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• 2014 – Omar’s PAC 42 talk that started our experiment journey

• E12-14-012 Motivations:
• Neutrino Oscillation Experiments
• Importance of cross sections in oscillation results
• Limitation and sample implementation in Neutrino Event generator

• Experimental setup
• Kinematic configurations
• Target

• (e,e’) results on C, Ar, Ti and Al

• (e,e’p) results on Ar and Ti

Outline
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2014: Benhar’s talk at PAC-42
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Lepton Interactions with Nucleons and Nuclei

Measure neutrino beam 
before oscillations

Measure neutrino beam 
after oscillations

Neutrino Oscillation Experiments

να

Signature of Neutrino Oscillation
● Neutrino Spectrum Distortions

Near to Far extrapolation
● Provides data-driven estimate of un-oscillated event rate at the Far detector.
● Neutrino spectrum distortions calculated from the ratio of neutrino spectrum at far 

detector to un-oscillated predicted event rate at far detector
● Influenced by uncertainties in the knowledge of flux and cross sections.
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Lepton Interactions with Nucleons and Nuclei

Observable Oscillation Parameters

Neutrino energy >1 GeV

Oscillation parameter 
determination depends on the 
reconstructed neutrino energy.
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Lepton Interactions with Nucleons and Nuclei

DUNE Experiment as an example
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Lepton Interactions with Nucleons and Nuclei

Neutrino Interactions
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Lepton Interactions with Nucleons and Nuclei

Neutrino Oscillations 

PRL 121, 171802 (2018)

Neutrino Event Rate: 
NFD(Eν) = Φ(Eν) × σ(Eν) × ε × P(να→νβ)

● Φ(Eν) : Flux, σ(Eν) : Cross section
ε: detector efficiency

● Cross sections always one of the 
major contributors

● More for T2K (Ev~0.7GeV) than NOvA
(Ev~2.4GeV)

● DUNE will detect pions, protons, 
neutrons, etc. with enough accuracy to 
get neutrino energy accuracy of a few 
%

T2K: Systematic uncertainties on far 
detector event yields

T2K and NOvA use targets like Carbon and 
Oxygen for which a lot of existing data and 
measurements are available. DUNE  will use 
Argon as neutrino target, limited data is available 
on Argon. 
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Lepton Interactions with Nucleons and Nuclei

Nuclear Effects - Fermi Motion

● Fermi Motion
○ Determines the momentum/removal energy of the 

nucleons
○ Models: Fermi Gas, Local Fermi Gas, Spectral 

functions ……
● Binding energy

○ Models: Constant or dependent on position

All the nucleons embedded in 
nucleus

● CCQE interactions in 
GENIE with both FSI and 
Pauli blocking included

                         Phys Rev. D 90, 093004 (2014)
                         Physics Reports 700 (2017) 

Phys Rev. D 90, 093004 (2014)
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Lepton Interactions with Nucleons and Nuclei

Ee=0.841 GeV and qe=45.5 deg Ee=0.7 GeV and qe=32 deg

2014: GENIE 2.8.0 + nT  Phys Rev. D 90, 093004 (2014)

VT group did an implementation in the most used neutrino generator 
of Spectral Function
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• (e, e’p) process (exclusive): 
   Both outgoing electron and 
proton are detected

𝑒	 + 	𝐴 → 𝑒! + 𝑝 + (𝐴 − 1)

• (e,e’) process (inclusive): 
   Only scattered electron is 

detected

𝑒	 + 	𝐴 → 𝑒! + 𝑋

(e,e’) and (e,e’p) processes
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(e,e’p) cross section
spectral function
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Missing momentum pm and missing energy Em

Ee + M −Em = Ee’ + Ep’

known

ke + pm = ke’ + p’

Without final-state interactions,

Em−Ethr   is  the excitation energy
pm ≡ |pm| is the initial proton momentum

 

(Ee, ke) (Ee’, ke’)

(Ep’, p’)
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Analysis procedure
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Main Elements of the Exclusive Analysis
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Missing momentum 

Missing Energy 

Differential cross section for elastic scattering of 800 MeV 
protons on Argon. Theoretical results obtained from the optical 

potential employed in the analysis 



The shell model structure of the protons in Ti is “nearly identical” to that of 
the neutrons in Ar

Titanium Idea – extension physics reach
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Relevance to Neutrino Experiments
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Hall A at Jefferson Lab
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Kinematic Setup
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Inclusive analysis

Ti(e,e’) and C(e,e’) inclusive cross sections published Phys. Rev. C 98, 014617 (2018)
Ar(e,e’) inclusive cross published in Phys. Rev. C 99, 054608 (2019)

Al(e,e’) inclusive cross section analysis published in Phys. Rev. C 100, 054606 (2019)

H. Dai (VT), PhD thesis, 2019
M. Murphy (VT), PhD thesis, 2020
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Effect of FSI

• A reduction of the cross section which is more or less 
constant in the momentum range considered

• Shift of the cross section in missing momentum

Ar - Missing energy and missing momentum
Phys. Rev. D 105, 112002, (2022)

Lepton Interactions with Nucleons and Nuclei C. Mariani, CNP - VT 23



Ar (e,e’p) Missing momentum 
Phys. Rev. D 105, 112002, (2022)
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Ti - Missing energy and missing momentum
Phys. Rev. D 107, 012005, (2023)
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Ti (e,e’p) – Phys. Rev. D 107, 012005, (2023) 
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Summary
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Thank you
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Back up
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Boiling Study-----Nathaly Santiesteban and H. Dai

Current (µA) Number of events Yield (ev/µC) Normalized Yield 

2.65 +/- 0.14 4898 1571.63 +/- 23.86 1 +/- 0.015 

4.39+/-0.14 10283 1523.80 +/- 15.97 0.97 +/- 0.01

8.06 +/- 0.15 17460 1454.32 +/- 11.69 0.925 +/- 0.007

11.81 +/- 0.17 26848 1352.62 +/- 8.77 0.860 +/- 0.005

15.15 +/- 0.19 25764 1287.83 +/- 8.52 0.8194 +/- 0.0054

18.08 +/- 0.21 26065 1263.59 +/- 8.31 0.804 +/- 0.0053

• We calculated the normalized yield for different currents, and the change in yield 
represents change in target density

• The normalization is done with respect to the lowest current 
• We fit the numbers with quadratic function and fix the I=0 point to 1 
• When 𝐼 = 9.67𝜇𝐴, within 2% for all the runs, the boiling effect is 17.2%, with 0.7% 

uncertainty.
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• Ciofi degli Atti and Simula, PRC 53, 1689 (1996)

• Correlated nucleons form quasi-deuteron pairs, with 
the relative momentum distributed as in deuteron.

• NN pairs undergo CM motion (Gaussian distrib.)

• Excitation energy of the (A − 1)-nucleons is their 
kinetic energy plus the pn knockout threshold

Correlated part of the spectral function

Benhar et al., RMP 80, 189 (2008)
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