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● Primarily a Neutrino–Nucleus interaction generator:
○ Simulates primary processes for 100 MeV to few-TeV neutrinos
○ Interactions with nuclear targets from Hydrogen to Lead
○ Hadron cascade for propagating hadrons out of the nuclear 

medium

What Is NEUT? Eur. Phys. J. Spec. Top. 230, 4469–4481 (2021)
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● Primarily a Neutrino–Nucleus interaction generator:
○ Simulates primary processes for 100 MeV to few-TeV neutrinos
○ Interactions with nuclear targets from Hydrogen to Lead
○ Hadron cascade for propagating hadrons out of the nuclear 

medium

● Maintained 'in house' for use on T2K and SK
○ Development targets the needs of the long baseline oscillation 

and cross-section programmes
■ Sub-to-few GeV energy region
■ Hydrocarbon and water targets

What Is NEUT? Eur. Phys. J. Spec. Top. 230, 4469–4481 (2021)

The NEUT Generator: Status and Plans

https://doi.org/10.1140/epjs/s11734-021-00287-7
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History

The NEUT Generator: Status and Plans

● Originally developed to predict 
neutrino-induced background rate for 
Kamiokande nucleon decay 
measurements.
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● Originally developed to predict 
neutrino-induced background rate for 
Kamiokande nucleon decay 
measurements.

● Has since been used for all SK and 
T2K long baseline oscillation results 
and the majority of T2K cross-section 
measurements.
○ Including Nobel and Breakthrough 

prize-winning measurements!

● The source has historically not been 
public, but is available upon request.

History

The NEUT Generator: Status and Plans



L. Pickering    7

Model Components

The NEUT Generator: Status and Plans
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● In the few GeV region, nuclear 
effects have a significant impact 
on cross-section predictions
○ But solving the neutrino–nucleus 

quantum many-body problem fully is 
intractable

Anatomy of A Neutrino Interaction

The NEUT Generator: Status and Plans
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● The details of the initial state are critical for 
predicting few-GeV interactions correctly

○ Bound nucleons are in Fermi motion
○ Struck nucleons are off mass shell

The Initial State

The NEUT Generator: Status and Plans
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● The details of the initial state are critical for 
predicting few-GeV interactions correctly

○ Bound nucleons are in Fermi motion
○ Struck nucleons are off mass shell

● Usually characterised by Spectral Functions 
tuned to predict observed 'missing energy and 
momentum' in electron scattering.

● NEUT can simulate interactions with FG 
nuclear models on a wide range of target 
nuclei

● NEUT can also use the Benhar SF for Quasi 
Elastic interactions with C12, O16, and Fe56

The Initial State

The NEUT Generator: Status and Plans



L. Pickering    15

● In the few GeV region, nuclear 
effects have a significant impact 
on cross-section predictions
○ But solving the neutrino–nucleus 

quantum many-body problem fully is 
intractable

● Factorisation to the rescue again!

Anatomy of A Neutrino Interaction

⋍ xx

Initial State Hard Scatter Final State 
Interactions
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● Inclusive CCQE Models:
○ Smith-Moniz RFG w/Llewellyn Smith cross-section & kinematics
○ Benhar et al. SF w/Llewellyn Smith cross-section & kinematics
○ Nieves et al. 1p1h Valencia) w/Bourguille et al. removal energy
○ Nucleon Form Factors: 

■ Vector: Dipole, BBA05, BBBA07
■ Axial: Dipole, 3-component, Z-expansion

0Pi

The NEUT Generator: Status and Plans
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● Inclusive CCQE Models:
○ Smith-Moniz RFG w/Llewellyn Smith cross-section & kinematics
○ Benhar et al. SF w/Llewellyn Smith cross-section & kinematics
○ Nieves et al. 1p1h Valencia) w/Bourguille et al. removal energy
○ Nucleon Form Factors: 

