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Outline	


1.  Motivation and available 
neutrino sources	


2.  Atmospheric neutrinos	


3.  AMANDA and IceCube	

–  violation of Lorentz invariance	


–  sterile neutrinos	


–  mass hierarchy 	


4.  Cosmogenic neutrinos	
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Neutrino Sources	


•  Neutrinos as new physics 
probes?	

–  only known physics beyond SM	

–  high energy	

–  long baselines	

–  high Lorentz boost (> 1011)	


•  All high-energy fluxes connected 
with cosmic rays���
	


•  Challenges:	

–  low cross section and/or low fluxes	

–  absolute fluxes often uncertain	

–  “test beam” is astrophysical	
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Becker, Phys. Rep. 458, 173 (2008)	
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Fig. 1. The astrophysical neutrino spectrum including different source predictions
ranging from meV up to EeV energies. Point source fluxes have been scaled by
1/(4π) in order to be comparable to diffuse spectra. Figure after [Kos92, Rou00].
The individual spectra are explained and referenced in the text. The atmospheric
prediction, averaged over the solid angle, is taken from [Vol80], the atmospheric data
are from the Fréjus experiment [D+95] (red squares) and from the AMANDA
experiment (blue circles) [M+07, Mün07]. The fluxes based on mere predictions are
shown as dashed lines. The solid lines represent those fluxes already measured.
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Atmospheric Neutrinos	


•  Produced in cosmic ray 
interactions, charged pion/
kaon decay	


•  Below ~50 GeV: mass-
induced oscillations!���
���
���
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Figure from Los Alamos Science 25 (1997)	




Neutrino Oscillations	


•  Evidence (SuperK, SNO) that 
neutrinos oscillate flavors���
(see e.g. hep-ex/9807003)	


•  Mass and weak eigenstates not 
the same (mixing angle(s))	


•  Implies weak (flavor) states 
oscillate as they propagate 
(governed by energy differences)	


Figures	  from	  Los	  Alamos	  Science	  25	  (1997)	  
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Oscillation Probability	
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Example 1:  Violation of Lorentz Invariance	


•  Lorentz symmetry violation possible in various quantum gravity 
formulations	


•  “Fried chicken” VLI = modified dispersion relation*: ���
	


•  Different maximum attainable velocities ca (MAVs) for different particles: ���
 ΔE ~ (δc/c)E	


•  For neutrinos: MAV eigenstates not necessarily flavor or mass eigenstates ⇒ 
mixing ⇒ VLI oscillations	


*	  see	  Glashow	  and	  Coleman,	  PRD	  59	  116008	  (1999)	  



VLI + Atmospheric Oscillations	


•  For atmospheric ν, conventional oscillations turn off above ~50 GeV 
(L/E dependence)	


•  VLI oscillations turn on at high energy (L E dependence), depending on 
size of δc/c, and distort the zenith angle / energy spectrum (other 
parameters: mixing angle ξ, phase η) ���
	


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




VLI Atmospheric νµ Survival Probability	


maximal mixing, δc/c = 10-27	
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AMANDA and IceCube	
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Detection Principle	
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AMANDA-II	


IceCube	


skiway	


South Pole Station	


Geographic	

South Pole	


Amundsen-Scott ���
South Pole Research Station	
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Eprimary ~ 1 EeV	
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Current Experimental Status	


2000-2006 AMANDA neutrino skymap	


•  No point sources (yet) ���
	


•  Large sample of atmospheric muon 
neutrinos���
 	


–  AMANDA-II:  6500 events in 7 years, ���
energy range: 0.1-10 TeV	


–  One year of IceCube 22-string data: ~5700 
neutrino candidates	


–  One year of IceCube 40-string data:  
~14000 neutrino candidates ���
 	


June 26, 2009 18:44 WSPC/INSTRUCTION FILE
DeYoung˙MPLA˙IceCube

Neutrino Astronomy with IceCube 9

Fig. 4. Map of the pre-trials p-values obtained from an unbinned point source search using the 22-
string 2007 IceCube data set. Dots indicate the individual events used to calculate the significances.
The probability of observing in signal-free maps a point at least as significant as the brightest spot
in this map is estimated to be 1.34%, insufficient to reject the background hypothesis.
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Fig. 5. Average 90% C.L. upper limit on the νµ + ν̄µ flux (assuming flavor equality) from a point
source as a function of declination, compared to predictions for IceCube and ANTARES.

