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The challenge - next generation high precision
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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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Use external constraints

Improve theory

Use near detector 

e scattering 

The challenge - next generation high precision
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- Identical initial nuclear state
- Same Final State Interactions
- Similar interactions            

(vector vs. vector + axial)

Electrons and Neutrinos have:

Useful to constrain model uncertainties 

              Why electrons?
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- Identical initial nuclear state
- Same Final State Interactions
- Similar interactions            

(vector vs. vector + axial)

Electrons and Neutrinos have:

Useful to constrain model uncertainties 

              Why electrons?

Electrons have known energies 

Useful to test incoming energy reconstruction methods 
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E  Reconstruction Requires Interaction Modelling 
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Resonance
Deep Inelastic Scattering

Meson Exchange

Quasi Elastic

El - El’

ν Experiments Fluxes Challenge our Understanding  
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Improving the Modelling Input
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Our goal is to leverage neutrino and electron scattering data to constrain 
exiting models, and improve simulation environment  
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Today:
 - New SuSA 1n1p, 
2p implementation 


- Coming new 
inclusive results 


- New proton 
transparency results


- 1p0π Results 


- New DUNE Prism 
analysis 


Tomorrow: See Julia 
Tena Vidal’s talk 
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Complementary efforts 

Adaptation from Proceedings of the US Community Snowmass2021 
arXiv:2203.06853v1 [hep-ex] 

Publications 

Phys. Rev. C 99, 054608 

Phys.Rev.D 105 112002


Nature 599, 565 

Phys.Rev.D 103 ‎113003


https://arxiv.org/abs/2203.06853
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e4nu and DUNE 

CC events 
in DUNE

arXiv:2203.06853v1 [hep-ex] A NF06 Contributed White Paper

https://arxiv.org/abs/2203.06853
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CLAS Detector
Electron beam with energies up to 6 GeV

Large acceptance  

Charged particles above detection 

threshold:

300 MeV/c for p
150 MeV/c for Pπ+/-  
500 MeV/c for Pπ0

Open Trigger



MINERvA

New Data from 

Acceptance down to 5o     Q2 > 0.04 GeV2

x10 luminosity  [1035 cm-2s-1]

Keep low threshold, better neutron coverage 

Targets: 2D, 4He, 12C, 16O, 40Ar, 40Ca

(1,) 2, 4, 6 GeV (relevant for DUNE)

Overwhelming support from: 
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- Targets:  H, D, 4He, 12C, 
40Ar, 40Ca, 56Fe     

- Energies:
   1.1, 2.2, 4.4 GeV
   2, 4, 6 GeV 

  

CLAS A(e,e’p) Data

(Ar)

First test of neutrino energy reconstruction with exclusive data!   

(H2O), (CH),



Inclusive e data and generators 

v3.0.6 tune G18_10a_02_11a 

Phys.Rev.D 103 (2021) 113003
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40Ar   E = 2.222 GeV   θ = 15.54ο
 12C      E = 0.961 GeV   θ = 37.5ο 


12C   E = 1.299 GeV   θ =37.5ο 




Towards new Inclusive results on Ar
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Towards new Inclusive results on Ar
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
inclusive cross 
section at various Q2

Matan

Goldenberg

 [GeV]ω
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

co
un

ts

0

500

1000

1500

2000

2500

3000

3500

4000

 = 16θAr(e,e') E = 2 GeV  = 16θAr(e,e') E = 2 GeV 

preliminary 
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
inclusive cross 
section at various Q2
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Planing to extract Ar 
inclusive cross 
section at various Q2

Matan
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Nuclear Transparency - New Results 
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The probability that a struck proton leaves the nucleus without significant 
rescattering 

Noah

Steinberg

Fermilab 

at Quasielastic regions (XB around  1)

Using MC to determine QE dominated regions


low Pl, high Pp, low θpq  

Useful to constrain the FSI models 

Better model independency 

TA = N(e,e’p)0π / N(e,e’)
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Preliminary 
12C

Noah

Steinberg

Fermilab 

Nuclear Transparency - New Results 
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Data to MC differences 

Larger at small momentum, Grow with A 


Preliminary 

56Fe    12C4He   

Noah

Steinberg

Fermilab 

Preliminary 
Preliminary 

Nuclear Transparency - New Results 
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Figure 37: Comparison of the new transparency measurement with previous transparency mea-
surements.