■ Vector: Dipole, BBA05, BBBA07
■ Axial: Dipole, 3-component, Z-expansion

● Inclusive 2p2h Model: Nieves et al. 2p2h Valencia)
○ w/egalitarian hadron kinematics model and Bourguille et al. removal 

energy
○ Breaks second factorisation as interaction is inherently multi-body

0Pi NEUT

PhysRevC.102.024601

The NEUT Generator: Status and Plans

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.102.024601
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● Inclusive CCQE Models:
○ Smith-Moniz RFG w/Llewellyn Smith cross-section & kinematics
○ Benhar et al. SF w/Llewellyn Smith cross-section & kinematics
○ Nieves et al. 1p1h Valencia) w/Bourguille et al. removal energy
○ Nucleon Form Factors: 

■ Vector: Dipole, BBA05, BBBA07
■ Axial: Dipole, 3-component, Z-expansion

● Inclusive 2p2h Model: Nieves et al. 2p2h Valencia)
○ w/egalitarian hadron kinematics model and Bourguille et al. removal 

energy
○ Breaks second factorisation as interaction is inherently multi-body

● 2010's NEUT development focussed on 0Pi channels
○ Significant improvements needed for HK/DUNE

0Pi NEUT

PhysRevC.102.024601

The NEUT Generator: Status and Plans

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.102.024601
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● Rein-Sehgal model: w/Berger-Sehgal lepton mass 
effects
○ All RS resonances contribute coherently
○ Graczyk–Sobczyk form factors
○ Isospin ½ non-resonant background included incoherently
○ Single Etas, Omegas, and Gamma production is also implemented

Single Pion Production

The NEUT Generator: Status and Plans
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○ Graczyk–Sobczyk form factors
○ Isospin ½ non-resonant background included incoherently
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● MK2018 implementation:
○ Key improvement: Non-resonant channels contribute coherently
○ Significantly improved model on the way, watch this space!
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● Rein-Sehgal model: w/Berger-Sehgal lepton mass 
effects
○ All RS resonances contribute coherently
○ Graczyk–Sobczyk form factors
○ Isospin ½ non-resonant background included incoherently
○ Single Etas, Omegas, and Gamma production is also implemented

● MK2018 implementation:
○ Key improvement: Non-resonant channels contribute coherently
○ Significantly improved model on the way, watch this space!

● DCC 1Pi PRD 92, 074024 2015
○ State-of-the-art 1Pi model
○ Inclusive predictions implemented in NEUT

Single Pion Production

Y. Hayato
K. Yamauchi

Eν=2 GeV 

νep→e pπ+

νen→e pπ0
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● Rein-Sehgal model: w/Berger-Sehgal lepton mass 
effects
○ All RS resonances contribute coherently
○ Graczyk–Sobczyk form factors
○ Isospin ½ non-resonant background included incoherently
○ Single Etas, Omegas, and Gamma production is also implemented

● MK2018 implementation:
○ Key improvement: Non-resonant channels contribute coherently
○ Significantly improved model on the way, watch this space!

● DCC 1Pi PRD 92, 074024 2015
○ State-of-the-art 1Pi model
○ Inclusive predictions implemented in NEUT

● Coherent 1Pi: Rein-Sehgal and Berger-Sehgal
● Diffractive 1Pi: Rein Model

Single Pion Production

Y. Hayato
K. Yamauchi

Eν=2 GeV 

νep→e pπ+

νen→e pπ0
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● Recent ability to run an e-like mode in NEUT
● QE channel based on Benhar et al. SF  NCQE
● NEW! 1pi predicted by DCC PRD 92, 074024

Electron Scattering

The NEUT Generator: Status and Plans

S. Abe

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074024
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● Recent ability to run an e-like mode in NEUT
● QE channel based on Benhar et al. SF  NCQE
● NEW! 1pi predicted by DCC PRD 92, 074024

● Can be used to benchmark nuclear response 
implementation:
○ As expected from earlier work, the QE peak position is 

not correctly predicted by factorized SF 
implementation.

