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• 2014 – PAC 42 talk

• E12-14-012 Motivations:
• Neutrino Oscillation Experiments
• Importance of cross sections in oscillation results

• Experimental setup

• (e,e’) results on C, Ar, Ti and Al

• (e,e’p) results on Ar and Ti

Outline

32024 JLUO Annual Meeting C. Mariani, CNP - VT



2014: Benhar’s talk at PAC-42
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§ Primary Goal: Measurement of the spectral functions of Argon and Titanium through Ar-Ti (e,e’p) 
reactions

  

§ Primary Motivation: To help improve the accuracy of the measurement of the neutrino-oscillation 
parameters, including the CP violation in leptonic sector (one of the top priority of the US particle physics 
community), in the future neutrino experiments, mainly DUNE, by:  

• Data Collected (Feb-March 2017): 
                 - Ar/Ti/C/Dummy/Optical (e,e’p) reactions for five different kinematic set-ups
                 - Ar/Ti/C/Dummy (e,e’) reactions for one kinematic set-up                

• Measuring spectral function of argon (~ initial momentum and energy distributions of nucleons bound 
in argon) that can directly be used in the reconstruction of neutrino energies (currently the major 
source of uncertainty in neutrino experiments).

• Using measured argon spectral functions to further develop (extend) a fully consistent parameter-free 
theoretical (neutrino-nucleus) model that can be used in (every step of) the analysis of long baseline 
neutrino experiments.

5

E12-14-012: Goals and Motivations
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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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Observable Oscillation Parameters

Neutrino energy >1 GeV

Oscillation parameter 
determination depends on the 
reconstructed neutrino energy.
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DUNE Experiment
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Neutrino Interactions
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Deep Underground Neutrino Experiment



Appearance Probability as function of neutrino energy

Need energy to distinguish between different dCP
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Hall A at Jefferson Lab
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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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The shell model structure of the protons in Ti is nearly identical to that of 
the neutrons in Ar

Why Titanium?
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Inclusive analysis
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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). 

2024 JLUO Annual Meeting C. Mariani, CNP - VT



(e,e’p) analysis: extraction of the spectral function

• Universal property of the nucleus, independent of the interaction.
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(e,e’p) cross section

spectral function

elementary
cross section

nuclear
transparency
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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

1) Extract of the (e,e’p) cross section

2) Using σcc1 of de Forest and nuclear transparency, obtain the reduced cross 
sections as a function of (a) pm and (b) Em.

3) Find the parameters of the spectral function (i.e., spectroscopic factors) from the 
fits to the reduced cross sections as a function of pm.

4) Using the priors from Step 3), find the parameters of the spectral function (i.e., 
spectroscopic factors, peak positions, distribution widths) from the fits to 
the reduced cross sections as a function of Em. Correct for transparency.
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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

Exclusive analysis – kin1 - Ar -
 Missing energy and missing momentum
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Fit procedure and minimization

For each bin in the spectra of missing energy 
(100 bins between 1 and 100 MeV) and missing 
momentum (40 bins with momentum range 
changing between kinematics), we determined 
the product of the reduced MC cross section 
and the ratio of the data to simulation yield

The fit performs a c2 minimization using the TMinuit 
package available in root. 

The index i labels the missing momentum(energy) 
bin, α is the orbital index, fpreda(i) is the parametrized 
prediction evaluated at bin i in the missing 
momentum spectra for orbital a, Sa is the 
spectroscopic factor. 
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Ar (e,e’p) – Phys. Rev. D 105, 112002, (2022)
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Ti (e,e’p) – Phys. Rev. D 107, 012005, (2023) 
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v We completed the data analysis for the full data set collected by the E12-14-012 experiment at Jefferson Lab in 2017.

v Data has been published for both inclusive and exclusive analysis – 5 publications from 2017, 4 PhD thesis.

v   Inclusive cross sections for C and Ti, [Dai et al., PRC 98, 014617 (2018)]

v Inclusive cross section for Ar, [Dai et al., PRC 99, 054608 (2019)]

v Inclusive cross section for Al-7075, Ar, C and Ti of all (e,e’) data    [Murphy et al., PRC 100, 054606 (2019)]

v Exclusive cross section for Ar, [Jiang et al., PRD 105, 112002 (2022)]

v Exclusive cross section for Ti, [Jiang et al., PRD 107, 012005 (2023)]

v H. Dai (VT), PhD thesis, 2019

v M. Murphy (VT), PhD thesis, 2020

v L. Gu (VT), PhD thesis, 2021

v D. Abrams (UVA), PhD thesis, 2022

v C. Lanham (VT), MS thesis, 2023

Summary
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v Separation of individual contributions requires improved analysis. Numerous theoretical developments are necessary. But 
we have data now.

v Interpretation of the Ti proton spectral function in terms of neutron spectral function on Ar is in progress, new theory 
development will be needed.

Summary
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Thank you
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Back up
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Test spectral function: 
80% mean-field + 20% NN correlations

+

Independent-particle shell model
Convolution model of the correlated spectral function
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Mean-field part of the spectral function

wave function in momentum space

spectroscopic factor energy distribution

Relativistic MF calculations by C. Giusti
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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

Exclusive analysis - kin1 - Ti -
Missing energy and missing momentum
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Ar missing energy distribution
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Work by A. Ankowski

Shapes – drawn in different 
colors represent the contribution 

of different orbitals

First three orbital shapes are 
estimates

Last three level are derived from 
data
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FSI analysis
• C. Giusti provided a relativistic 

code, tested against old data on 
16O and 12C up to 40Ca
• Compute reduced cross section 

both PWIA and DWIA for various 
wave functions, identify the energy 
for each orbital
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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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Kinematic Setup
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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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Ar (e,e’p) – Phys. Rev. D 105, 112002, (2022)

2024 JLUO Annual Meeting



C. Mariani, CNP - VT 40

Ti (e,e’p) – Phys. Rev. D 107, 012005, (2023) 
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