusable events were removed
by selection cuts based on zenith angle and track quality
parameters. Finally, using boosted decision trees (BDT)
[13], we obtained a sample of 7882 muon neutrino events
in the zenith range 97! to 120!, with negligible back-
ground. Background contamination was estimated to be
less than 1%, based on testing the BDTs with simulated
atmospheric muon and neutrino data sets. This value was

then verified by comparing the data passing rate as a
function of BDT cut value to the predicted rate from
atmospheric muon and neutrino simulation. These event
selection cuts also eliminated localized events from elec-
tromagnetic showers induced by !e CC interactions and
hadronic showers due to NC interactions.
As discussed in [11], there was a statistically significant

excess of events in data (or deficit in simulation) in the
zenith region 90! to 97!, the origin of which could not be
verified at the time of the analysis. Hence, that region was
not used. The vector model we adopted assumes that only
real components belonging to the plane perpendicular to
the Earth’s axis are nonzero and ignores any coupling
between the z component of the neutrino momentum and
the Lorentz-violating coefficients of the SME [6]. By con-
sidering only events in the zenith region from 97! to 120!,
where the x and y components of the neutrino momenta
dominate, the impact of this arbitrary assumption on how
the Lorentz-violating field is aligned with respect to our
preferred coordinate system is minimized.
Figure 2 shows the distribution in right ascension (RA)

for events in the data. This histogram has 32 bins from
0! to 360! in RA, the same binning that was used to
compute power spectral densities with DFTs as discussed
in the next section. We estimate from simulation that about
90% of the events are from atmospheric neutrinos in the
energy range 200 GeV to 13 TeV, and 99% from atmos-
pheric neutrinos in the energy range 100 GeV to 55 TeV.

IV. METHODOLOGYAND RESULTS

The DFT analysis methodology was adapted from
Ref. [14], where the MINOS Collaboration looked for
sidereal variations in the NuMI beam line, using the

FIG. 2. RA distribution of events in data. Vertical error bars are
statistical uncertainty only. Fluctuations in the data, above and
below the mean (horizontal line), are consistent with statistical
variations. #2 per bin for a straight-line fit to the mean is 0.9.

R. ABBASI et al. PHYSICAL REVIEW D 82, 112003 (2010)

112003-4



Sterile Neutrinos	

•  No direct weak interactions	


•  Can mix with 3 active states	


•  Recent hints of an eV-scale sterile neutrino	


Figure 41. The MiniBooNE oscillation allowed region in antineutrino mode agrees well with LSND.

Figure 42. The MiniBooNE L/E distribution in antineutrino mode (red data points) agrees well with LSND
(black data points).

88

LSND and MiniBooNE 	

antineutrino disappearance	
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Figure 56. Weighted average (with correlations) of 19 measurements of reactor neutrino experiments

operating at short baselines. A summary of experiment details is given in Table XXI.

with χ2

min < χ
2

min,data is 50%, showing that the distribution of experimental ratios in
−→
R around the

mean value is representative given the correlations.

Assuming the correctness of σpred,new
f the anomaly could be explained by a common bias in all

reactor neutrino experiments. The measurements used different detection techniques (scintillator

counters and integral detectors). Neutrons were tagged either by their capture in metal-loaded scin-

tillator, or in proportional counters, thus leading to two distinct systematics. As far as the neutron

detection efficiency calibration is concerned, note that different types of radioactive sources emit-

ting MeV or sub-MeV neutrons were used (Am-Be,
252

Cf, Sb-Pu, Pu-Be). It should be mentioned

that the Krasnoyarsk, ILL, and SRP experiments operated with nuclear fuel such that the difference

between the real antineutrino spectrum and that of pure
235

U was less than 1.5%. They reported

similar deficits to those observed at other reactors operating with a mixed fuel. Hence the anomaly

can be associated neither with a single fissile isotope nor with a single detection technique. All

these elements argue against a trivial bias in the experiments, but a detailed analysis of the most

113

Reactor antineutrino anomaly	


review: Abazajian et al., arXiv1204.5379	
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LSND	  
MiniBooNE	  



Sterile MSW Resonance	
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PRELIMINARY	  

calculated muon antineutrino survival probability	


With control of systematics: IceCube will conclusively test this explanation of LSND/MiniBooNE!	
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FIG. 4: The νCC
µ event rates in different energy and

zenith angle bins at IceCube DeepCore. The histograms
with thick lines correspond to events with νs−mixing while
the histograms with thin lines correspond to events without
νs−mixing. Left panel: normal mass hierarchy, right panel -
inverted mass hierarchy.