is not sufficient to reject the background-only null hypothesis.
The sensitivities of the two all-sky searches are compared in Fig. 5, for νµ fluxes

dN/dE ∼ E−2. Predicted sensitivities for one year of operation with the full IceCube
and with ANTARES44 are also shown. One year of operation with only one quarter
of the full IceCube array already provides a sensitivity significantly surpassing that
of the seven-year AMANDA-II data set. This sensitivity will increase rapidly as
IceCube construction is completed, so if the “hot spot” seen in the IC22 sky map
were indicative of a neutrino source rather than simply a background fluctuation,
the source would be definitively detected in the very near future.

22-string IceCube neutrino skymap (2007)	


PRD 79 062001 (2009)	  

arXiv:0905.2253	  
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Simulated Observables ���
(AMANDA 2000-2006)	


reconstructed zenith angle	

Nchannel (energy proxy)	


VLI signature: deficit of muon neutrinos at high energy, near vertical	
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Results: Observables ���
(AMANDA 2000-2006)	


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


zenith angle	
 number of OMs hit	
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FIG. 6: Zenith angle and Nch distribution of candidate atmospheric neutrino events in the final sample, compared with Barr
et al. [46] and Honda et al. [13] predictions (statistical error bars).

TABLE III: 90% CL upper limits from this analysis on VLI
and QD effects proportional to En. VLI upper limits are for
the case of maximal mixing (sin 2ξ = 1), and QD upper limits
are for the case of D∗

3 = D∗
8 = D∗

6 = D∗
7 .

n VLI (∆δ) QD (D∗) Units

1 2.8 × 10−27 1.2 × 10−27 –

2 2.7 × 10−31 1.3 × 10−31 GeV−1

3 1.9 × 10−35 6.3 × 10−36 GeV−2

C. Determination of Atmospheric Flux

In the absence of evidence for violation of Lorentz in-
variance or quantum decoherence, we interpret the atmo-
spheric neutrino flux in the context of Standard Model
physics only. We use the likelihood analysis to perform
a two-parameter forward-folding of the atmospheric neu-
trino flux to determine the normalization and any change
in spectral index relative to existing models. As de-
scribed in section IVD, we test hypotheses of the form

dΦ

dE
= (1 + α1)

dΦref

dE

(

E

Emedian

)∆γ

, (13)

where dΦref/dE is the differential Barr et al. or Honda
et al. flux.

The allowed regions in the α1-∆γ parameter space are
shown in Fig. 9. We display the band of allowed energy
spectra in Fig. 10, where we have constructed the al-
lowed region by forming the envelope of the set of curves
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FIG. 7: 90%, 95%, and 99% CL allowed regions (from dark-
est to lightest) for VLI-induced oscillation effects with n = 1.
Note we plot sin2 2ξ to enhance the region of interest. Also
shown are the Super-Kamiokande + K2K 90% contour [19]
(dashed line), and the projected IceCube 10-year 90% sensi-
tivity [68] (dotted line).

allowed on the 90% contour in Fig. 9. The energy range
of the band is the intersection of the 5%-95% regions of
the allowed set of spectra, so restricted in order to limit
the range of our constraints to an energy region in which

Results: VLI upper limit	


•  SuperK+K2K limit* (red dotted): ���
���
	
δc/c < 1.9 × 10-27 (90%CL)	


•  AMANDA 2000-2006 data: ���
���
	
 δc/c < 2.8 × 10-27 (90%CL)	


•  Constrains interpretations of 
OPERA result ���
(see e.g. arXiv:1109.5917)	


90%, 95%, 99% allowed CL	


excluded	


*González-‐García	  &	  Maltoni,	  PRD	  70	  033010	  (2004)	  

maximal mixing	
Abbasi et al., PRD 79, 102005 (2009)	
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Example 2: Sterile Neutrinos	


•  Missing ingredient in 
SM: neutrino mass	
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Neutrino oscillations

Experiments on neutrino oscillations determined twomass differences
between neutrino mass states.

