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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  

νA scattering 
eA 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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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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CC events 
in DUNE
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e4ν demonstrate best coverage. 
The only effort with data already taken and expected exclusive measurements.

https://arxiv.org/abs/2203.06853
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CLAS6 CLAS12 
Run years 1996-2013 2017 - ?

Luminosity

Targets  C & Fe H, D, , C, (O), 40Ar and more

Beam Energy 1.1, 2.2, 4.4 GeV (1), 2, 4, 6 GeV

Electron acceptance θe > 15o θe > 5o

Solid angle coverage ~2π ~3π

Magnetic field V V 

Particle thresholds 150 (300) MeV/c for  (p/) 200 (400) MeV/c for  (p/n)

Events M C(e,e’) events  40Ar (e,e’) events

          Data from CLAS 
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Scattering Data

Model  
Tuning

Model  
Unification

Know electron scattering data limitation, we’ll always need neutrino data 

Find variables which are sensitive to specific parameters  

Focus on nuclear model and FSI where we know the electron model is sufficient 
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Inclusive Data



Towards new Inclusive results on Ar
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PRELIMINARY

CLAS 12 data



Towards new Inclusive results on C, Ar
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[13.5,14.5]°𝜃𝑒 ∈

[12.5,13.5]°𝜃𝑒 ∈

[17.5,18.5]°𝜃𝑒 ∈



Towards new Inclusive results on Ar
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[13.5,14.5]°𝜃𝑒 ∈
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Exclusive Challenges 



	and						distribu&ons	ϕθ
π −

ϕ[Deg.]

11	

π +

E2a 3He 2.261 GeV


ϕ[Deg.]

e-	
180	
	
	
130	
	
	
80	
	
40	
	
0	

θ[Deg.]

0									50						100					150				200						250					300					350	
ϕ[Deg.]

0						50				100			150		200			250			300			350	

0						50				100			150		200			250			300			350	

θ[Deg.]

180	
	
	
120	
	
	
60	
	
	
0	

180	
	
	
120	
	
	
60	
	
	
0	

θ[Deg.]

0									50						100					150				200						250					300					350	

180	
	
	
120	
	
	
60	
	
	
0	

p	θ[Deg.]

ϕ[Deg.]

✓

�

Background Subtraction

19

Different interaction lead to multi-hadron final states
Gaps can make them loop like QE-like events with outgoing 1μ1p 
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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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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
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Radiative effects 

Julia 
Tena Vidal
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When comparing electron scattering to prediction, radiative effects 
needs to be taken into account 

Implemented and validated in GENIE  
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Exclusive Data 



            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 

𝑝
𝑒− 𝛾

𝑒−
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Reconstructed Calorimetric Energy 
1.159 GeV
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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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Transverse missing momentum  
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pT sensitivity to interaction mechanisms 
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Transparency Measurement 

• Probability that a struck proton leaves the nucleus without significant re-

scattering  

• Complement to hadron nucleus interaction 

• Study proton FSI similarly to neutrino scattering 

Sensitive to both FSI and nuclear structure (PRD 104 053006 (2021)) 

Strong need for new data, especially at low proton momentum

𝑒−
𝑒−
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56Fe12C
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Transparency Measurement 

TA = N(e,e’p)0π /  N(e,e’)𝑸𝑬𝑳
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Transparency Measurement 

TA = N(e,e’p)0π /  N(e,e’)𝑸𝑬𝑳

Transparency flat in pp 

Larger discrepancies at small pp

12C

PRELIMINARY
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Transparency Measurement 

Presenting first measurement on He  
Transparency decreases with A

4He 12C

PRELIMINARY

PRELIMINARY

PRELIMINARY

56Fe
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First Look at Pions

Caleb Fogler

Deuterium @ 4.2 GeV 

Compared pion kinematics against 

GENIE (G18_10a) 

OnePiGen  

Single pion event generator 

MAID2007 model
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First Look at Pions

Caleb Fogler
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First Look at Pions - coming up 

Brittany Cohen 

Inspired by MiniBooNE measurement  
Based on simple kinematics in events with 1p1pi  

2

experimental results, a↵ecting our ability to extract
correct oscillation parameters.

This is further exacerbated by the wide incident
energy spectrum of accelerator-produced neutrinos
and poor statistics in current experiments [2]. Even
if we increase the statistics significantly, we will still
not be able to calculate the incident energy.