○ Shift of predicted to measured QE peak position shows 
clear dependence on interaction kinematics…

○ The second factorisation is wrong again.
○ But, observed shift ~matches predictions from RMF!

Electron Scattering

J. McElwee

The NEUT Generator: Status and Plans

2301.09195

S. Abe

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074024
https://arxiv.org/abs/2301.09195
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NEUT SISDIS Model:
● GRV98 with Bodek Yang low Q2 modifications

○ Updated to 2108.09240v2 with improved tuning and 
new uncertainty estimation

○ Many new model improvements/fixes, C Bronner
● Pythia/JETSET 5.72 fragmentation

● SIS W  2
○ Must produce >= 2 pions to remove double-counting 

with SPP Processes
○ Custom charged-hadron multiplicity model with 

multiple options: Legacy, BC-tuned, AGKY
● DIS W  2

○ Full Pythia event generation

Shallow & Deep Inelastic Scattering

SIS BC-tuned Multiplicity Model

The NEUT Generator: Status and Plans

https://indico.cern.ch/event/881216/contributions/5073439/attachments/2533875/4360413/NEUT_DIS_NuINT2022.pdf
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● In the few GeV region, nuclear 
effects have a significant impact 
on cross-section predictions
○ But solving the neutrino–nucleus 

quantum many-body problem fully is 
intractable

● Factorisation to the rescue again!

Anatomy of A Neutrino Interaction

⋍ xx

Initial State Hard Scatter Final State 
Interactions
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Cascade
● Hadrons produced in the Hard Scatter must be 

transported out of the nuclear medium before being 
considered observable.
○ Hadron kinematics, particle species, and multiplicity can change 

through interactions

The NEUT Generator: Status and Plans
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● Hadrons produced in the Hard Scatter must be 
transported out of the nuclear medium before being 
considered observable.
○ Hadron kinematics, particle species, and multiplicity can change 

through interactions
● In NEUT, hadrons are stepped out the nucleus via a 

semi-classical Metropolis cascade which implements 
interactions of nucleons, pions, kaons, etas, and 
omegas
○ Pion processes: Quasi-Elastic, Charge-exchange, Absorption, 

or pion production tuned to a variety of thin-target data

Cascade

Pinzon Guerra et al.
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● Hadrons produced in the Hard Scatter must be 
transported out of the nuclear medium before being 
considered observable.
○ Hadron kinematics, particle species, and multiplicity can change 

through interactions
● In NEUT, hadrons are stepped out the nucleus via a 

semi-classical Metropolis cascade which implements 
interactions of nucleons, pions, kaons, etas, and 
omegas
○ Pion processes: Quasi-Elastic, Charge-exchange, Absorption, 

or pion production tuned to a variety of thin-target data
○ The nucleon cascade follows Bertini et al. for MECC7

● Woods-Saxon nucleon density with LFG spectral 
function

Cascade

Pinzon Guerra et al.

The NEUT Generator: Status and Plans
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● Interaction can leave nucleus in an 
excited state which subsequently 
decays to emit secondary 
nucleons/gammas.

Nuclear De-excitation

The NEUT Generator: Status and Plans

● NEUT models this only for 
oxygen targets.

● Recent Work by S. Abe to 
implement TALYS based 
NucDeEx model as an 
alternative option in NEUT

S. Abe
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● In the few GeV region, nuclear 
effects have a significant impact 
on cross-section predictions
○ But solving the neutrino–nucleus 

quantum many-body problem fully is 
intractable

● Factorisation to the rescue again!
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● In the few GeV region, nuclear 
effects have a significant impact 
on cross-section predictions
○ But solving the neutrino–nucleus 

quantum many-body problem fully is 
intractable

● Factorisation to the rescue again!

