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Overview of neutrino-nucleus interactions

1. Overview of neutrino-nucleus
interactions
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Neutrino-nucleon CC interactions

Neutrino interaction models
lead to a large uncertainty
for cross-section and
neutrino oscillation
measurements.

Neutrinos interact with
matter via different channels
depending on the incident
neutrino energy.

Figure: Figure adapted from G. Zeller
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Neutrino-nucleon CC interactions

Figure: Figure adapted from G. Zeller & M. Kabirnezhad
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Neutrino-nucleon CC interactions

For the CCQE
case, the neutrino-
nucleon interaction
model is known
and has been used
for a long time.
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Neutrino-nucleus interactions

Neutrino-nucleus interactions are more complex and not well
modelled in experimental settings.
The presence of the nuclear medium means that there are lots of
effects that happen within the nucleus. They are often not taken into
account in-house but added on at the end.
There are also secondary interactions that occur only with the
final-state particles called final-state interactions (FSI).

Figure: Figure by S. Dolan
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Current approximations used in the field

Theorists need to employ
various approximations in
order to reduce the
complexity of the problem.

The following diagram
illustrates the Born
Approximation and the
Impulse Approximation.

The impulse approximation
allows the breakdown of the
interaction into three
components: elementary
vertex, nuclear framework,
and the FSI.

Figure: Figure adapted from R. Gonzalez
Jimenez
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What is the goal of a calculation?

We want to calculate the cross section, which is proportional to the
contraction of the leptonic and hadronic tensors.
The hadronic tensor is computationally expensive and is found using
the following equation.
Thanks to the impulse approximation, it breaks down into three
simple parts: bound state, operator and scattered state.
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2. Model Overview

2. Model Overview
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Model Overview

Bound state: uses Relativistic Mean Field (RMF) Theory in order
to obtain the bound state wavefunctions.

Operator: we have the Elastic/QE operator.

Scattered state: Distorted Wave.
Calculates the solution to the Dirac equation with the potential that
we supply (Relativistic Optical Potential, RMF, no potential).

Distorted Wave model can incorporate elastic FSI.
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3. Relativistic Mean Field Theory

3. Relativistic Mean Field Theory
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12C bound state potentials

RMF theory enables one to obtain the bound state wavefunctions and
bound state nuclear potentials for the hadronic tensor calculation.

One can carry these potentials forward to the scattered state to
essentially supply an interacting potential. This is currently not
done in some neutrino event generators.
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12C bound state wavefunctions
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40Ar bound state wavefunctions

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 15 / 26



Distorted wave

The scattered Dirac wavefunction
interacts via a scattering potential
which can be:

Imaginary: such as an optical
potential.
Real: RMF potential.

This interaction “distorts” the
original shape of the wavefunction
and incorporates elastic FSI.
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3.1 Current usage of RMF
in literature
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Current RMF model

It has not been implemented in event generators as a full model (until
now).

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 18 / 26



4. Implementation in the
NEUT event generator
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Implementation progress

I have been working with the nuclear theory group at Complutense
Universidad de Madrid (UCM), specifically with the expertise of
Dr Raul Gonzalez-Jimenez.

I am currently implementing the nuclear model into the NEUT(please
see talk by Luke Pickering) neutrino event generator framework.

The model is now successfully implemented in NEUT and has been
verified with 1M events.
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Validation plots

The following plot shows
the model
implementation against
the model outside of
NEUT for the scattered
nucleon momentum.

Good agreement can be
seen with 1M events.
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Validation plots

The following plot shows
the missing energy.

Missing enery is defined

as Em
def
= ω − TN − TB ,

where TB is the kinetic
energy of the residual
nucleus and ω is the
energy transfer.

Good agreement can be
seen with 1M events.
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NEUT cascade model

NEUT has a built in
semi-classical cascade
model.

This takes the output of
a standard neutrino
interaction (such as
charged current) and
probabilistically produces
FSI (such as nucleon
rescattering, pion
production or pion
rescattering).
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Why is this model important?

This is the first macroscopic model that has been implemented into
the NEUT event generator.

It allows one to consistently calculate any elastic FSI effects
in-house.