To improve this model, we implement reconstruc-
tion techniques on electron-nucleus scattering, which
is similar to ⌫-nucleus scattering as both are leptons
and therefore interact with atomic nuclei in a similar
manner[3], but electron scattering experiments use a
known mono-energetic beam [1] and can therefore be
compared with the energy calculated via reconstruc-
tion techniques, and these experiments have good
statistics, thereby allowing us to verify and improve
our energy reconstruction techniques.

DUNE should be dominated by pion production
events (Figure 1). Therefore, in this study, we se-
lected events containing a single negative pion, with
no positive pions and photons (corresponding to no
⇡
0 which decay into photons) in the final state. We

test the accuracy of current reproduction techniques
on this event topology, on e-GENIE simulation data
and, for the first time, on real data from CLAS6. We
also measure various observables to gain a better un-
derstanding of nuclear e↵ects and improve modelling
for neutrino interactions.

If you’d like, it would be useful here to have a
short paragraph summarizing the structure of the
paper. Add in when headings are sorted out.

A. Reconstruction Techniques in Neutrino
Experiments

In neutrino experiments...

1. Energy Reconstruction Techniques

There are two ways of reconstructing the incident
beam energy, based on the capabilities of the detec-
tor [1].

Water Čherenkov detectors only measure charged
leptons and pions. When the energy and direction
of motion of the pion and scattered electron in the
final state are known, it is possible to reconstruct the
incident electron energy Ee,rec using the MiniBooNE
formula [4] [5]:

Erec =
2m2

e0 + 2m2
⇡ � 2MN (Ee0 + E⇡ + 2pe0 · p⇡)

2(Ee0 + E⇡ � |pe0 | cos⇥e0 � |p⇡| cos⇥⇡ �MN )
,

(4)
where MN is the mass of the scattering nucleon, me0

and m⇡ are the masses of the electron and pion in
the final state, Ee0 and E⇡ are their energies and pe0

and p⇡ are their 4-momenta, ⇥e0 is the angle between
the incident and outgoing electron directions and ⇥⇡

is the angle between the incident electron direction
and outgoing pion direction.

Tracking detectors measure all charged particles
above their detection thresholds [1]. The calometric
energy of the incident electron is given by the sum of
all the energies of the detected final-state particles:

Ecal =
X

i

Ei + ✏, (5)

where Ei is the energy of the ith detected final state
particle and ✏ is the detected particles’ average bind-
ing energy.

2. Invariant Mass Reconstruction Techniques

The 4-momentum transfer, Q2, is defined as the
square of the di↵erence between the 4-momentum
of the outgoing muon and the 4-momentum of the
incident electron:

Q
2 = �q

2 = �(kµ � k
0µ)2, (6)

where k
µ and k

0µ indicate the 4-momentum of the
incident electron and outgoing muon, respectively:

k
µ = (pµx , p

µ
y , p

µ
z , E

µ), k0µ = (p0x
µ
, p

0
y
µ
, p

0
z
µ
, E

0µ),
(7)

The invariant mass, W , is the portion of the mass
and energy of a system of objects that is invariant
under Lorentz transformations. The invariant mass
has an important role in electron-nucleus interac-
tions as it provides an indication of the relative pop-
ulation of the dominant �(1232) decay channel with
respect to other decay channels [4]. Therefore, un-
derstanding the biases of W reconstruction is crucial
for modelling neutrino interactions in future experi-
ments.

In our case, W is defined using the following equa-
tion:

W = (pµ + q
µ)2 = M

2
N + 2MN! �Q

2
, (8)

where MN is the mass of the nucleon scattered by
the incident electron, ! is the energy transfer in the
nucleon rest frame, given by the equation

! = Ee � Ee0 (9)

where Ee is the energy of the incident electron and
Ee0 the energy of the scattered electron. Q

2 is the
4-momentum transfer defined above.

We reconstructed the invariant mass from the MC
simulated data by first constructed the 4-momenta

5
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FIG. 4: Reconstructed and true energy for 1 GeV (upper left) and 4 GeV (upper right) beam energies, and
reconstructed and true W for 1 GeV (lower left) and 4 GeV (lower right) beam energies. Colored lines
show the contributions of di↵erent processes to the GENIE simulation: QEL (green), RES (red), SIS

(turquoise), DIS (navy) and MEC (yellow).

