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1. Introduction
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IceCube detector
- 60 DOMs per string, ~17 m apart
- 79 strings, ~125 m apart
- 7 strings, 60 DOMs 7 m apart closer (DeepCore)

DeepCore
- Low energy (< a few 100 GeV)
- Track energy by range (ionization)

IceCube
- High energy (> 50 TeV)
- Energy by shower (radiation)



IceCube detector
- 60 DOMs per string, ~17 m apart
- 79 strings, ~125 m apart
- 7 strings, 60 DOMs 7 m apart closer (DeepCore)

DeepCore
- Low energy (< a few 100 GeV)
- Track energy by range (ionization)
- Track vs. Cascade

IceCube
- High energy (> 50 TeV)
- Energy by shower (radiation)
- Track vs. Cascade vs. Double cascade
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~50m•E/PeV
IceCube, ArXiv:2011:03561



Atmospheric and astrophysical neutrino flux
- Conventional atmospheric neutrinos (<50 TeV)
- Prompt atmospheric neutrinos (>50 TeV)
- High-energy astrophysical neutrinos (>50 TeV)
- Comic neutrinos (>???)
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Earth absorption
- Around 50 TeV, neutrinos have ~50% survival chance to penetrate the Earth diameter
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IceCube, Nature551(2017)596



DeepCore analysis
- below a few 100 GeV
- ~35 GeV is the first oscillation maximum for the Earth diameter
- Similar tools (GENIE) with LBL experiments
- Similar topics (numu disappearance, tau appearance) with LBL experiment

2. Low-energy cross section analysis
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IceCube, PRD99(2019)032007



IceCube analysis
- CSMS model (iso-scalar, NLO PDF) 
- Weighted averaged of numu and anti-numu
- Target, surrounding rock and ice
- analysis is based on the forward folding
- flux spectrum index (∝ E-g), g=2.42±0.02
- DIS xs is not linear from ~10 TeV

3. High-energy cross section analysis with through-going events
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IceCube, Nature551(2017)596 CSMS model = Cooper-Sarkar,Mertsch,Sarkar, JHEP08(2011)042



IceCube analysis
- CSMS model (iso-scalar, NLO PDF) 
- Weighted averaged of nu and anti-nu, for all flavors
- Target, fiducial volume ice
- analysis is based on the forward folding
- flux spectrum index (∝ E-g), g=2.9±0.2
- new physics model from ~ PeV

3. High-energy cross section analysis with fully-contained events
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IceCube, PRD99104(2021)022001 CSMS model = Cooper-Sarkar,Mertsch,Sarkar, JHEP08(2011)042



IceCube analysis
- CSMS model (iso-scalar, NLO PDF) 
- Target, surrounding rock and ice
- Fit muon track and hadronic shower
- Parameterize inelasticity, ∝(1+e(1-y2))yl-1

- flux spectrum index (∝ E-g), g=2.62±0.07

4. High-energy neutrino inelasticity
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IceCube, PRD99(2019)032004
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5. Glashow resonance
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IceCube, Nature591(2021)220 CSMS model = Cooper-Sarkar,Mertsch,Sarkar, JHEP08(2011)042

IceCube analysis
- Resonance on-shell W production at 6.9 PeV
- Only electron anti-nu (flavor and charge sensitive)
- Cherenkov cone front has hits faster than c (=muon)

𝑠 = 14𝑇𝑒𝑉



6. Nuclear effect?
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Klein,Robertson,Vogt,PRC102(2020)015808

Nuclear effect for high-energy neutrinos, nPDF EPPS16
- non-isoscalar effect, 
- Anti-shadowing (~2%) below 500 TeV
- Shadowing (~4%) above 500 TeV
- So far not included in any analyses



6. Pion productions in astrophysical neutrinos?
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Multi-messenger astronomy
- Astrophysical neutrino flux is predictable from gamma-ray astronomy

Cosmic neutrinos
- From GZK cutoff (not confirmed)
- ~30EeV proton + 2.7K photon
- Race for the first detection,  flux prediction (including nuclear target) is very important

Gao,Fedynitch1,Winter, Pohl, Nature Astronomy 3(2019)88
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