νµ energy ranges for NH and IH correspondingly. As can

be seen from Fig. 5 for NH the νs mixing mostly af-

fects the vertically upcoming events in the lowest, 15–30

GeV, energy bin. The excess of events in this bin is due

to enhanced ν̄µ−survival probability P̄µµ near the oscil-

lation minimum at ∼ 30 GeV (see Figs. 1 and 2). For

IH (Fig. 6) the next bin (−0.8 ÷ −0.6) rate is equally

affected. The distributions depend on ∆m2
32 weakly.

In the bottom panels of Figures 5 and 6 we show pos-

sible modification of the ratio due to inprecise knowledge

of ∆m2
32. This is illustrated by the ratio of the two distri-

butions without νs for two different values of ∆m2
32: the

“true” (observed) value and the “fit” value. Variations of

∆m2
32 produce shift of the dip and therefore qualitatively

similar distortion of the ratio. Quantitatively the effects

are different: the effect of∆m2
32 variations is smaller than

the one of νs at high energies. For IH and | cos θz| > 0.4
the two effects have opposite signs, etc.. In analysis of

data one should use ∆m2
32 as fit parameter varying in the

range allowed by accelerator experiment measurements.

In future ∆m2
32 will be determined with accuracy 10

−4

eV
2
which will substantially reduce the uncertainty.

IV. ESTIMATION OF SENSITIVITY TO

MIXING

To estimate sensitivity of the DeepCore to sterile neu-

trinos we perform a simple χ2
analysis of the data gen-

erated in assumption of zero νs mixing. We assume that

∆m2
32 is known precisely. We fit these “data”with num-

ber of events obtained in the presence of νs−mixing. To
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take into account possible systematic errors, as in Ref. [5],

we introduce an overall normalization factor C and a tilt

parameter τ for the zenith angle distribution of the event

rates in Eq. (5) as

Nmod
i,j (C, τ ; sin2 α) = C[1 + τ(cos θi + 0.5)]Ni,j(sin

2 α).
(6)

We use ∆m2
43 = 1 eV

2
. Defining the “null” distribu-

tion of zenith angle events without νs−mixing as Nnull
i,j ≡

Ni,j(C = 1, τ = 0; α = 0), we calculate χ2
value as

χ2
(C, τ, sin2 α) =

�

i,j

[Nnull
i,j −Nmod

i,j (C, τ, sin2 α)]2

Nnull
i,j

. (7)

predicted DeepCore rates	

      thick: with sterile; thin; without	


Effects on oscillations observable in both TeV and sub-TeV range	
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Choubey, arXiv:0709.1937	

Razzaque and Smirnov, arXiv:1203.5406	

Esmaili, Halzen, and Peres, arXiv: 1206.6903	




νµ	
Sun	  

χ	


ρχ	


velocity	  
distribuPon	  

σscaQ	  

Γcapture	  

ΓannihilaPon	  

ν interacPons	  

annihilaPon	  
channels	  

µ	


Indirect Detection of Dark Matter	


Similar accumulation near Galactic Center, Earth core, and dwarf spheroidal galaxies	
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cc̄, bb̄, tt̄, τ±,W±
, Z,H

±
, H

0 (1)

1



Limits on Scattering Cross Section	


(AMANDA	  data)	  

no excess of high-energy���
neutrinos from Sun	  

WIMP annihilation limit	  

SD cross section limit	  

MSSM branching	

ratios	  

DM density;	

capture rates;	

equilibrium	


Phys. Rev. D 85, 042002 (2012)	
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Galactic Center and halo limits	

•  Probes velocity-averaged 

self annihilation cross-
section	


•  Galactic halo analysis:	

•  IC22 up-going tracks	


•  Galactic Center analysis:	

•  IC40 downgoing tracks	

•  compare with off-

source region	
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WIMP Searches with DeepCore	


•  Densely instrumented core of 
IceCube (30 MTon)	


•  Can use surrounding detector as 
a veto	


•  Allows efficient searches above 
the horizon (Galactic Center)	


•  Lower energy threshold (to ~10 
GeV): can probe lower WIMP 
masses	


Deep	  
Core	  
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GZK Effect	


•  Suppression (“cutoff ”) of high-energy 
cosmic rays due to interaction with 
CMB photons (Greisen-Zatsepin-
Kuzmin)���
���
���
���
	


•  Threshold ~ 6 × 1019 eV	

	


•  Suppression observed in cosmic-ray 
flux consistent with GZK explanation	
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Figure 5: The combined energy spectrum is fitted with two functions (see text) and compared to data from the HiRes instrument [43]. The
systematic uncertainty of the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated by arrows. A table with the Auger
flux values can be found at [44].
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Cosmic ray energy spectrum	


Auger Collaboration, ���
Phys. Lett. B685 (2010) 239���
	




The Neutrino Connection	
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•  GZK process also produces 
UHE neutrinos!	


