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Where do we come from ?
• Neutrino-nucleon/us interactions have been studied since the ‘70s

• We have learnt a lot

• The more we went into detail, the more we realized that a lot is not understood yet !

Teppei Katori’s talk



Where are we now ?

Omar Benhar‘s Talk



Image : JLab

Image : Fermilab 

• A detailed understanding of neutrino-nucleus interaction is pivotal 
for the accuracy of accelerator-based oscillation studies 

• Near detector studies of neutrino cross sections provide valuable 
information about weak interactions and the axial structure of the 
nucleus



Reconstructed energy

Oscillation analysis in a near/far detector experiment : 𝑃ν𝑖→ν𝑗 = 𝑠𝑖𝑛22𝜃𝑠𝑖𝑛2
∆𝑚2

4𝐸
𝐿

Accelerator neutrinos  : 
broad energy 
distribution 

• Cross section, flux, detector efficiency, and oscillation probability are all energy dependent
• Energy dependent cross section information is needed
• Tension between event topology and genuine interaction mode
• Performant models need a consistent treatment of all relevant reaction mechanisms
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• Spectral function calculations
• inclusive  e-scattering 
• ☺ !

Omar Benhar’s talk



→For neutrinos, we have 
to work hard(er) ...

Omar Benhar’s talk



multinucleon mechanisms and 2-nucleon 
knockout processes in the dip region

Low energy collective excitations

Pion production in the delta 

region and beyond

Quasi-elastic processes

Overview

Rich nuclear physics 
program !

CEνNS

Deep Inelastic Scattering



DUNE

BNBeam@Fermilab : MiniBooNE, 

MicroBooNE, ICARUS, SBND

JPARC : T2K, HK

FASERν @ CERN

NuMI Beam @ Fermilab : MINERvA, NOvA

T. Katori & M. Martini, JPhysG 45, 013001 (2018)



What is going on between initial and final state ... ?

• Partially taken into account by 
some of the nuclear models

• MC Generators used for 
oscillation analyses tend to rely 
on efficient but approximate 
models

T. Golan

K. Niewczas @ NuFACT2021

arXiv:2203.01748

40Ar
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https://arxiv.org/abs/2203.01748


Where are we now ?

S. Dolan on T2K cross section modeling



Delta currents

Seagull Pion in flight

Quasi elastic versus multinucleon knockout processes

IPM single-particle orbitals are 
depleted by short range 
correlations and higher 
momentum states are 
populated

Meson-exchange currents

• QE processes are dominating the signal in experiments with average energies of a couple of 
hundreds of MeVs

• A thorough understanding of the QE cross section is extremely important as it is pivotal for 
energy reconstruction and  oscillation analysis 

• Correct identification of the reaction mechanism is important but not straightforward 
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Multinucleon effects affect energy reconstruction !  

M. Martini et al. PRD85, 093012 (2012)
F. Sanchez, NuInt2017
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Modeling QE(like) cross sections

M. Martini et al, PRC84, 055502

➢ Fermi gas approach 
• including correlations
• Including np-nh contributions

• Several effective approaches are on the market for the description of (inclusive) cross sections
• Efficient and performant
• Often factorized
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Modeling QE(like) cross sections

➢ Superscaling approach
• SuSAv2 based on RMF 

calculations
• Including meson-

exchange contributions

G. Megias et al, PRD 91, 073004

• Several effective approaches are on the market for the description of (inclusive) cross sections
• Efficient and performant
• Often factorized
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Modeling QE(like) cross sections

➢ Hartree-Fock mean field
• including long-range RPA 

correlations

• Several effective approaches are on the market for the description of (inclusive) cross sections
• Efficient and performant
• Often factorized

• Mean-field models capture a lot of nuclear medium effects in an efficient way

A. Nikolakopoulos et al, PRC103, 064603 N. Van Dessel et al, PRC97, 044616

Eν=200 MeV

Natalie Jachowicz                                                                                                            



Raul Gonzalez-Jimenez’s talk

Quantum mechanical description of 
distortion final-state nucleon wave function 
• also affects inclusive cross sections (real 

part of the optical potential)
• Is crucial for the description of hadrons 

in final state
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Recent years have seen the coming-of-age of ab-initio calculations for neutrino-nucleus cross section predictions and 
the development of auxiliary techniques to provide predictions for a variety of processes, targets and kinematics