Allows the study of more theory-motivated “dials” that allow for
variations to be inserted into a model for systematic error studies.

Allows for the inclusion of more complex operators for different
processes.

One such example is the Kabirnezhad model operator for inelastic pion
production.
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Summary and outlook
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Summary and outlook

New nuclear model using Relativistic Mean Field Theory has been
implemented in NEUT.

Currently performing studies on the effects of double counting
between the elastic part of the NEUT cascade and the inherent elastic
FSI of the model.

This will be a big step for connecting experimental event generators
with more up-to-date theory models.

It will also allow experiments to simulate interactions with more
accuracy and can allow for a better route to study systematic theory
errors.
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Backup

Backup
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CCQE operator in CC2 form

[Γµ]CC2 = FV
1 γµ + i

FV
2

2mN
σµνQν + GAγ

µγ5 + FPQ
µγ5 (1)

where

σµν =
i

2
[γµ, γν ]. (2)

Form factors FV
1 and FV

2 are related to the vector component of the
hadronic cur- rent, while GA and FP respectively correspond to the axial
vector and pseudoscalar parts.
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NEUT cascade model

Due to the nature of the RMF model, elastic FSI are already
accounted for in the calculation of the cross section.

Therefore, this presents a potential double counting of the elastic part
of the FSI when using the NEUT semi-classical cascade.

This is being investigated by looking at different scattered state
models that I have implemented in NEUT.
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RPWIA model validation

Relativistic
plane wave
impulse ap-
proximation
model
validation.

Performed
with 150k
events.
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EDAIC model validation

Relativistic
optical
potential
model
validation
(energy-
dependent A
independent).

Performed
with 150k
events.
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EDAIC model validation

Relativistic
optical
potential
model
validation
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dependent A
independent).

Performed
with 150k
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RPWIA with NEUT cascade

Relativistic
plane wave
impulse ap-
proximation
using NEUT
cascade

Performed
with 150k
events.
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EDAIC with NEUT cascade

Relativistic
optical
potenial
model using
NEUT
cascade

Performed
with 150k
events.
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Current approximations used in the field

There are many approximations that are used in order to help theorists
evaluate such a complex interaction:

Born Approximation (one boson exchange) → allows lepton and
hadron tensor separation [1].

Independent particle approximation → the nucleons are degrees of
freedom (can use shell models) [2].

Impulse approximation → one body interaction.

Plane wave → outgoing wavefunction is plane wave → No FSI but
can use spectral function approach.

Good overviews for these approximations were given on Tuesday;
please see the talks by Raul and Kajetan.

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 10 / 12

https://indico.cern.ch/event/1216905/contributions/5447727/attachments/2700876/4687951/NuFact23_RGJ.pdf
https://indico.cern.ch/event/1216905/contributions/5447722/attachments/2700888/4687970/niewczas_230822.pdf


Current approximations used in the field

There are many approximations that are used in order to help theorists
evaluate such a complex interaction:

Born Approximation (one boson exchange) → allows lepton and
hadron tensor separation [1].

Independent particle approximation → the nucleons are degrees
of freedom (can use shell models) [2].

Impulse approximation → one body interaction.

Plane wave → outgoing wavefunction is plane wave → No FSI but
can use spectral function approach.

Good overviews for these approximations were given on Tuesday;
please see the talks by Raul and Kajetan.

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 10 / 12

https://indico.cern.ch/event/1216905/contributions/5447727/attachments/2700876/4687951/NuFact23_RGJ.pdf
https://indico.cern.ch/event/1216905/contributions/5447722/attachments/2700888/4687970/niewczas_230822.pdf


Current approximations used in the field

There are many approximations that are used in order to help theorists
evaluate such a complex interaction:

Born Approximation (one boson exchange) → allows lepton and
hadron tensor separation [1].

Independent particle approximation → the nucleons are degrees of
freedom (can use shell models) [2].

Impulse approximation → one body interaction.

Plane wave → outgoing wavefunction is plane wave → No FSI but
can use spectral function approach.

Good overviews for these approximations were given on Tuesday;
please see the talks by Raul and Kajetan.