41

Preliminary 

Less model dependent measurement 

Consistent with  previous results on C, Fe

First measurement on He 


Noah

Steinberg

Fermilab 

Nuclear Transparency - New Results 



            1p0π Event Selection
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Focus on Quasi Elastic events:
  1 proton above 300 MeV/c  
  no additional hadrons above detection threshold:
       150 MeV/c for Pπ+/-  

       500 MeV/c for Pπ0 

e

e



Incoming Energy Reconstruction 

Cherenkov detectors:
Assuming QE interaction
Using lepton only

Tracking detectors:
Calorimetric sum 
Using All detected particles

✏ is the nucleon separation energy ~ 20 MeV

Ecal = El + Ekin
p + ✏EQE =

2M✏+ 2MEl �m2
l

2(M � El + |kl| cos ✓l) [1p0π]
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[0π]
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Inclusive (e,e’)0π Εnergy Reconstruction 

E = 1.159 GeV

EQE =
2M✏+ 2MEl �m2

l

2(M � El + |kl| cos ✓l)

Mariana 
Khachatryan

Afroditi 
Papadopoulou

Nature 599, 565 (2021)
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Inclusive (e,e’)0π Εnergy Reconstruction 

E = 1.159 GeV

C(e,e’p)0π  Ecal [GeV]

Mariana 
Khachatryan

Afroditi 
Papadopoulou

Nature 599, 565 (2021)
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Focusing on different reaction mechanisms

Standard Transverse Variables  
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PT = P e0

T + P p
T

Sensitive to 
hit nucleon momentum 

δαΤ
Sensitive to 

Final State Interactions 
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pT sensitivity to interaction mechanisms
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MC vs. (e,e’p) Transverse Variables 
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Afroditi 

Papadopoulou


@ ΑNL arXiv:2301.03700 [hep-ex]

https://arxiv.org/pdf/2301.03700.pdf
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Generalizing Background Subtraction
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Different interaction lead to multi-hadron final states
Gaps can make them loop like QE-like events with outgoing 1μ1p 
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Background Subtraction
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Different interaction lead to multi-hadron final states
Gaps can make them loop like QE-like events with outgoing 1μ1p 

x

x



49

Data Driven Background Subtraction

12	

 

Rotate π  around q
!

 to 
determine detection 
acceptance

(e,e’p)


Subtracting undetected 2 proton 
events to get 1proton sample the 

similar way  


Subtracting undetected pions to get 0 pion sample 
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- Using measured (e,e’pπ) events

- Rotate p,π around q 

- Determine event acceptance 

- Subtract (e,e’pπ)  contribution 

- Same for final states with more than 2 hadrons

Julia

Tena Vidal



First Look at Multi hadrons final state 
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Alon 

Sportes

𝝎 plots for every 𝜽𝒆 - before SuSAv2 fix (2p & 1n1p)

2

(e,e’1n1p0π), (e,e’2p0π)

Implementing different 2N final state in MEC SuSA

G21 Before G21 Before

Julia

Tena Vidal



𝝎 plots for every 𝜽𝒆 - after SuSAv2 fix (2p & 1n1p)

3

First Look at Multi hadrons final state 
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Alon 

Sportes

(e,e’1n1p0π), (e,e’2p0π)

Implementing different 2N final state in MEC SuSA

G21 After G21 After

Julia

Tena Vidal

(e,e’1p1π) - coming soon 
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PRISM



Basic Idea 
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Some parts of the 
DUNE near 
detector can move 

PRISM

Each position will be 
exposed to a different 
flux 



Leveraged to 
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PRISM

Stephen Dolan NIUWG Meeting, 24/05/23 2

! scattering vs " scattering 
• One of the major advantages of electron scattering measurements 

over neutrino scattering is the mono energetic beam

• For electron scattering, a measurement of the outgoing lepton 
momentum corresponds directly to a measurement of energy transfer
• With the angle, you also get momentum transfer exactly

• Broad band fluxes are responsible for almost all of the degeneracies 
we have between different nuclear effects. 

!! = 3 GeV DUNE flux

QE
2p2h
Other

QE
2p2h
Other

Broad band fluxes are responsible for almost all of the degeneracies 

we have between different nuclear effects.

Amir Gruber

Co-advisory w.  Stephen Dolan



Leveraged to 
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PRISM
Using PRISM to build a quasi mono energetic flux 

Amir Gruber

Co-advisory w.  Stephen Dolan

Flux matrix                         ?                             Target Flux 
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Regularisation
• The ”best” solution (linear combination flux closest to the target) is not always 

what we want. 
• Typically involves subtracting large numbers from one another which 

blows up the statistical error

• But we don’t actually care if we match the target perfectly: all we want is a 
thin flux that we know the shape of
• Employ Tikhonov regularisation to penalise solutions with large coefficients 

Leveraged to 
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PRISM
The best solution can have large uncertainties 

Thin enough flux is satisfactory 

  - employ regularization to penalize solution with large coefficients

Amir Gruber

Co-advisory w.  Stephen Dolan



Leveraged to 
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PRISM
Measurable: ωreco = <Eν> - El    a proxy to ω smeared by flux width

If we assume CS change negligibly across flux we can assume all 
smearing comes from flux and unfold 

Amir Gruber

Co-advisory w.  Stephen Dolan

 

MeV MeV

First proof-of-concept, works for many energies 

Will be part of DUNE TDR 
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Summary

Use of semi-exclusive eA data to explore 
νA uncertainties 


- Energy reconstruction 


- Comparison to event generators 


νΑ interaction uncertainties limit oscillation parameters extraction 

Data/model disagreement even for electron QE-like events


Muon, Electron and neutrino scattering data is on the way to constrain 
models 




Thank you for your attention
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