
1

Guillermo D. Megías Vázquez
Departamento de Física Atómica, Molecular y Nuclear, 

Universidad de Sevilla 

NSTAR 2026
Sevilla, 7-11 September 2026

Project PID2023-146401NB-I00 funded by:

Extension of superscaling approaches to 
semi-inclusive lepton-nucleus reactions and 

their implementation in generators

SuSAv2 in generators and semi-inclusive extension



Event generators: 
● NEUT (SK, T2K, HK)
● GENIE (MicroBooNE, MINERvA, DUNE)
● Others: NuWro, GiBUU, Achilles, MARLEY, etc.

Nuclear models: RFG, LFG, SF, CRPA(HF), RMF, SuSA, etc.
Nuclear regimes (channels): QE, 2p2h, Resonance, DIS, SIS, interferences, etc.
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Event generators and cross-section models

SuSAv2 in generators and semi-inclusive extension
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Event generators and cross-section models

● Nuclear models and cross-section studies are the starting point of all neutrino 
event generators.

● Model constraints from experimental data: 
- electron data for validation and improvement of nuclear models used in ν event 

generators (n(p), SF profiles, Eb, Fermi motion, FSI, NN correlations, etc.) and 
also for improvement of MC ν energy reconstruction methods. Better control of 
experimental conditions (monochromatic beam).

- ν data for axial part and nuclear effects.

SuSAv2 in generators and semi-inclusive extension
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Event generators and cross-section models

Limitations:
● Some models are specific for an interaction channel or limited phase-space.
● Some models only predict lepton kinematics → assumptions for hadron 

kinematics (factorization approaches).
● Model uncertainties missing → Reweighting of parameters.
● Simple models: FGs for 1p1h or 2p2h, Berger-Sehgal (RES) or PDFs in DIS.
● Most models ignore interferences between channels RES+DIS, 1body+2body, 

etc.

SuSAv2 in generators and semi-inclusive extension
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension



6

Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension



7

Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension



8 SuSAv2 in generators and semi-inclusive extension

SuSAv2

SuSAv2 (e,e’) results: PRD94, 013012 (2016); 
PRC99, 042501 (2019); PRD108, 113008 (2023) 
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension

MINERvA LE 
CC inclusive

T2K CC inclusive

SuSAv2 results:
PRD108, 113008 (2023)

SuSAv2-RES is similar to 
RMF-1pi and Ghent Hybrid 
Model, unlike Berger-Sehgal 
GENIE. Comparison with 
NEUT-DCC is on the way.
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How are SuSAv2 and RMF models being implemented in generators?

● SuSAv2-QE and 2p2h are implemented in GENIE for both (e,e’) and CC 𝛎𝛍 reactions on 12C via 
precomputed hadron tensors in terms of q and ⍵. Easily scale to other nuclei (16O, 40Ar, etc.). 

● SuSAv2-QE, RES and inelastic codes are not computationally demanding and can be fully 
implemented for reweighting of parameters (MA

QE, pF, Eb, etc.). Their full implementation in MC event 
generators can also speed up calculations.

SuSAv2-QE and 2p2h implementation in GENIE (PRD101, 033003 
(2020), PRD103, 113003 (2021)) and NEUT (in progress)

SuSAv2 in generators and semi-inclusive extension

● RMF models are implemented by 
now using precomputed tables. 
Complex codes.

● SuSAv2 models only predict 
lepton kinematics but can predict 
hadron kinematics via n(p) from 
RMF theory under factorization 
approach (work in progress). Now 
in generators: SuSAv2(lepton) + 
n(p) from LFG(hadron)

● RMF and SuSAv2 models produce 
equivalent results for lepton 
kinematics.

● Work in progress to implement 
SuSAv2-RES (DCC) and SuSAv2-DIS 
in GENIE and NEUT. 
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Semi-inclusive CC0πNp neutrino-nucleus data and FSI effects

SuSAv2 in generators and semi-inclusive extension

● Factorization approach: Inclusive (lepton kinematics) models + nucleon momentum distribution → “Semi-inclusive” 
but less accurate. SuSAv2-GENIE + LFG. Factorization approach can fail (mainly at low kinematics).

