
Julia Tena Vidal on behalf of the e4nu collaboration

“BDX & Beyond” workshop, Jefferson Laboratory

Probing neutrino simulations 
with electron scattering data 

jtenavidal@tauex.tau.ac.il

mailto:jtenavidal@tauex.tau.ac.il


J. Tena Vidal @ BDX & Beyond

2

Outline

➡ Unique BDX potential to extend 
JLab’s physics reach 

• Challenges in neutrino cross-sections 


• The “Electrons for Neutrinos” ( ) efforte4ν

• Jefferson Lab 
& neutrino physics
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• The neutrino sector might hint to physics beyond the Standard model


• Weakly interacting, extremely hard to detect


• Neutrino oscillations imply their mass and raises many questions
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Sterile neutrinos and Non-Standard Interactions

Precision measurements

Supernova neutrinos
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Fig. 1: Neutrino oscillations and energy spectra measurements | (Left) Neutrino energy spectra
reconstruction depends on our ability to model the interaction of neutrinos with atomic nuclei and the propagation
of particles through the atomic nucleus. This flow chart shows the process, starting with the oscillated far-detector

⌫e incident-energy spectrum (green), di↵erentiating the physical neutrino interactions (green arrows) from the
experimental analysis (blue arrows), and ending up with the inferred incident-energy spectrum (blue). The blue

curve is obtained from simulating the neutrino-nucleus interactions with the CLAS data-derived smearing matrices
and reconstructing the flux using the model-derived smearing matrices instead. The input incident-energy spectrum

is shown for reference as the thin green.

f�i(E,Erec) is a smearing matrix relating the real (E)
and reconstructed (Erec) neutrino energies. Erec di↵ers
from E due to both experimental e↵ects (e.g. detector
resolutions, ine�ciencies, backgrounds) and nuclear in-
teraction e↵ects (e.g. nucleon motion, meson currents,
nucleon reinteraction). While experimental e↵ects are
generally understood and can be minimized using im-
proved detectors, nuclear e↵ects are irreducible and must
be accounted for using theoretical models, typically im-
plemented in neutrino event generators.

The precision to which oscillation parameters can be
determined experimentally therefore depends on our abil-
ity to extract �↵(E,L) fromN↵(Erec, L), see Fig. 1. This
is largely determined by the accuracy of the theoretical
models used to calculate �i(E) and f�i(E,Erec). Cur-
rent oscillation experiments report significant systematic
uncertainties due to these interaction models [7–10] and
simulations show that energy reconstruction errors can
lead to significant biases in extracting �CP at DUNE [11].
There is a robust theoretical e↵ort to improve these mod-
els [12–14].

Because there are no mono-energetic high-energy neu-
trino beams, these models cannot be tested for individual
neutrino energies. Instead, experiments tune models of

�i(E) and f�i(E,Erec) to reproduce their near-detector
data, where the unoscillated flux �(E, 0) is relatively well
known from hadronic calculations [15–17].

While highly informative, such integrated constraints
are insu�cient to ensure that the models are correct for
each value of E. Therefore, even if the models are tuned
to reproduce the near-detector data, there is no guaran-
tee that they are suitable for analyzing far-detector data,
where the neutrino flux can be very di↵erent due to os-
cillations.

Here we report the first measurement of f�i(E,Erec)
for mono-energetic electron-nucleus scattering, and use
it to test interaction models used by neutrino oscilla-
tion analyses. Both types of leptons, e and ⌫, interact
similarly with nuclei. Both particles interact with nu-
clei via a vector current, while neutrinos have an addi-
tional axial-vector current. The nuclear ground state is
the same in both cases and many of the nuclear reac-
tion e↵ects are similar. See Methods for details. There-
fore, any model of neutrino interactions (vector+axial-
vector) should also be able to reproduce electron (vec-
tor) interactions. The data presented here can therefore
test and constrain neutrino-nucleus interaction models
to be used in analysis of neutrino oscillation measure-
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Energy reconstruction depends on  modellingνA

Hadronization
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Neutrino measurements are challenging

Resonance
Deep Inelastic Scattering

Meson Exchange

Quasi Elastic

El - El’

# 
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(*) for DUNE-like flux
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Neutrino Event Generators
Bridge between theory and experiment 