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 10 / 12

https://indico.cern.ch/event/1216905/contributions/5447727/attachments/2700876/4687951/NuFact23_RGJ.pdf
https://indico.cern.ch/event/1216905/contributions/5447722/attachments/2700888/4687970/niewczas_230822.pdf


Current approximations used in the field

There are many approximations that are used in order to help theorists
evaluate such a complex interaction:

Born Approximation (one boson exchange) → allows lepton and
hadron tensor separation [1].

Independent particle approximation → the nucleons are degrees of
freedom (can use shell models) [2].

Impulse approximation → one body interaction.

Plane wave → outgoing wavefunction is plane wave → No FSI
but can use spectral function approach.

Good overviews for these approximations were given on Tuesday;
please see the talks by Raul and Kajetan.

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 10 / 12

https://indico.cern.ch/event/1216905/contributions/5447727/attachments/2700876/4687951/NuFact23_RGJ.pdf
https://indico.cern.ch/event/1216905/contributions/5447722/attachments/2700888/4687970/niewczas_230822.pdf


Current approximations used in the field

There are many approximations that are used in order to help theorists
evaluate such a complex interaction:

Born Approximation (one boson exchange) → allows lepton and
hadron tensor separation [1].

Independent particle approximation → the nucleons are degrees of
freedom (can use shell models) [2].

Impulse approximation → one body interaction.

Plane wave → outgoing wavefunction is plane wave → No FSI but
can use spectral function approach.

Good overviews for these approximations were given on Tuesday;
please see the talks by Raul and Kajetan.

Jake McKean Implementing a Relativistic Mean Field Thoery in the NEUT event generator April 10 2024 10 / 12

https://indico.cern.ch/event/1216905/contributions/5447727/attachments/2700876/4687951/NuFact23_RGJ.pdf
https://indico.cern.ch/event/1216905/contributions/5447722/attachments/2700888/4687970/niewczas_230822.pdf


RMF theory: bound state wavefunctions

The essence of RMF theory is replacing the meson field operators
with the expectation value of the field: σ̂ → ⟨σ⟩.

For the bound state nuclear wavefunctions, the Dirac-Hartree
equation is solved for scalar (ϕ) and vector (V0) potential fields.

The meson field equations are then solved in a self-consistent Hartree
approximation method.
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RMF theory: bound state wavefunctions

The Dirac equation can be simplified by considering spherically
symmetric nuclei (12C , 16O, and 40Ar , etc.) and only the radial
component of the potential.
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General overview (code)

The code essentially uses tables of Hadronic tensor values in order to
speed up the processing time.

The tables are made using the full calculation code but only have to
be made once.

The values in the tables are then extrapolated for any intermediate
values using a very simple bilinear interpolation regime.

The model of the interaction is locked into these tables at the time of
their creation.

Hµν = (Jµ)∗Jν Jµ ∝
∫
dpΨScatteredOµΨBound

This is calculated using the integral equation for the hadronic current
shown in slide 13
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Results for e−N scattering

The high and narrow peaks seen
at low omega is a resonance
effect coming from the final
wavefunction being a distorted
wave.

The height and width are due to
the pure independent particle
shell model.

They can be “smeared” out by
adding correlations between the
nucleons.
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Results for e−N scattering
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Results for e−N scattering

One of the key
differences in this newer
model code is how it
treats the missing energy
profile.

In the older model code,
Dirac deltas are used
(“pure shell model”).

In the new model,
Gaussians + background
from SRC are taken into
account in the tables
(with one unoccupied
energy level contributing
to this)

Figure: Figures from Raul Gonzalez-Jimenez
(https://indico.fnal.gov/event/56949/attachments/
161831/213670 /NuSTEC talks RGJ.pdf)
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Iteration convergence

Convergence is defined by delta E which is defined using the Spinors
components at the match radius (radius at which Dirac eq is solved
up to from 0 and from infinity).

Discontinuity in F allows us to do this.

ρB

ρs

}
=

occ∑
α

(2jα + 1

4πr2

)
(|Gα(r)|2 ± |Fα(r)|2) (3)
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What does an optical potential give us?
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