Phys. Rev. D 106, 113005 (2022), 
Phys. Rev. D 109, 013004 (2024).



Do energy reconstruction methods 
and model implementation 

work properly?
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension

According to previous extensive SuSAv2 studies, the 
model should not overestimate the inclusive data.

EDRMF could improve data agreement at very low 
kinematics.
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Electron-beam energy reconstruction for 𝝂 oscillation measurements. Nature 599, 565 (2021)

Left: GENIE-SuSAv2(QE+2p2h)+GENIE-Inelastic at Ei=2.257 GeV with CLAS semi-inclusive data on 12C 
vs. 

Right: SuSAv2(QE+2p2h+Inelastic) at Ei=2.222 GeV and θ=15.541º with JLab inclusive data on 12C. 

Overestimation for semi-inclusive could be related to different issues: 
implementation, data analysis, factorization approach (SuSAv2-inclusive + LFG n(p)), etc.

SuSAv2 comparisons with electron reactions on 12C: 
Phys. Rev. D 94, 013012 (2016), Phys. Rev. C 99, 042501 (2019)

SuSAv2 in generators and semi-inclusive extension



Towards a more realistic semi-inclusive SuSAv2 model in GENIE: 1st step (QE)

1. Current SuSAv2-QE(GENIE) semi-inclusive results depend on factorization approaches and 
information about hadron kinematics from LFG n(p).

2. Replace LFG n(p) by RMF/EDRMF n(p).

3. Produce SuSAv2-QE(GENIE) semi-inclusive results and compare with original EDRMF-QE. 
Check consistency and possible discrepancies at some kinematics (expected at the low-energy 
region where nuclear models are “less factorizable”), quantify them, and try to reduce them. 

4. But SuSAv2-QE semi-inclusive is not necessary! We already have EDRMF-QE. Yes, but 
SuSAv2-QE is simpler, less computationally-demanding and easier to implement and 
modify/reweight parameters on the fly.

SuSAv2 in generators and semi-inclusive extension
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Towards a more realistic semi-inclusive SuSAv2 model in GENIE: 1st step (QE)

In a RMF framework, n(p) can be obtained via 
initial-nucleon distorted wave functions (no FSI):

or with elastic-FSI (but no cascade effects): PRC81, 055502 (2010), PRC83, 045504 (2011), assuming factorization 
(PWIA semi-inclusive CS factorizes):

Then, assuming factorization also in RDWIA (RPWIA, RMF, EDRMF), we can connect nRMF(p) with fSuSAv2-RMF(𝜓) and 
semi-inclusive CS (EDRMF) with inclusive ones (SuSAv2):

For validation, semi-inclusive CS SuSAv2-QE(GENIE) + nRMF(p) + cascade need to be compared with EDRMF + cascade 
or with real+imaginary OP in RDWIA (see A. Nikolakopoulos et al. Phys.Sci.Forum 8 (2023), PRC105, 054603 (2022)).

SuSAv2 in generators and semi-inclusive extension
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Towards a more realistic semi-inclusive SuSAv2 model in GENIE: 2nd step (RES - CC1pi)

1. Once consistency of semi-inclusive SuSAv2-QE(GENIE) is validated with EDRMF-QE, 
we can explore other nuclear regimes and channels.

2. Using again EDRMF n(p) either without FSI (same n(p) as EDRMF-QE no FSI) or with 
FSI (EDRMF n(p) for CC1N1pi), we can implement SuSAv2-1pi(GENIE) and combine 
with EDRMF n(p).

3. Check consistency between SuSAv2-CC1pi(GENIE) + nRMF(p) + cascade and 
EDRMF-1pi + cascade for inclusive and semi-inclusive cross sections. 

EDRMF and original SuSAv2-1pi inclusive results have been successfully compared in 
previous works. See also Jesus’ talk on Wednesday on SuSAv2-1pi and inelastic models.

4. But SuSAv2-1pi semi-inclusive is not necessary! We already have EDRMF-1pi. Yes, 
but SuSAv2-1pi is simpler, easier to implement and less computationally demanding.

