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2. Standard Oscillation Framework 
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3. Open Questions 

•Precision:  
 
•Determination: 
 
•Fundamental: 

My Focus: NSI and MH 

Normal Hierarchy (NH) 

Inverted Hierarchy (IH) 
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4. Non-Standard Interactions 

νμ 

ντ 
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4. NSI: Motivation 

• Reasons to study NSI: 

– Sub-Leading Phenomena 

• Does the SM explain everything we see? 

– The Standard Model is an Effective theory 

• NSI is Beyond the SM physics 

• The quest for new physics and fundamental answers  

• Methods to study NSI: 

– Model Building  

• Seesaw, Zee-Babu, … 

– Phenomenological / Effective Theory 
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4. NSI: Formalism 

Wolfenstein.  Phys. Rev. D17, 2369 (1978) 
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4. NSI: Formalism 
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• 3 Types of Bounds: 

– Indirect (GF , CKM unitarity, Pion decay, …) 

•   

– Simplified, one NSI/one experiment analysis 
(SuperK, Minos, …) 

•   

– Global Fit To Oscillation Data (3σ) 

•    

• NSI are constrained at the 1% to 10% level 

– Believable (not too big) 

– Experimentally reachable (not too small) 

4. NSI: Bounds 

Adamson et al. arXiv:1303.5314 [hep-ex] 
Mitsuka et al. arXiv:1109.1889 [hep-ex] 

Gonzalez-Garcia et al. arXiv:1307.3092 [hep-ph] 

Biggio et al. arXiv:0907.0097 [hep-ph] 
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4. NSI: Experimental Context: ICDC 

High Statistics 

Muon tracks 

E>6GeV 

IceCube Science Team - Francis Halzen, Dept of Physics, University of Wisconsin 
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4. NSI: ICDC – Atmospheric Neutrinos 
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4. NSI: ICDC – Number of Muons 
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4. NSI: ICDC: Mass, Cross Section & Flux 

• Detector mass:  
IceCube Collaboration. arXiv:1109.6096 [astro-ph] 

• Cross Section:  
GQRS. arXiv:9512364 [hep-ph] 

• Atmospheric Neutrino Flux:  
Honda et al. arxiv:0611418 [astro-ph] 
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4. NSI: ICDC – PREM 

Dziewonski et al. Phys. Earth Planet. Inter., 25 (1981), 297 

Mantle : ∆θ2 

Core : ∆θ1 

Outer Mantle  
and Crust: ∆θ3 
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5. One NSI: Oscillation Probability  

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Analytics 
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5. One NSI: Analytics 
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5. One NSI: Analytical vs. Numerical 

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Mass Hierarchy Implications 

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Mass Hierarchy Implications 

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Chi Squared 

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Chi Squared 

I. Mocioiu & W. Wright. arXiv: 1410.6193 [hep-ph] 
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5. One NSI: Summary 

• Non standard neutrino interactions: 

– are important for the investigation of new physics 

– have significant effects on Neutrino Oscillation 

•          is sign asymmetric (unlike other NSI) 

– Seen in numerical results 

– Well described by analytical solutions 

• This asymmetry has mass hierarchy implications 

– Partial degeneracy between          and mass hierarchy 

– Potential for Hierarchy misidentification 

– Can separate effects with careful energy bin choices 
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6. Many NSI: Analytics 
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6. Many NSI: Analytics 
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6. Many NSI: Oscillation Probability 

I. Mocioiu & W. Wright. arXiv: 1508.xxxx [hep-ph] 
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6. Many NSI: Oscillation Probability 

Friedland, Lunardini & Maltoni  arXiv:hep-ph/0408264v2 
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6. Many NSI: Analytics: Extrema 
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6. Many NSI: Parameter Selection 

I. Mocioiu & W. Wright.  
arXiv: 1508.xxxx [hep-ph] 
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6. Many NSI: Parameter Selection 

I. Mocioiu & W. Wright.  
arXiv: 1508.xxxx [hep-ph] 
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6. Many NSI: Muons at ICDC 

I. Mocioiu & W. Wright. arXiv: 1508.xxxx [hep-ph] 
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6. Many NSI: Chi Squared 
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6. Many NSI: Chi Squared 
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6. Many NSI: Chi Squared 
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6. Many NSI: Chi Squared 
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6. Many NSI: Chi Squared 
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6. Many NSI: Chi Squared 

I. Mocioiu & W. Wright. arXiv: 1508.xxxx [hep-ph] 
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6. Many NSI: Summary 

• Many NSI introduce complicated degeneracies: 

– In particular, there are regions in NSI parameter space 
that predict the same muon signal as a “no NSI” theory. 

• Degenerate region: 

– Derived via approximate analytical solution 

– Characterized by parametric curve 

– In agreement with numerical results 
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8: Next Steps 

• Improve analysis of this potential new physics by: 

• Better Chi Squared from: 

– Multiple data sources and observables 

• Extend analysis by: 

– Explore NSI impact on CP phase discovery 

– Investigate effects of NSI phases 

 

Thank you – Questions? 