TABLE I: Event topology and particle momentum
cuts.

Study Target Particle Momentum Cuts

MC Simulation 2
H, 12

C

p

�

⇡
+

⇡
�

None

CLAS6 Data 12
C

p

�

⇡
+

⇡
�

0.3 GeV
0.3 GeV
0.2 GeV
0.15 GeV

events are categorized by scattering types, and the
true incident energy appears as a delta peak. The
reconstructed energy peak coincides with that of the
true incident energy, but is shifted leftward as a re-
sult of nucleon binding energy, which was not taken
into account in our calculations (or problems with
the model TBD Nature paper). Both energies show
sharp peaks with asymmetrical tails, the left be-
ing wider. Only TBD percent of events reconstruct

within TBD percent of the true incident energy. At
1 GeV only resonance and deep inelastic scattering
with W < 2 GeV were recorded, whereas at 4 GeV
DIS events with W > 2 GeV and QEL events make
up a large part of the recorded events, as expected
due to the higher energy allowing W > 2 GeV in-
teractions and pion emission from QEL FSIs. The
QEL peak at 4 GeV is shifted rightward because the
energy is reconstructed using equations that assume
pion emission, even though no pion was produced in
the initial interaction.

B. Invariant Mass Reconstruction

Figure 4 shows reconstructed and true W on the
same axis, for C(e, e0)0p1⇡ scattering events with
1.161 and 4.461 GeV beam energies. At both en-
ergies, our reconstruction techniques significantly
overestimate the number of events near the �(1232)
resonance, incorrectly attributing more events to an
invariant mass around 1.232 GeV than what is seen
in the true distribution, resulting in a less distinct
second resonance peak, an overall leftward shift and

All 
QE 
MEC
RES 
SIS
DIS 

True study of events with 1 pion  
Will follow by comparison to data 

𝑒−

𝑒−

𝜋

X

1 GeV 4 GeV
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First Look at 1p1π

Julia 
Tena Vidal

𝝅+

𝑝

𝝅−

∆0
𝑒− 𝛾

𝝅−
∆0

𝑒− 𝛾
𝑝

1p1π - and 1p1π +   and no other hadrons or photons

1p1π - Possible at free nucleon level

1p1π + needs two or more nucleons and or undetected particles (FSI)

𝑒− 𝑒−
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First Look at 1p1π-

Julia 
Tena Vidal

   
Shape-only comparison 
Data corrected for bkg.  
Not radiative corrected yet 
Only statistical errors 
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First Look at 1p1π-

Julia 
Tena Vidal

Shape is well described by GENIE with FSI 
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First Look at 1p1π-

Julia 
Tena Vidal

Low momentum protons are not well described  
They are very sensitive to FSI 
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First Look at 1p1π-

Julia 
Tena Vidal

αT most sensitive to FSI is very well described  
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First Look at 1p1π+

Julia 
Tena Vidal

For 1p1π+  most events are due to FSI  
Well described  
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Reconstructed incoming energy for 1p1π

Julia 
Tena Vidal

Tail, due to missing particles, not well described 



Future Plans 
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Working on:

New dataset including Argon 

Multi differential analysis 

Pion production 

Two nucleon final state 

Julia 
Tena Vidal

Preliminary 

Alon  
Sportes

Joshua 
Barrow

Ar(e,e’N)0π Ecal [GeV]
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The           Collaboration         

Contact: Minerba betan009@fnal.gov, Adi adishka@tauex.tau.ac.il 

Steven Gardiner Minerva BetancourtJosh BarrowSteven Dytman

Matan Goldelberg

Noah Steinberg Brandon EberlyAdi Ashkenazi

Larry Weinstein A.PapadopoulouCaleb FoglerAlon Sportes Julia Tena Vidal Cheryl Patrick

mailto:betan009@fnal.gov
mailto:adishka@tauex.tau.ac.il
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Summary

Showing first use of semi-exclusive eA data to 
explore νA uncertainties  

Data/model disagreement even for electron 
QE-like events, and in the various background 
signatures. 

νΑ interaction uncertainties limit oscillation parameters extraction 

Time to utilize these datasets to constrain or models and get ready for the coming 
exciting years 



Thank you for your attention
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