Oleg Ruchayskiy WHAT DO WE KNOW ABOUT DM? 29



Example 2: Sterile Neutrinos	


•  Missing ingredient in 
SM: neutrino mass	


•  Extend with right-
handed ν	


•  No SM interactions 
(“sterile”), but can 
participate in 
oscillations	
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Sterile neutrinos?

Experiments on neutrino oscillations determined twomass differences
between neutrino mass states

The most natural explanation of neutrino
experiments – right-chiral neutrinos in the
Standard Model

Oleg Ruchayskiy WHAT DO WE KNOW ABOUT DM? 30

figure: O. Ruchayskiy	




Hints of Sterile Neutrino(s)?	


•  Oscillation data	

–  LSND���

Aguilar et al., PRD 64 112007 (2001)	

–  MiniBooNe���
	


•  Reactor “antineutrino 
anomaly”���
Mention et al., PRD 83 073006 (2011)	


•  Dark matter?  Pulsar kicks?  
Cosmology (SPT)?	


•  Not a magic bullet	

–  see e.g. Hamann et al. (arXiv:1108.4136)	
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!m2 range and consistent with the allowed region reported
by the LSND experiment [1]. Additional running in anti-
neutrino mode is expected to approximately double the
current number of POT.
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Sterile MSW Resonance	


•  Matter effects can enhance 
oscillations (MSW effect)	


•  Resonant O(1 eV) sterile 
neutrino oscillation in 
atmospheric neutrinos	


–  see e.g. Choubey JHEP 0712, 014 (2007) ���
	


•  Observable in IceCube! ���
(with control of systematics)	
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ZENITH - ENERGY

Warren Huelsnitz, private communication

example

Tuesday, February 8, 2011

courtesy W. Huelsnitz	


Figure 1. Zenith distribution cos(θZ) of atmospheric neutrinos from [11]. On the left :
Simulation has been normalized to the data. Error bars for data are statistical only. Error bars
for simulation indicate the uncertainty in the shape of the predicted distribution (normalization
uncertainty has been removed). These error bars do not include certain simulation errors
discussed in the text. On the right : Illustration of the impact of adding a sterile neutrino
into the conventional 3-flavor scheme on the cos(θZ) distribution. For this particular model
(green lines), ∆m2

41 = 0.4 eV2, sin2θ24 = 0.1, and sin2θ34 is varied from 0 to 0.5 in increments
of 0.1. Green and black lines include standard atmospheric neutrino oscillations and detector
acceptance. (credit: A. Esmaili, Universidade Estadual de Campinas, Brazil).

However, before addressing the question of whether the data support evidence for a sterile
neutrino, we are investigating the consistency between the data and expectation and the
correctness of the model implemented in simulation. Given the high statistics, the focus is on the
systematics of the experiment. The systematic issues are being studied with renewed emphasis;
up to now, our priority has been the search for neutrino sources beyond the atmosphere, analyses
where the simulation of the background is done using the data themselves. We discuss the status
of this effort that will also result in improved sensitivity to, for instance, diffuse limits on cosmic
neutrinos.

