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Neutrino-nucleus interactions

Neutrino cross-sections extensively studied for energies up to 300 GeV with accelerator neutrinos
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At higher energies, lceCube has measured cross-sections between 5 TeV and 104 TeV
but with large uncertainties
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At higher energies, lceCube has measured cross-sections between 5 TeV and 104 TeV
but with large uncertainties

Neutrinos arriving at the Forward Physics Facility have energy distributions peaking
between 100 GeV and 10 TeV. How well can we predict these cross-sections theoretically?
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Neutrino-nucleus interactions

For sufficiently large neutrino energies, their cross-sections can be reliably evaluated in
perturbative QCD in terms of the scattering between partons and weak gauge bosons
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Neutrino-nucleus interactions

Factoring out the purely electroweak scattering and accounting for Lorentz invariance, the
double-differential neutrino-nucleus cross-section is expressed in terms of structure functions

Coyon(© Q% E) G2 ME
dw dQ? drx(Q? + M3,)?

similar expression for NC scattering
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In the domain of validity of pQCD, structure functions admin the usual factorised expression
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For lower Q, structure functions cannot be evaluated from first principles (at least perturbatively)
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Neutrino cross-sections at the TeV scale

A precise and accurate knowledge of neutrino-nucleus cross-sections at the TeV
scale is instrumental to fully exploit the physics potential of the Forward Physics Facility

What do we need to take into account to produce state-of-the-art predictions for TeV neutrino interactions?
¢ Proton and nuclear parton distributions and their associated uncertainties
¢ Higher-order QCD corrections (to the PDFs and DIS coefficient functions)
¢ Heavy quark mass effects (charm and bottom)
¢ Contribution from low-Q region where pQCD is not applicable

¢ Subleading channels: coherent scattering, resonant DIS, neutrino-electron scattering ....
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Subleading processes

Beyond the dominant deep-inelastic scattering channel, several sub-leading
processes contribute to the neutrino-nucleus interaction cross-section

DIS: hard scattering between
quark/gluons and gauge bosons
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Resonant DIS: scattering with

nucleons photon field

& Coherent neutrino DIS with

photon field of nucleus

¢ For Ev>100 TeV,
sub-leading process
add up to up to 15%
of total cross-
section (+ Glashow)

¢ What about lower

energies?
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Glashow resonance: electron-
neutrino scattering at the W pole
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Subleading processes

Beyond the dominant deep-inelastic scattering channel, several sub-leading
processes contribute to the neutrino-nucleus interaction cross-section
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DIS dominates the total cross-section in the FPF range, sub-leading processes < 1%
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Impact of low-Q region

Total cross-section obtained from integrating the differential one over fiducial phase space
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kinematically, Q?min goes down to 0: vary its value to assess sensitivity to low-Q region
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Impact of low-Q region

The Bodek-Yang model is usually adopted to describe low-Q neutrino DIS structure functions

In the few GeV region, three types of neutrino-nucleon interaction:

¢ Deep-inelastic scattering (with large non-perturbative corrections)
& Resonance scattering

¢ Quasi-elastic scattering

The Bodek-Yang model uses effective leading-order PDFs to fit the charged lepton DIS
data (vector SFs) which are then applied to predict neutrino DIS (axial-vector SFs)

2x(Q* + m; + B)

O 0h = fLOME0) &=
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This phenomenological model can then be extended to lower Q than usual pQCD
calculations, though both its accuracy and precision are unknown

e.g. LO PDFs are known to be affected by extremely large perturbative uncertainties
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Impact of low-Q region

The Bodek-Yang model is usually taken to describe low-Q neutrino DIS structure functions
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/;) pQCD calculations of neutrino-nucleon cross-section

In the FPF kinematic region uncertainties related to low-Q scattering up to 15%

Can we reduce model uncertainties and have fully controlled low-Q structure function predictions?



Impact of low-Q region

possible solution: a deep-learning parametrisation of neutrino DIS structure functions
at low-Q which is then smoothly matched to the perturbative QCD calculation
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matching to pQCD can be implemented via Lagrange multipliers
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A ML open-source QCD fitting framework
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This version is used for producing all the publicly released fits for NNPDF4.0.

Preview v

nnpdf-4.0.3.zip

! The previewer is not showing all the files

@ NNPDF-nnpdf-1229126

o [ ciscripts

= [ build-deploy-linux.sh 1.1 kB

= [ build-deploy-osx.sh 966 Bytes

= [ deploy-documentation.sh 878 Bytes
o @ github

« @B workflows

« [Yrules.yml 3.4 kB

o [ .gitignore 5.0 kB
o [ .pylintrc 15.1 kB
o [ .travis.yml 3.6 kB
o [ CMakeLists.txt 9.2kB

53 1

@ views & downloads

See more details...

Available in

GitHub

Indexed in

OpenAlRE

Publication date:
September 1, 2021

DOI:

DOI 10.5281/zenodo.5362229

The NNPDF machine learning fitting framework has been publicly released open
source, together with extensive documentation and user-friendly examples. Many

opportunities for new studies within the FPF community
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higher-order QCD and PDF uncertainties

Higher-order QCD corrections to neutrino DIS are small: good perturbative stability
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What about nuclear PDF uncertainties? FPF neutrinos scatter on a heavy nuclear target

V“ - Niso NC

-------------
~——
-~
~
~
~
~

—
-
-
-
-
\\\\\
~ -
e ——————T

| Emm BGR18 (proton PDFs)
i BGR18 (nuclear PDFs)

4 6 8
log1o(E[GeV])

Nuclear PDF
errors also in
few % ballpark



higher-order QCD and PDF uncertainties

Kinematic coverage
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Heavy quark mass effects

Mass corrections to s -> ¢ & ¢ -> s transitions are important to describe heavy

quark structure functions in CC neutrino DIS. Computed up to NNLO QCD
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Charme-initiated processes will be enhanced
for a non-zero intrinsic charm component,
as favoured by global NNPDF4.0 analysis
and LHCb Z+charm data
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CC, ref.
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Heavy quark mass effects

top quark mass effects associated to the b -> t transition become important for Ey>10 TeV
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Bulk of the differences between CMS11 and BGR18 traced

back to ZM-VFN vs GM-VFN treatment of the b ->t
transition respectively (up to 20% effect at high-E)

Small effects for FPF kinematics



Neutrino cross-sections @ FPF
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Calculations of FPF neutrino
cross-sections require:

& pQCD calculations with NNLO
QCD corrections and heavy
guark mass effects

& State-of-the-art determinations
of proton and nuclear PDFs

& Smooth, robust matching to the
low-Q region (data-driven):
current limiting factor

& Accounting for sub-leading
scattering processes

Goal: theory uncertainties
down to few % level in full
FPF kinematic range



Summary and outlook

¢ Neutrino interactions at the Forward Physics Facility probe a new range of scattering
energies, intermediate between current accelerator data and neutrino telescopes

& Theoretical predictions in this energy range must take into account several factors, from proton
and nuclear structure to higher order QCD and heavy quark mass corrections, as well as
the contribution from subleading scattering channels

& Dominant source of uncertainty is modelling of low-Q region, where data-driven
parametrisation matched to pQCD could be deployed to enhanced precision and accuracy

relevant also for many other neutrino experiments!
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