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High-energy neutrino deep inelastic scattering

* IceCube Neutrino Observatory

* Earth absorption and cross section measurement

* Inelasticity distributions

 Future Possibilities with IceCube-Gen2




Neutrino Deep Inelastic Scattering

* Atenergies above ~10 GeV,
neutrinos probe the quark and
gluon structure of the nucleon

 Kinematic variables:
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Cross Section & Kinematic Ranges

* At high energy, weak boson propagator causes Q% ~ M3, ~ 6 X 104 GeV?2

10° GeV)

*  Typically x ~ 10_3( -
v

e Ultra-high-energy neutrinos probe low-x gluon structure where uncertainties
are high and saturation may be important. Nuclear shadowing at low-x?

e Differential cross section: Gluon PDFs:
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Cross Section Calculations

* Total uncertainty on neutrino-
nucleon DIS cross section
typically no more than a few %
from proton PDFs alone

e Uncertainties from c,b,t quark
masses & nuclear shadowing not
yet fully quantified at NLO at high
energies

* |ceCube uses HERAPDF1.5 ca.
2011, updated calculations are
needed
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JHEP 08 (2011) 042
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Cross Section Measurements

e Accelerator based neutrino
cross section measurements
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IceCube Neutrino Observatory
- S — T—

IceCube Laboratory ‘ 86 strings of DOMs,
Data is collected here and : set 125 meters apart

sent by satellite to the data
warehouse at UW-Madison
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Neutrino Interaction Signatures

Through-going Track Starting Track
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Atmospheric and Astrophysical Neutrinos

* |ceCube detects mostly Cosmic ray | '
atmospheric neutrinos below Astrophysical
10° GeV v

« Above 10° GeV, mostly
astrophysical neutrinos are Atmospheric v
detected

* Both can be absorbed as they
pass through the Earth
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Earth Absorption

e Energy/zenith angle-dependent absorption can be used to
measure total cross section
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Cross Section Measurement (2017)
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Cross Section with Starting Tracks/Showers

« Sample of 103 starting tracks/showers up to 2 PeV
e Better energy resolution, but showers have poorer direction resolution

* Binned cross section results
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Inelasticity of Starting Tracks

Yvis = 0.08

* Inelasticity of starting tracks can
be determined from the energy
loss profile in the detector

e Difficult to disentangle hadronic
shower and stochastic losses
from muon

Reconstructed: E... = 64 TeV, E,.x = 724 TeV
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Energy/Inelasticity Resolution
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Inelasticity Distributions

1039 GeV < E, < 1007 GeV WP GeV < B, < 10700 GeV WA GeV < B, < 1009 GeV
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* 2650 starting
tracks analyzed 3]
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e Reconstructed
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Mean Inelasticity Neutrino

* Mean inelasticity also 0.7
agrees with atmospheric
flux average between 00
neutrinos/anti-neutrinos 0.5-: -
up to > 100 TeV _04- —
=
* Neutrino/anti-neutrino 0.3
ratio 770 GeV to 21 TeV
— +0.44 0.21 v CSMS
*R=0.772025 7 CSMS
 Can be used to tune o Flux-averaged CSMS
models in cosmic ray air | B, (GeV) |

shower simulations
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Neutrino-Induced Charm Production

e Charm production interactions
have distinct inelasticity 10
distribution
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Charm Interactions in Ice

 Charm interactions are occurring ¢ Charm production, semi-leptonic decay
in IceCube’s sensitive energy

veN — eX{ D" * — e X1 Xopr,
range

. * Interactions suppress event rate
e Critical energy of charm hadrons
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IceCube-Gen2

e |ceCube upgrade planned with
10x instrumented volume and
more sensitive optical sensors

* Neutrino energies up to
1017 eV may be observed, equal
to 14 TeV LHC center-of-mass
energy

“IceCube-Gen2:
A Vision for the Future of 19
Neutrino Astronomy in Antarctica” arXiv:1412.5106
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Potential Topics with IceCube-Gen2

* Precision cross section 10 PeV
measurements, tests of low-x '
saturation models g veb — e
e Neutrino-induced s
charm/bottom/top quark Phys. Rev. D 95,
production 093002 (2017)
e Non-DIS interactions: e
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* Physics beyond the standard —
model ke L2021 (3006
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Radio Neutrino Detection

* New techniques needed to make
detection of neutrinos above
1017 eV a routine occurrence

* Askaryan Effect: Coherent radio
emission from electromagnetic
showers in ice

 ARA/ARIANNA/ANITA
experiments have demonstrated
the technology

* Inelasticity of v, could be
measured from elongated
showers due to the LPM effect
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Summary

* Ultra-high-energy neutrino interactions are sensitive to low-x nuclear
structure and physics beyond standard model

* Uncertainties in high-energy neutrino DIS not fully quantified yet

e Earth absorption can be used to constrain total cross sections up to
~ 10> eV with IceCube

* Inelasticity distributions in IceCube agree well with current
calculations, and are sensitive to heavy flavor production &
interaction physics

* |ceCube-Gen2 and radio detection will allow more powerful studies at
the most interesting ultra-high neutrino energies around ~ 1017 eV
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