Ab initio results 

• In principle exact, realistic Hamiltonian e.g. AV18 in GFMC 
• Computationally intensive and

only applicable to the inclusive response
• Light nuclei
• Non-relativistic
• Static Δ

H. Hergert

Modeling QE(like) cross sections
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Noah Steinberg 



• MiniBooNE flux-folded double differential cross 
sections per target neutron for νμ-CCQE 
scattering on 12C in a Green’s Function Monte 
Carlo approach 

• include the effects of many-body correlations 
induced by the interactions in the initial and 
final states

• account for the interference between one- and 
two-body current contributions
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A. Lovato et al, PRX 10, 031068 



Noah Steinberg’s talk : comparison between GFMC and SF calculations
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Noah Steinberg’s talk : comparison between GFMC and SF calculations
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• T2K flux-folded double differential cross 
sections per target neutron for νμ-CCQE 
scattering on 12C in a Green’s Function 
Monte Carlo approach 

• Comparing ab-initio calculations with 
mean-field-based calculations

• Include long-range correlations in CRPA 
and added 2p-2h contributions

NJ, A. Nikolakopoulos, EPJ Special Topics 230, 7803
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Short-time approximation : go beyond the restriction to inclusive processes in ab-initio approaches and provides more
exclusive information

S. Pastore et al, PRC101, 044612

• Based on factorization
• Retains 2-body contributions and correctly accounts for 

interference

• Response functions account for scattering off pairs of 
interacting nucleons

Transverse 
response 
density



Nuclear Hamiltonian 
inspired by effective field 
theories

Coupled-cluster theory predictions for coherent scattering processes

• Cross section large 
compared to inelastic 
processes at small 
energies

• Mainly sensitive to the 
neutron distribution

• Interesting prospects for 
BSM searches, see Doojin
Kim’s talk !

Including correlations

C. Payne et al, PRC100, 061304 

J.E. Sobczyk et al.  
arXiv:2205.03592

e on 4He

https://arxiv.org/abs/2205.03592


Resonances

+
ChPT background

• Single pion production in Delta region relatively well understood
• Important background channel for quasi-elastic cross section measurements as the produced pions may be re-absorbed in the 
nuclear medium or remain otherwise unobserved, leading to a CC0π topology mimicking a QE event

Valencia model

Pion Production



Minoo Kabirnezhad’s talk



Minoo Kabirnezhad
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• For neutrinos, the axial contribution is only poorly constrained by data

• Up to W≈2GeV the Osaka dynamic coupled cluster (DCC) model 
offers a state-of-the-art description of neutrino-induced meson production

• At higher energies, alternate techniques need to be developed 

S. Nakamura et al, PRD92, 074024 (2015)

R. Gonzalez-Jimenez et al.,PRD 97

Hybrid model results for single-pion production 
cross-section including
Regge description at higher energies to 
overcome problems with low-energy 
descriptions
Non-trivial influence of nuclear medium



Callum Wilkinson, NuPhys19

The transition to the Shallow and Deep Inelastic Scattering region

• Around W≈1080, reactions are dominated by Δ excitation and single-pion production
• At W above the delta region, various baryon resonances, non-resonant backgrounds and interferences contribute
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• This kinematic region is not well understood or studied, both experimentally and theoretically
• A considerable fraction of events at higher incoming energies are from these SIS and DIS regions e.g. around 50% for 

DUNE

W> Δ(1232), Q2 < 1 GeV

Snowmass WP on theoretical tools for neutrino scattering, L. Alvarez Ruso et al, arXiv:2203.09030
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https://arxiv.org/abs/2203.09030


W> Δ(1232), Q2 < 1 GeV

• This kinematic region is not well understood or studied, both experimentally and theoretically
• Important background channel for quasi-elastic cross section measurements as the produced pions may be re-absorbed 

in the nuclear medium or remain otherwise unobserved, leading to a CC0π topology mimicking a QE event
• A considerable fraction of events at higher incoming energies are from the SIS and DIS regions e.g. around 50% for DUNE