2. Atmospheric Neutrinos
2.1. Zenith Distribution
Figure 1 compares the observed to the predicted distribution of atmospheric νµ (plus ν̄µ) from
data taken while IceCube operated in a partially completed 40-string configuration. Since the
uncertainty in the normalization is large (see Ref. 11), it is more interesting to examine the shape
of the zenith distribution. In Fig. 1, the predicted distribution has been normalized to the event
rate in data. This plot is similar to Fig. 19 of Ref. 11, except shape uncertainties are included
for the predicted flux. These shape uncertainties include contributions from uncertainty in the
ratio of pions to kaons produced by the cosmic ray flux, uncertainties in the spectral slope of the
cosmic ray flux, and uncertainties in the simulation of DOM sensitivity and ice properties. See
[10, 11] for further discussion of systematic uncertainties associated with atmospheric neutrino
measurements with the 40-string IceCube detector. Some of these uncertainties will be reduced
as the detector and irreducible systematic uncertainties are better understood. It is important
to note that uncertainties due to problems with simulation for the 40-string detector, recently
discovered and discussed below, are not included in these error bars.

Several possibilities have been explored to resolve the apparent mismatch between data and

courtesy A. Esmaili and F. Halzen	


= 0 to 0.5	




Example 3: Neutrino Mass Hierarchy	


1 Dec 2011	
 J. Kelley, UH Manoa	
 22	


Normal	
 Inverted	




DeepCore and PINGU	
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•  DeepCore (completed) 	

–  30 MTon sub-detector	

–  ~10 GeV threshold	

–  IceCube acts as a veto	

–  O(100k) physics quality 

atmospheric ν/yr���
	


•  PINGU-I (proposal in 
progress)	

–  20 more strings	

–  ~1 GeV threshold	

–  access to more oscillation 

minima	




Sensitivity to Hierarchy	
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10σ effect in several bins... but does not yet include analysis efficiencies!	

	

Depends strongly on size of θ13 (T2K results promising)	




An Aside on Systematics: Ice	
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Dust	  concentraOon	  (a.u.)	  

Age	  (kyr)	  



Dust Absorption via Muon Timing Residuals	
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Dust layers “washed out” in old ice model!	




Present: Global Fit to Flasher Data	
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D. Chirkin	


Two generations of ice model later: 	

	
much better agreement with data, fine structures resolved	


	

Simulation includes photon propagation through ice using GPU cluster	
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Neutrino Spectra	


New “test beam”: ���
cosmogenic neutrinos!	
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Fig. 1. The astrophysical neutrino spectrum including different source predictions
ranging from meV up to EeV energies. Point source fluxes have been scaled by
1/(4π) in order to be comparable to diffuse spectra. Figure after [Kos92, Rou00].
The individual spectra are explained and referenced in the text. The atmospheric
prediction, averaged over the solid angle, is taken from [Vol80], the atmospheric data
are from the Fréjus experiment [D+95] (red squares) and from the AMANDA
experiment (blue circles) [M+07, Mün07]. The fluxes based on mere predictions are
shown as dashed lines. The solid lines represent those fluxes already measured.
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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	


•  Pion decay results in neutrinos	
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Berezinsky	  et	  al.	  2007	  
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Figure 1: Solid line: loss length
for photo-pion and photo-pair pro-

duction for protons 2,3. The
dashed lines report the separate
contributions of the two processes.
The dotted line shows the redshift

losses.
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Figure 2: Modification factors as a function of the energy for many-
source spectrum with γ = 2.1 (solid lines) and γ = 2.7 (dashed
lines). The sources are uniformly distributed up to the indicated

distances. After Ref. 2.

The last important mechanism which dominates near and below the pair production thresh-
old is redshifting due to the expansion of the universe. Fig. 1 shows the loss lengths for pion
and pair production as calculated in Ref.2.

It is worth stressing that what has been named the GZK cutoff is in fact a feature 4 as
the shape of the energy spectrum around 1020 eV depends on many unknowns. The modifica-
tions of the spectrum shape due to the above-mentioned loss processes was first investigated
by Berezinsky and Grigorieva in Ref. 2. They calculated the modification factor (basically the
observed spectrum divided by the injection spectrum) for a uniform distribution of sources up to
a maximum distance dmax. Fig. 2 shows their results for sources without cosmological evolution,
m = 0, for some values of the maximum distance of the sources. For large dmax, which is the
case we are interested in, the spectrum shows a steepening followed by a flattening and then by
a suppression. The flattening is due to the interplay between the features produced by the pair
and pion production processes and it is an important feature for these spectra since it has a
characteristic shape. There are claims that this feature has been observed in the experimental
data2, although it is not yet clear if the feature in the data is due to this effect or if it is due to
the transition between the galactic and extra-galactic components.