•  Nuclei will tend to 
photodisintegrate first 
(reduced flux)	


•  New source for SM tests	

–  cosmological baselines probed	

–  energies ~ 1018-1019 eV	


7

FIG. 7: The range of cosmogenic neutrino spectra we find for various chemical species which are consistent with both the
PAO spectrum and Xmax measurements. In each case, we have considered model parameters in the range α = 1.4 − 3.0 and
Emax/Z = 1020

− 1022 eV (although models with Emax/Z below approximately 1021 eV were found to be inconsistent with the
data). In the N+p, Si+p and Fe+p frames, we show the results for combinations of injected nuclei and protons. In each frame,
we show for comparison as a dashed curve the prediction for an all-proton spectrum with α = 2.2 and Emax = 1022 eV. The
solid lines denote the models with the highest and lowest rates predicted in a neutrino telescope such as IceCube.

The disassociated nucleons then interact with the cosmic microwave and infrared backgrounds to produce cosmogenic
neutrinos. In the limit that the cosmic backgrounds are opaque to cosmic ray nuclei, full disintegration occurs and
the resulting cosmogenic neutrino spectrum is not dramatically different from that predicted in the all-proton case
(assuming the cosmic ray spectrum extends to high enough energies to produce protons above the GZK cutoff). In
contrast, if a significant fraction of cosmic ray nuclei remain intact, the resulting flux of cosmogenic neutrinos can be
considerably suppressed.

The predicted neutrino flux depends on the chemical composition and spectrum of the injected cosmic rays. In
Fig. 7, we plot the spectrum of the cosmogenic neutrinos for various scenarios. In each frame, we show the maximal
and minimal neutrino spectra (in terms of the resulting event rate in a neutrino telescope) for a wide range of spectral
parameters (α, Emax and normalization) which were found to be consistent with the PAO measurements of the
UHECR spectrum and elongation rate. We have considered values of these parameters in the range of α = 1.4 to 3.0
and Emax/Z = 1020 to 1022 eV. In the first three frames, we have assumed pure nitrogen, silicon and iron at injection,

Anchordoqui et al., PRD 76 123008 (2007)	


best-fit proton	


range of iron	


GZK neutrino flux models	




Possible New Physics with GZK neutrinos	


	

•  VLI-induced neutrino splitting	


–  modification of spectral shape	

–  see e.g. Mattingly, Liberati et al., arXiv: 0911.0521	


•  Neutrino / dark energy coupling leading to VLI / CPTV	

–  flavor ratio via angular dependence 	

–  see e.g. Ando et al., arXiv:0910.4391	


	

•  Cross section enhancement from large extra dimensions	


–  detection via angular dependence of event rate	

–  see e.g. Connolly,  Thorne, and Waters, arXiv:1102.0691	
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IceCube EHE Neutrino Search	


see	  also	  first	  IceCube	  upper	  limits:	  Phys.	  Rev.	  D	  82,	  072003	  (2010)	  
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•  May 2010 – May 2012 (672.7 days 
livetime)	


•  Primary selection criterion: high NPE	


•  Track reconstruction quality removes 
corner-clippers, coincident CR events	
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Neutrino Candidates	


Two events in unblinded data sample (background estimation: 0.14 events; 2.36σ)	


3 Jan 2012: 96k PE, 312 DOMs	
 9 Aug. 2011: 70k PE, 354 DOMs	
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Event Brightness	


•  No indication that they are 
cosmic-ray muons	


•  ~PeV energy deposit in detector 
(would imply 1-10 PeV neutrinos)	


•  Analysis of energy, directions 
ongoing	
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Conclusions and Outlook	

•  IceCube is completed and is operating well	


•  Atmospheric neutrinos: our high-statistics source	

–  limits on violation of Lorentz invariance	


–  searches for eV-scale sterile neutrino in progress	


•  WIMP searches	

–  MSSM-constraining limits on spin-dependent scattering cross section (via Sun)	

–  competitive limits on self-annihilation cross section (via GC, halo)	


–  extending to dwarf spheroidal galaxies	


•  EHE searches for the cosmogenic neutrinos	

–  no significant excess so far	


–  may eventually provide the next “test beam”	
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