Anatomy of A Neutrino Interaction

Final State 
Interactions

x

The NEUT Generator: Status and Plans

⋍

ED-RMF
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● First implementation of a macroscopic model 
based on a Relativistic Mean Field optical models 
into NEUT
○ Jake McKean, Raul González-Jiménez, Minoo Kabirnezhad 

● Potential for new theory-motivated systematic 
uncertainty studies in NEUT.

● Possible consideration of alternative operators for 
different processes.
○ E.g. Kabirnezhad inelastic pion production model operator.

Relativistic Mean Field

Jake McKean

The NEUT Generator: Status and Plans

EDRMF+cascade 
double-counting 
studies

Jake McKean

EDRMF NEUT 
implementation missing 
energy validation
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● NEUT ReWeight:
○ Calculate the relative probability of an already-generated 

event under some model variation
○ A critical tool for uncertainty propagation:

■ doesn't work for all model variations – complement 
with approximate techniques

○ Implemented for QE and Res1Pi form factors
○ Implemented for Pion and Nucleon cascade for modest 

variations of in-medium scattering probabilities

NEUT Systematics Tools

The NEUT Generator: Status and Plans
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● NEUT ReWeight:
○ Calculate the relative probability of an already-generated 

event under some model variation
○ A critical tool for uncertainty propagation:

■ doesn't work for all model variations – complement 
with approximate techniques

○ Implemented for QE and Res1Pi form factors
○ Implemented for Pion and Nucleon cascade for modest 

variations of in-medium scattering probabilities

● GEANT interface:
○ Can use the NEUT hadron transport model as an inelastic 

model in GEANT4
○ Enables correlation of Final State Interaction 

(intra-nuclear) and Secondary Interaction (in-detector) 
models

NEUT Systematics Tools

The NEUT Generator: Status and Plans
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● Nuclear models are inconsistent between models or steps in the 
factorisation:
○ Benhar et al. SF can be used for CCQE but no other modes
○ LFG used for FSI nuclear description

● Benhar et al. SF Pauli blocking uses a simple, RFG-like approach
● Nuclear effects in single pion production are largely ignored
● Nuclear transparency has no effect on inclusive cross-section for SF/FG

○ Studies ongoing into possible double counting for spectral distortion of 
the outgoing proton when using EDRMF & Metropolis semi-classical 
cascade

● Between us… there are others

Known Limitations

The NEUT Generator: Status and Plans
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Recent and Future Plans

The NEUT Generator: Status and Plans
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● Implementing HepMC3-based event format proposed as a common 
neutrino generator format: NuHepMC [arXiv:2310.13211
○ Formats are only one (very small) piece of the puzzle: Common APIs, community 

interaction uncertainty, flux, and geometry tooling is going to be the next technical step.
○ Then we can work on doing the hard work interpreting neutrino scattering data together

● NuHepMC is a set of minimal extra metadata beyond the particles involved 
in an event to facilitate automated prediction.
○ Generator implementations are expected to store additional metadata for reweighting, 

configuration passthrough, etc…
○ Implementations/converters for NEUT, GENIE, NuWro, Achilles, GiBUU, NUISANCE

● HepMC3 is a event format description used by LHC generators:
○ Particle graph + arbitrary metadata
○ Many on-disk formats and official and unofficial analysis tools

NuHepMC A Common Event Format

The NEUT Generator: Status and Plans

https://arxiv.org/abs/2310.13211
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● Repository: https://github.com/neut-devel/neut-quickstart
● Image: https://hub.docker.com/repository/docker/picker24/neut580_quickstart
● Initially to service a request from IceCube for simple access to NEUT

○ May be useful for other people who want to make NEUT predictions
○ Can use github issues/feature requests for feedback

● Comes with helper script to generate events in NuHepMC/HepMC3 format from 
a simple CLI

neut-quickstart

The NEUT Generator: Status and Plans

https://github.com/neut-devel/neut-quickstart
https://hub.docker.com/repository/docker/picker24/neut580_quickstart
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neut-quickstart + pyhepmc