Challenge: non-perturbative QCD and nuclear physics

Many pieces & approximations lead to large modelling uncertainties

External data is needed



J. Tena Vidal @ BDX & Beyond

9

Electrons for Neutrinos

More 

Jefferson’s Lab & CLAS:

•  [Khachatryan M.Papadopoulou A. et. al. S. Nature (2021)]


• Proton transparency [S. Dytman et. al. arXiv.2508.01905]


•  under review by J. Tena Vidal 


•  by Matan Goldenberg,  by Alon Sportes


•  by Caleb Folger  and  by Brittany Cohen


• Pion Transparency by Petter Litton


GENIE Monte Carlo developers:

• MEC, FSI and pion production models

• by Alon Sportes, Steven Dytman and J. Tena Vidal

1p0π

C(e, e′￼1p1π±)
Ar(e, e′￼) 2N
Nπ± 1π±

Dedicated effort using eA to improve  νA

(*) Published, Under Review, Ongoing analyses

https://dx.doi.org/10.1038/s41586-021-04046-5
https://doi.org/10.48550/arXiv.2508.01905
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Same nuclear ground state, Final State Interactions (FSI), Hadronization
Similar interactions with nuclei

10

CC weak current [V + A]

j±
μ = ū

−igW

2 2
(γμ−γμγ5)u

EM current [V]
jem
μ = ūγμu

eA useful to constrain νA model uncertainties

Why electrons?



J. Tena Vidal @ BDX & Beyond

Same nuclear ground state, Final State Interactions (FSI), Hadronization
Similar interactions with nuclei
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Monochromatic beam
High statistics

Wide-energy beam
Lower statistics

eA useful to test νA energy reconstruction methods

Why electrons?
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Roadmap for improving event generators
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Roadmap for improving event generators
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A and eA MC Event Generatorsν

• Full description for electrons

• Originally developed for neutrinos

• Common code for ,  processes 


• [Physical Review D (2021),10.1103/PhysRevD.103.113003]


• Radiative effects with emMCRadCorr Software 

• [CPC, Volume 310, May 2025, 109509]


• Supported by  collaborators

νA eA

e4ν

Used for e4  analysis 
and model development

ν
• ,  and h-A event generator

•From MeV to PeV, all targets

•All interaction mechanisms and targets

•Widely used in experiments

νA eA

ν−

https://dx.doi.org/10.1103/PhysRevD.103.113003
https://www.sciencedirect.com/journal/computer-physics-communications/vol/310/suppl/C
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A and eA MC Event Generatorsν

Renewed interest on 

•GiBUU [Phys.Rev.C79:034601,2009]


•All interaction mechanisms available

•NEUT  [Phys. Rev. D 111, 033006]

•Achilles (QEL, RES only)

•NuWro has separated codes

•  data used to validate event generators


•Tuning projects ongoing 

eA

e4ν

NEUT  Event Generator

Not all mechanisms yet available!

GIBUU
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Roadmap for improving event generators
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Different Experiments, different needs

Eν [GeV]

Reactor Accelerator AtmosphericSupernova

1 − 10 MeV 
0.1 − 10 GeV 
0.1 − 100 GeV
10 − 20 MeV
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Accelerator Neutrino Experiments

Eν [GeV]

Reactor Accelerator AtmosphericSupernova

1 − 10 MeV 
0.1 − 10 GeV 
0.1 − 100 GeV
10 − 20 MeV
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Accelerator Neutrino Experiments

νµ

ντ

νµ

νµ

νµ νµ

νµνe

19 19
Far Detector

π

π
π

π

DUNE Near Detector DUNE Far Detector

Phys. Rev. D 103, 113003 (2021)

Near Detector
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• Multi-purpose experiments, large acceptance


• Targets (H, D, C, Ar, etc) and energies (1-6 GeV) of interest for neutrino community


• Low-detection threshold comparable to neutrino experiments


• 150 (300) MeV/c for  ( )π± γ

20

Hadron production with CLAS

2017-

1996-2013
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Complex Pion Production modelling needs data

1p1π±
Rich limits for few-GeV experiments:

data to test cross-section and FSI models

Answers to key questions for  experiments:νA

Can we reconstruct ? 

i.e. Can we describe the final state?

