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Electrons for Neutrinos 
New constraints for pion production models



• 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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Beyond the Standard Model physics

Precision measurements
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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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Cross-Section Modelling
Available models for (e,e’) 

Ad-hoc hadron production not constraint by e-data 

Lack of hadron-production data 

Hadronization
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Pion-Production is key for DUNE
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Main contribution from pion production events!

Phys. Rev. D 103, 113003 (2021)
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Neutrino event generators need constraints 
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This talk focuses on the electron-scattering effort



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

7

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?



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?



• 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
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Hadron production with CLAS
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New hadron electron production data

1-6 GeV electrons for many 
targets (e.g. carbon, argon) 

New           -production 
measurements in this talk
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Pion Knockout with CLAS

1p0π

e−

e−

C p

Ab
so

rp
tio

n

Final-State Interactions



12

Pion Knockout with CLAS

1p0π  M. Khachatryan, A. Papadopoulou et. Al. 
Nature volume  599,  pages 565–570 (2021)

e−

e−

C p

Direct estimation of S(Eν, Ereco
ν ) (e, e′ 1p0π) ECal = ∑ (Ei + ϵi)

https://www.nature.com/articles/s41586-021-04046-5
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Pion Production with CLAS

1p1π±

Nπ±
1p1π0

. . .

Working towards publication!
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Complex modelling, requires new data

Rich limits for few-GeV experiments:



• 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)
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First look at C(e,e’1p1π∓)
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Complex Physics
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Complex Physics
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Hadronic Invariant Mass Biase−
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GENIE missmodels hadronizatione−
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The AGKY model miss-models shower content
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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+

Prel
im

inary 

Prel
im

inary 

Prel
im

inary 

Prel
im

inary 

Prel
im

inary 

Prel
im

inary 

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1Data
GENIE

No FSI
QEL
RES Δ
RES Other

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1

Non-RES

GENIE GEM21_11a_Rarita GEM21_11a_Rarita EMQEL

GEM21_11a_Rarita EMRES P33(1232) GEM21_11a_Rarita EMRES Others

GEM21_11a_Rarita EMSIS GEM21_11a_Rarita EMMEC

GEM21_11a_Rarita EMDIS GENIE No FSI

 1GeV-πCLAS6 1p1
DIS

e−

e−

C

π∓

p

1.159 GeV
2.257 GeV 4.453 GeV

1.159 GeV (×0.5)
2.257 GeV 4.453 GeV (×4)

1p1π−

1p1π+

Peak predicted by GENIE not observed in data



( ⃗p p + ⃗p π)

Take aways
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• e-data is key to reduce large cross-section systematics in oscillation experiments 

• First  analysis sets new constraints for event generators 

• Less than 30% of events reconstructed within 5% true energy at 2 & 4 GeV 

• GENIE does not describe bias, quality of reconstruction varies across beam energies 

• Incorrect shower content due to simplistic hadronization model biases  and  

• GENIE bias reduced for  

• Stay tuned for upcoming measurements! 

• More analysis ongoing for 1-6 GeV electrons on He, C, Ar and many others!

12C(e, e′ 1p1π∓)

W ECal

Mhad < 1.30 GeV



Thank you for your attention!
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𝜋
C

𝜋

More data on the way!
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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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Roadmap for improving event generators
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Pion-Production is key for Oscillations

Total

DIS+Hadronization
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 QEL+2p2h
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Validation with the world’s fit to (e,e’) data
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MC induces bias
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( ⃗p p + ⃗p π)

Pion Kinematic Constraints
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( ⃗p p + ⃗p π)

Proton Kinematic Constraints 
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( ⃗p p + ⃗p π)
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⃗p h = ⃗p p + ⃗p π

Transverse Kinematic Imbalance (TKI) 
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Beam energy independent
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Missing Transverse Momentum
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( ⃗p p + ⃗p π)

Most sensitive to FSI
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( ⃗p p + ⃗p π)

Transverse Boosting Angle
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( ⃗p p + ⃗p π)

Transverse Boosting Angle
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( ⃗p p + ⃗p π)

W Miss-Reconstruction
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 dependence with ECal δpTe−
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