SuSAv2 in generators and semi-inclusive extension



18

Towards a more realistic semi-inclusive SuSAv2 model in GENIE: 3rd step (Inelastic - DIS)

1. There is no RMF approach for the full inelastic regime or DIS. However, SuSAv2-inelastic 
reproduce very well (e,e’) inclusive data in the full inelastic regime and it also works well 
for neutrinos (but there are some model-vs-data tensions, as for other models). 

2. The SuSAv2-inelastic framework allow to separate the results for different inelastic channels 
(RES+SoftDis+TrueDIS). See also Jesus’ talk on Wednesday about SuSAv2-inelastic 
models and status of inclusive implementation in GENIE.

3. After checking that SuSAv2 QE and 1pi extensions to semi-inclusive are working properly, 
we can assume that SuSAv2-inelastic semi-inclusive should also work well. 

4. We cannot compare with EDRMF + cascade, but we could also validate 
SuSAv2-inelastic(GENIE) with semi-inclusive data from electron and neutrino reactions.

NO𝜈A CC 𝜈e inclusive flux-averaged 
double-differential cross section vs. SuSAv2 

[J. Gonzalez-Rosa et al., Phys. Rev. D 111, 073002 (2025)]

SuSAv2 in generators and semi-inclusive extension
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BACKUP SLIDES:

SuSAv2 in generators and semi-inclusive extension



SuSAv2 and RMF models vs. (e,e’) data
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● SuSAv2-QE: parameterization ot RMF scaling functions and reduction of 
RMF nuclear potential’s strength at high kinematics ~ ED-RMF. 
Similar approach for the RES and DIS regimes.

● SuSAv2-MEC (2p2h): RFG approach based on Granada model.

● SuSAv2-RES(DCC): SuSAv2-inelastic for W<2.1 GeV + DCC.

● SuSAv2-TrueDIS: SuSAv2-inelastic(Bosted-Christy) at W>2.1 GeV.

● SuSAv2-SoftDIS: “SuSAv2-inelastic - SuSAv2-RES” at W<2.1 GeV.

● RMF-QE and RMF-1pi are currently available. Work in progress for 2p2h. 
Different nuclear potentials available (different treatment of FSI).

SuSAv2 (e,e’) results: PRD94, 013012 (2016); 
PRC99, 042501 (2019); PRD108, 113008 (2023) 

QE   2p2h   Inelastic

SuSAv2

SuSAv2

SuSAv2 in generators and semi-inclusive extension
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension
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Electron-beam energy reconstruction for 𝝂 oscillation measurements. Nature 599, 565 (2021)

SuSAv2 can overestimate data at very forward angles 
in the QE peak and below (low-energy nuclear effects 
at low q and 𝜔), but QE+2p2h in the dip region should 
not overestimate the data. EDRMF would improve data 
agreement at very low kinematics.

SuSAv2 in generators and semi-inclusive extension
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inelastic structure functions that cover a large phase space than BC. Talk also about 
PDFs

SuSAv2 in generators and semi-inclusive extension
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension



Model uncertainties in RES and DIS models are the largest ones
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MINERvA LE 
CC inclusive

MINERvA data: 
PRD101, 112007 (2020)
T2K data: 
PRD98, 012004 (2018)
SuSAv2 results:
PRD108, 113008 (2023) 

T2K CC inclusive

SuSAv2-RES is similar to RMF-1pi and Ghent Hybrid Model, unlike 
Berger-Sehgal GENIE. Comparison with NEUT-DCC is on the way.

SuSAv2 in generators and semi-inclusive extension



SuSAv2-QE implementation in GENIE for electrons PRD 103 (2021) 113003 vs. neutrinos PRD 101 (2020) 033003 

26

Neutrinos: SuSAv2-QE and 2p2h implementation in GENIE vs. original codes 

GENIE interpolation methods for 2p2h hadron tensor tables works better that SuSAv2 
2p2h parameterization formula but results are very similar for 2p2h. Same is true for QE 
where GENIE interpolates hadron tensor tables from original SuSAv2 code.