Eν Is FSI correctly modelled?

Many other analysis ongoing!
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Hadronic Invariant Mass Biase−
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Current models fail to describe the final state
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Simple FSI models do not describe data
1.159 GeV 2.257 GeV 4.453 GeV

ed (x0.5) f (x4)

a b c

 data has 
increased 

sensitivity to FSI 
models

1p1π+

1p1π+

1p1π−
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Atmospheric Neutrino Experiments

Eν [GeV]

Reactor Accelerator AtmosphericSupernova

1 − 10 MeV 
0.1 − 10 GeV 
0.1 − 100 GeV
10 − 20 MeV
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New  effort for atmospheric experimentse4ν

26

• -direction and energy measured from the 
deposited energy


• Hadronization modelling is essential but 
incomplete 


• Goal: use CLAS data to constrain key 
KM3NeT systematics


• Currently over-looked


• New data (11 & 22 GeV) will be crucial


New  effort to leverage ongoing CLAS 
hadronization efforts (W. Brooks, M. 
Arratia et. al.) for the -community 

ν
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Reactor and Supernova Neutrinos & BDX 

Eν [GeV]

Reactor Accelerator AtmosphericSupernova

1 − 10 MeV 
0.1 − 10 GeV 
0.1 − 100 GeV
10 − 20 MeV
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SuperNova Neutrinos @ DUNE

The DUNE Far Detector is sensitive to Solar and 
core-collapse supernova-  with 

1. Charged-Current (CC) on Ar







2.Elastic Scattering on electrons (ES)




3.Neutral Current (NC) on Ar


ν E ∼ 5 − 100 MeV

νe +40 Ar →40 Kr* + e−

ν̄e +40 Ar →40 Cl* + e+

νx + e− → νx + e−

νx +40 Ar → νx +40 Ar*

PRD 107(2023) 112012

More details in Clara Cuesta's talk at NuFact 2025

https://link.springer.com/article/10.1140/epjc/s10052-021-09166-w
https://indico.cern.ch/event/1528564/contributions/6619075/attachments/3126629/5545816/DUNE_SN_CCuesta_250901.pdf
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SuperNova Neutrino Energy Reconstruction

• Scintillator & water Cherenkov detectors


• Inverse Beta Decay (IBD): energy is 
sufficient for good resolution


• Might measure neutron capture signal

e+

• LArTPCs (i.e. DUNE)


• Inelastic and elastic channels


• Complex nuclear target, transitions


• De-excitation products must be 
measured 


• Correct for missing energy (i.e. n)

(Eγ′￼s → Q)

Need exclusive information
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Event Generators Challenges at MeV regime

• Complex de-excitation physics, nuclear effects - Inclusive theory calculations 


• MARLEY is the first event generator providing MeV-exclusive calculations


• Few measurements with limited precision are available:
https://arxiv.org/pdf/1705.08629, Table III

Lack of Ar data & exclusive measurements

https://www.marleygen.org
https://arxiv.org/pdf/1705.08629
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BDX & Secondary neutrino beam

π+ → μ+ + νμ(29.8 MeV)

μ+ → ν̄μ + νe + e+( 0 − 52.8 MeV)

K+ → μ+ + νμ(236 MeV)

• Secondary neutrino beam with a 
decay-at-rest (DAR) energy spectrum


• ∼7×10⁻⁵ ν/EOT for a 1 m² detector 10 m 
above the beam dump


• Delivered charge of 10²² EOT per year 


• Important input for supernova, BSM 
physics, MeV-Monte Carlo models


• MARLEY -Ar @ 


• See Vishvas Pandey talk for more 
physics goals

ν Eν < 100 MeV

M. Battaglieri et al., Instruments 8, 1 (2024)

https://indico.cern.ch/event/1528564/contributions/6619075/attachments/3126629/5545816/DUNE_SN_CCuesta_250901.pdf
https://www.marleygen.org
https://indico.jlab.org/event/951/contributions/17493/
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BDX Potential Measurements

https://arxiv.org/pdf/2010.02393

Reconstruction techniques


• : + minimum B.E


• de-excitation -rays


• Ch. hadrons K.E.