The phenomenology of the transition to partonic degrees of freedom is assessed by Bloom-Gillman duality

Electron-scattering : resonances (Jlab E94-110 data) 
follow the extrapolated DIS curve For neutrinos, the situation is less clear :

• Data is limited  to low-statistics hydrogen and deuterium 
bubble chamber data from the 70s and 80s

• For computations the integrated resonance strength tends to 
account for only ~50% of the observed signal

GIBUU

U. Mosel et al, PRC96, 015503 (2017)

Duality and the transition from nucleon to partonic degrees of freedom

arXiv:2203.09030

Jorge Morfin’s talk

https://arxiv.org/abs/2203.09030


Alternatively : extrapolating from pQCD@DIS to non-pQCD@SIS

Jorge Morfin



DIS : updated Bodek-Yang model



Tackling problems and uncertainties

• Further theory efforts

• More neutrino data on nuclei and nucleons 
• New H/D experiment
• Constraints from electron scattering : talks by Camillo Mariani and Noah Steinberger 

Guillermo Megias NuInt18

Several avenues must be pursued to improve our knowledge on neutrino-nucleus scattering
and keep up with experimental developments and needs  : 

Natalie Jachowicz                                                                                                            

JLab E12-14-012 



Neutrino-nucleon form factors constitute a major source of uncertainty in neutrino scattering modeling
• Weak vector form factors are well constrained by electron scattering experiments
• Q2 evolution of the  axial form factor is not well-known, mainly based on old bubble chamber data (ANL, BNL, FNAL) 

‘free’ parameter

β-decay

A. Meyer et al, PRD93, 113015 (2016)

LQCD constraints

Aaron Meyer’s talk
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Neutrino cross section on a free nucleon : 
• Improved LQCD prediction owing to better control of 

excited state contamination
• Softer slope of the axial form factor’s Q2 dependence 

leads to enhanced cross section on the nucleon
• Considerable reduction of the uncertainty

Further future opportunities for neutrino scattering from LQCD :
• Extend LQCD calculations toward resonance production and the SIS region  to better inform effective nuclear theories
• Information on nucleon-nucleon correlations to lift degeneracies between ν–nucleon and nuclear effects that 
hamper modeling efforts and data comparison for ν–nucleus scattering
• DIS structure functions with systematic error budgets

A. Meyer et al arXiv:2201.01839 
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MiniBooNe data

Omar Benhar’s talk
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Noah Steinberg
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Noah Steinberg

T2K 
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✓ Extensive collaboration between theorists, 
experimentalists and generator developers

✓ Input from electron scattering
✓ Experimental constraints, new H/D measurements

would be great !
✓ More theory efforts
✓ Generators need to be equipped with more detailed

cross section models

A. Ashkenazi

• The convoluted problem presented to neutrino-nucleus modeling by the 
neutrino oscillation program requires intensive efforts in several domains

• Experimental progress must be met by theoretical advances in neutrino 
interaction modeling

• Theory needs constraints, limited by the current lack of data and flux 
uncertainties

• Progress will require :

Conclusions – prospects for neutrino-nucleus scattering
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These are exactly the goals of the NuSTEC collaboration ! 
https://nustec.fnal.gov/



Where should we go from here ?
• The upcoming generation of experiments needs cross section calculations with unprecedented accuracy and reliable 

uncertainty estimates 

Raul Gonzalez-Jimenez

• We have to tackle the currently existing degeneracy between nucleon uncertainties and nuclear effects, and between cross 
section and flux uncertainties

• We need calculations for more exclusive processes
• Argon targets
• Especially in the kinematic region beyond the quasielastic and the delta region, a lot of open issues remain 
• Combine strength of microscopic quantummechanical modeling and generator approaches to FSI and make sure theoretical 

progress finds it way to generators

Snowmass WP on theoretical tools for neutrino scattering, L. Alvarez Ruso et al, arXiv:2203.09030

https://arxiv.org/abs/2203.09030