The NEUT Generator: Status and Plans
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neut-quickstart + pyhepmc
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neut-quickstart + pyhepmc
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● Development ongoing on NEUT6  Targeted at HK and final T2K analyses:
○ Significant reorganization of code-base
○ Improved, modern build system
○ Removed dependence on an external CERNLIB
○ New TOML-based configuration file
○ Modern C/Fortran interop
○ Automatic C/Fortran interface generation for model integration

● EDRMF implementation and new hadron cascade studies are being done in 
NEUT 6

● Aim is to release NEUT6 as open source under the GPL before the end of     2023 
2024
○ Will also release the final NEUT5 series release as open source

● Hope to produce comprehensive data-model comparisons for NEUT6 release

Future: NEUT 6

The NEUT Generator: Status and Plans
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Questions

The NEUT Generator: Status and Plans
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1 How can we have more theory-based uncertainties, in particular for 
neutrino oscillation studies?
2 How can we incorporate state-of-the-art nuclear models, providing 
information on the hadrons, in generators?

- Clearly communicate what parts of the prediction are most important for 
your experiment/measurements

- Meet model-builders at least half way:
- Well defined/documented interfaces
- Generator developers need to outreach to model-builders groups
- Push for state-of-the-art models to be used in data analysis once implemented

- Make citing the models used by your generator easy!

Questions

The NEUT Generator: Status and Plans
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1 How can we have more theory-based uncertainties, in particular for 
neutrino oscillation studies?
2 How can we incorporate state-of-the-art nuclear models, providing 
information on the hadrons, in generators?

- Clearly communicate what parts of the prediction are most important for 
your experiment/measurements

- Meet model-builders at least half way:
- Well defined/documented interfaces
- Generator developers need to outreach to model-builders groups
- Push for state-of-the-art models to be used in data analysis once implemented

- Make citing the models used by your generator easy!

Questions
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3 How to use the wealth of experimental measurements already available 
and expected in the coming years to solve key issues in neutrino 
scatterings?

- Community tools and interfaces, built and maintained by experimenters, 
generator developers, and model-builders 

- Open, automated data-comparison tools…

Questions

The NEUT Generator: Status and Plans
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4 Which kind of experiments are 
needed to improve the modeling of 
neutrino-nucleus cross section?

- Mobile near detectors
- Scan across true energies
- Ideally magnetised…

- Reduced flux uncertainties
- Break flux * xs degeneracies

- Low-energy pion/hadron beams…
- More pion intra- and inter- nuclear 

transport data at relevant energies

Questions

The NEUT Generator: Status and Plans
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5 What are the main reaction 
channels and, therefore, identify 
the main systematic uncertainties 
in oscillation experiments?

- Depends on the experiment
- But, it's difficult everywhere:

- Nuclear response
- Transition region
- Low W 'DIS'

Questions

The NEUT Generator: Status and Plans
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                  "And yet it moves"
                             - Galileo Galilei, 1633

● Make measurements with the same 
detector in a wide range of peak 
energies

6 Can you highlight the unique experimental capabilities of your detector... 
and how that relates to important observables?

Questions

The NEUT Generator: Status and Plans
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Summary

The NEUT Generator: Status and Plans
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● Development targets needs of JPARC-based neutrino scattering experiments
○ Focus on few-GeV electron, muon, and tau neutrino interactions with 1H, 12C, 16O targets

● NEUT provides a complete model for interpreting neutrino-scattering data
○ But a step-change in prediction quality is needed for the next generation

● Factorisations are mathematically and computationally necessary, but we know 
their usages misses important physical effects:
○ Ongoing effort to understand, quantify, and implement more-complete models and effective 

corrections.

● NEUT has a long, rich history and we want to make sure that it not only survives, 
but becomes a more useful community tool into the next generation.
○ Effort on opening up the source code and providing user-friendly tools/scripts/examples
○ Implementing and testing community interfaces and formats
○ Updating dependencies and procedures to modern standards (where reasonable)

Summary

The NEUT Generator: Status and Plans