It is important to stress what we said above: what is generically called GZK-cutoff is actually
a feature as the spectrum does not end at 1020 eV (see Fig. 2), but has a flux suppression that
depends on many details such as the injection spectrum of cosmic rays, the luminosity evolution
of the sources, the local overdensity of sources and the magnetic field strength in the intergalactic
medium. As an example, including the luminosity evolution makes the sources at high redshift
brighter that the nearby ones and this enhances the flux suppression, while a local overdensity
of sources has the opposite effect 4; a flatter spectrum produces a lesser attenuation than a
steeper one and the strength of the magnetic field in the intergalactic medium con produce
many interesting features, see for example Ref.5.

2.2 Heavy Nuclei

For nuclei the situation is slightly different: the dominant loss process above about 1019 eV is
photodisintegration in the CMB and IR background (IRB) due to the giant dipole resonance,

e+e-‐	  

photopion	  

proton loss length	




The Neutrino Connection	
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•  GZK process also produces UHE 
neutrinos!	


•  Nuclei will tend to 
photodisintegrate first (reduced 
flux)	


•  UHE “test beam” for new physics 
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	




Askaryan Emission	


	

•  Coherent radio pulse from charge 

excess (60-1000 MHz) in neutrino-
induced showers	


•  Radiation characteristics confirmed in 
sand, salt, and ice ���
(see e.g. Gorham et al., PRL 99:171101,2007)	


	

•  Cold ice is exceptionally RF-

transparent	


•  Radio is scalable to very large arrays	
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ARA: Askaryan Radio Array	


•  80 km2 radio-frequency 
UHE neutrino detector	


•  Cosmogenic neutrino 
rates up to 25 events / 
year	


•  Iron UHECR: ~1 ev/yr	
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ARA Sensitivity	


•  ARA primary scientific 
goal: determine absolute 
flux level	


•  Combine with cosmic ray 
experiments to pin down 
astrophysical unknowns	


•  A larger-scale experiment 
necessary to:	


–  measure spectrum	

–  flavor identification	
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Physics with Cosmogenic 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 measurement	


–  large extra dimensions / black hole production	
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Neutrino Cross Section with ARA	
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FIG. 9. Cross sections for νN interactions in models with extra space-time dimensions compared with the SM νN
cross sections. The gray band surrounding the SM cross sections are the uncertainties presented in this paper.
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FIG. 10. Predicted θz distributions for 100 neutrino events observed by ARA for the SM and the four different EDMs
shown in Figure 9.

We use the following likelihood ratio to discriminate between the two hypotheses [42]:

− 2 lnQ = −2 ln
L [ !np | !µ(σSM + σEDM) ; xmin, ND,MD ]

L [ !np | !µ(σSM) ]
(21)

where

− 2 lnL = 2
N
∑

i=1

[

µi − np,i + np,i ln
np,i

µi

]

. (22)

The parameters for the EDM models are defined in Section III D. Equation 22 is evaluated separately

Connolly,  Thorne, & Waters, PhysRevD.83.113009 (2011)	




Summary	


•  IceCube (+extensions): neutrino physics using the atmospheric 
neutrino spectrum	

–  searches for Lorentz violation	

–  searches for sterile neutrinos	

–  neutrino mass hierarchy	


•  ARA will extend the search using cosmogenic neutrinos	

–  neutrino splitting, dark energy coupling	

–  cross section measurement	


•  Not just “exotic” physics	

–  neutrino energy spectra, oscillation parameters	


•  Astrophysical neutrino sources mean even more opportunities	
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Thank you!	
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