        T2K CC0pi inclusive cross-section                                               SuSAv2 RFG-2p2h total cross section

SuSAv2 in generators and semi-inclusive extension
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Electrons: SuSAv2-QE and 2p2h in GENIE (left and mid panels) vs. original codes (right panels) 
GENIE-Inelastic is not SuSAv2-inelastic in left and mid panels. 
Right panels: Original SuSAv2 (QE+2p2h+Inelastic): PRD94 (2016) 013012 and G.D. Megias’ PhD thesis

SuSAv2-QE implementation in GENIE for electrons PRD 103 (2021) 113003 vs. neutrinos PRD 101 (2020) 033003 

SuSAv2 in generators and semi-inclusive extension



28 SuSAv2 in generators and semi-inclusive extension



29

inelastic structure functions that cover a large phase space than BC. Talk also about 
PDFs

SuSAv2 in generators and semi-inclusive extension
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Main interests in electron and positron beams for neutrino oscillation experiments

SuSAv2 in generators and semi-inclusive extension
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Summary of main ideas and tasks

SuSAv2 in generators and semi-inclusive extension
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SuSAv2 in generators and semi-inclusive extension
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Which data are interesting for theorists? Mostly electrons but also neutrinos

SuSAv2 in generators and semi-inclusive extension
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Which data are interesting for theorists? Mostly electrons but also neutrinos

SuSAv2 Phys. Rev. D 108, 113008 (2023)                       Extended Fact. Scheme. PRC 100 (2019) 4, 045503

SuSAv2 in generators and semi-inclusive extension



Which data are interesting for theorists? Mostly electrons but also neutrinos

Phys. Rev. C 99, 042501 (2019)e4nu papers with SuSAv2 results: 
Phys. Rev. D 103, 113003 (2021), Nature 599, 565 (2021)

Genie-SuSAv2 (QE+2p2h)  + Genie-inelastic                                                  Original SuSAv2 calculations 
                  (QE+2p2h+inelastic)

38 SuSAv2 in generators and semi-inclusive extension



Which data are interesting for theorists? Mostly electrons but also neutrinos

Genie-SuSAv2 (QE+2p2h)  + Genie-inelastic

SuSAv2 comparison with electron reactions on 12C: Phys. Rev. D 
94, 013012 (2016), Phys. Rev. C 99, 042501 (2019)

39 SuSAv2 in generators and semi-inclusive extension
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Modeling semi-inclusive neutrino-nucleus interaction models

SuSAv2 in generators and semi-inclusive extension
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Improving neutrino-nucleus interaction models in event generators

SuSAv2 in generators and semi-inclusive extension
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Adapted from Jake McKean’s talks at T2K CM

SuSAv2 in generators and semi-inclusive extension
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ED-RMF implementation in NEUT and cascade effects vs. nuclear potentials

● ED-RMF is being implemented in NEUT for 12C, 16O and 40Ar via hadron 
tensor tables containing full lepton and nucleon kinematics.

● Different choice of nuclear potentials (real part) to analyze elastic FSI. 
● Absorption effects related to inelastic FSI can be generated by NEUT 

cascade or via imaginary part of phenomenological optical potentials.  
SuSAv2 in generators and semi-inclusive extension
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ED-RMF implementation in NEUT and cascade effects vs. nuclear potentials

● ED-RMF is being implemented in NEUT for 12C, 16O and 40Ar via hadron 
tensor tables containing full lepton and nucleon kinematics.

● Different choice of nuclear potentials (real part) to analyze elastic FSI. 
● Inelastic FSI can be generated by NEUT cascade or via imaginary part of 

nuclear potentials.  
SuSAv2 in generators and semi-inclusive extension
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ED-RMF implementation in NEUT and cascade effects vs. nuclear potentials

● ED-RMF is being implemented in NEUT for 12C, 16O and 40Ar via hadron 
tensor tables containing full lepton and nucleon kinematics.

● Different choice of nuclear potentials (real part) to analyze elastic FSI. 
● Inelastic FSI can be generated by NEUT cascade or via imaginary part of 

nuclear potentials.  

Adapted from Jake McKean’s talks at T2K CM

SuSAv2 in generators and semi-inclusive extension
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