• 


•

Ereco
e Ee

Ereco
e+γ = Ereco

e + γ

Ereco
vis = Ereco

e+γ +

En/p
tag = Ereco

vis + δn/pϵl(n/p)
bind

: true neutrino energy

Can we measure these processes?

 Uncertainty in the SN models→
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Complementary to MAMI & MESA data

e-Facilities in Mainz - See Luca Doria's talk


• MAMI, up to 1.6 GeV / 10-100 uA current / CW beam / polarized

• MAGIX (under construction) 105 MeV 

• MESA (under construction) 150 MeV / mA currents / CW beam / polarized 

See Luca Doria's talk at Elba

Compare  and  data in same energy rangee− ν

https://indico.jlab.org/event/951/contributions/17527/
https://agenda.infn.it/event/44828/contributions/262332/attachments/137539/206748/Doria_ELBA25.pdf
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BDX & Secondary muon beam

• Bremsstrahlung-like energy spectrum extending 
up to 5 GeV 


• Yield up to ∼10⁻⁶ μ/EOT  10⁸ μ/s for an electron 
beam current of 50 µA


Tagged muon beam with per-cent resolution 
useful for  efforts


- Energy bias measurements 


- Precision measurements  ratio


Current efforts with Cosmic Muons in LArTPCs 
have lower energy resolution (20-30 %)

→

e4ν

νe/νμ
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Conclusions

The  Collaboration leverages e-scattering data to constrain  models


• Two main efforts focused on accelerator experiments


• Data analysis with CLAS spectrometers H, C, Ar.. at 1-6 GeV 


• MC event generator (GENIE) models and tuning


• Upcoming work for atmospheric experiments with established efforts at JLab


• 11 GeV and planned 22 GeV beam data will be key for telescope experiments


• BDX opens the door to precise MeV A data - complementary to Mainz e-A data


• Important for Supernova, Reactor and BSM analyses


• Tagged Muon beam with per-cent resolution useful for  efforts


• Jefferson Lab will contribute to different forefront areas of neutrino physics!

e4ν ν − A

ν−

ν−

e4ν
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Thank you for your attention!
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• Carbon data, 1-4 GeV


•  and , no additional hadrons 
or photons


• With   above 150 MeV


• With   above 300 MeV


•  Possible at free nucleon level


•  needs two or more nucleons and or 
undetected particles (FSI)

1p1π− 1p1π+

π∓

γ

1p1π−

1p1π+

37

First look at C(e,e’1p1π∓)

p

e−

e−

C

π∓

p
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Complex Physics
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Hadronic Invariant Mass Biase−
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Energy Bias Quantification
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Beam energy miss-reconstruction
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Beam energy miss-reconstruction
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MC does not describe bias
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Beam energy miss-reconstruction
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Hadronization biases ECale−
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Larger bias for 1p1π+
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The GENIE Event Generator

Process Model

Quasi-ELastic and 
Two-Particle Two-

Hole 

SUSAv2 model

RESonance 
Production Berger-Sehgal model

Non-RESonance 
(SIS)

Bodek-Yang model, scaled with multiplicity 
dependent parameters

Deep Inelastic 
Scattering Bodek-Yang model

Final State 
Interaction model hA model

Hadronization 
model AGKY model (KNO+Pythia)

Nuclear Model Local Fermi Gas

https://genie-mc.github.io/

Tune name in GENIE: GEM21_11a_00_000

(*) This is the GENIE model used in the talk
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Pion-Production is key for Oscillations

Total
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Constraints for accelerator experiments
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Complementary efforts
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Vanessa Cerrone @ NuFact 2025

https://indico.cern.ch/event/1528564/contributions/6619082/attachments/3128283/5551388/nufact2025_cerrone.pdf
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Reactor Neutrino Experiments

• Best limits to  by reactor experiments


• JUNO set to determine -MO & oscillation 
parameters to sub-percent level 


• Water and scintillator detector


• -Reactor, SuperNova, Solar, Geo., Atm.


• Started data taking August 2025!


• Oscillation signal at the MeV range


• Main signal driven by Inverse Beta Decay (IBD) 

• Low uncertainty (0.1%) associated to this process 

from Cabibbo angle and Axial coupling

θ13

ν

ν

https://arxiv.org/pdf/2405.18008
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