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THE NUCLEAR SPECTRAL FUNCTION

? fundamental quantity describing single-particle dynamics in interacting
many-particle systems

? trivially related to the two-point Green’s function through

P (k, E) = − 1

π
Im G(k, E)

implying

P (k, E) =
∑
n

|〈(A− 1)n|ak|A0〉|2δ(E + En − E0)

? describes the probability of removing a nucleon of momentum k from
the nuclear ground state leaving the residual system with excitation
energy E = E0 − Ethr, Ethr being the nucleon emission threshold
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THE (e, e′p) REACTION

I Consider the process e+A→ e′ + p+ (A− 1) in which both the
outgoing electron and the proton, carrying momentum p′, are detected
in coincidence, and the recoiling nucleus can be left in either a bound or
a continuum state

Define missing momentum
and missing energy

pm = p′ − q

Em = ω − Tp′ − TA−1

≈ ω − Tp′

e e′

p′

q, ω

I Within the Plane Wave Impulse Approximation (PWIA), which amounts
to assuming that Final State Interactions (FSI) be negligible, the measured
pm and Em can be identified with the initial energy and momentum of
the knocked-out nucleon, the distribution of which is described by the
target spectral function
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FACTORISATION OF THE (e, e′p) CROSS SECTION

? under the assumptions
I JµA(q) ≈

∑
i j
µ
i (q) (single nucleon coupling)

I |X〉 ≈ |(A− 1)n,pn〉 ⊗ |p′〉 |(A− 1)n,p
′〉 ≈ |(A− 1)n〉 ⊗ |p′〉

(factorization of the final state)

expected to be valid at large momentum transfer, the nuclear transition
amplitude reduces the simple form

〈(A− 1)n,p
′|JµA|0〉 →

∑
i

Mn(k)〈p′|jµi |k〉

? The nuclear amplitude Mn is independent of momentum transfer, and
can be accurately calculated using many-body theory and a
state-of-the-art model of the nuclear Hamiltonian

? The matrix element of the current between free-nucleon states can be
computed using the fully relativistic expression. Constrained by proton
and deuteron data

? The resulting (e, e′p) cross section takes the simple and transparent form

dσA
dEe′dΩe′dEpdΩp

∝ σepP (pm, Em)
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COMMENTS OF FACTORISATION AND THE SPECTRAL FUNCTION

? The y-scaling analysis of inclusive data provides clear cut and model
independent evidence of factorisation of the eA cross section

? The spectral function is an intrinsic property of the target, independent
of both the nature of the beam particle and the kinematics of the
scattering process

? To the extent to which FSI and interactions involving two-nucleon
currents can be treated as corrections, the spectral function formalism
can be used to describe any

e+A→ e′ +X , ν` +A→ `+X

processes, provided a reliable description of the elementary cross
sections σeN and σνN is available
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ANALYTIC STRUCTURE OF P (k, E) AND CORRELATIONS

? The analytic structure of the spectral function is dictated by the
Källèn-Lehman representations of the Green’s function

P (k, E) =
∑
h∈{F}

Zh|Mh(k)|2Fh(E − Eh) + PB(k, E)

Fh(E − Eh) features a collection of peaks of width Γh, located at
energies E = Eh corresponding to the poles of G(k, E).

? In independent-particle models based on the mean-field approximation
(MFA) such as the nuclear shell model

. Spectroscopic factors Zh → 1

. Mh(k) = 〈h|ak|0〉 → φh(k), the momentum-space wave function
of the single-particle state h

. Energy distribution Fh(E − Eh)→ δ(E − Eh)

. Smooth contribution PB(k, E)→ 0. Correlation effects not taken
into account in MFA
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P (k, E) OF ISOSPIN-SYMMETRIC NUCLEAR MATTER

Equilibrium density, full microscopic
calculation based on a realistic nuclear
Hamiltonian

I The spectral functions of many medium-heavy nuclei have been
obtained from the analysis of (e, e′p) cross sections within the
Distorted-Wave-Impulse-Approximation (DWIA)
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The E12-14-012 Experiment at Jefferson Lab
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WHY ARGON AND TITANIUM?

? The proton and neutron spectral functions of Argon are both needed, to
describe neutrino and antineutrino interactions in liquid Argon
detectors

? The Ar(e, e′p) cross section only provides information on protons

? Useful information on the neutron energy and momentum distribution
can be obtained from Ti(e, e′p) data, by exploiting the similarity
between the proton spectrum of 48

22Ti and the neutron spectrum of 40
18Ar

16

Physics Motivation
Experimental Goals

Experimental conditions
Titanium idea

Physics motivation

Use few hours of beam time investigating the feasibility of running
on a titanium target, as suggested by the PAC.
The neutron spectral function of argon is needed to model
quasielastic neutrino scattering. In pion production both neutrons
and protons take part in charged-current interactions.

40
18Ar

p’s n’s

48
22Ti

p’s n’s

C. Mariani for E12-14-012 Collaboration Spectral function of 40Ar through the (e, e0p) reaction
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? Argon & Titanium target

? Beam energy Ee = 2.222 GeV; parallel kinematics

? Five kinematic settings

2

E12-14-012: (e,e’) and (e,e’p) on Ar and Ti

Aim: Obtaining the experimental input indispensable to construct the argon
spectral function, thus paving the way for a reliable estimate of the neutrino
cross sections in DUNE. In addition, stimulating a number of theoretical
developments, such as the description of final-state interactions.
[Benhar et al., arXiv:1406.4080]

Ee = 2.222 GeV

Exploratory analysis of the full dataset

37

Kinematic Setup

JLab, Seminar March 2023 C. Mariani, CNP - VT
? Overall kinematic coverage

15 ≤ pm ≤ 300 MeV , 12 ≤ Em ≤ 80 MeV
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DETERMINATION OF THE TARGET SPECTRAL FUNCTION

? The reduced measured cross-section defined as

PD(pm, Em) =
1

|p′|Ep′

1

σep

dσA
dEe′dΩe′dEpdΩp

,

obtained using the off-shell extrapolation of the electron-proton cross
section of De Forest (cc1 model), has been fitted using the model
distorted spectral function

PD(pm, Em) =
∑
h

Zh|φDh (pm)|2Fh(Em − Eh) + PDcorr(pm, Em) ,

? The unit normalised distorted momentum distributions, |φDh (pm,p)|2
are obtained from Relativistic Mean Field calculations (code provided
by Carlotta Giusti)

? The energy distributions Fh(Em −Eh), of width Γh, have been assumed
to have Maxwell-Boltzmann shape

? Correlation contribution, accounting for 20% of the strength, described
following a simple model developed by Ciofi degli Atti & SImula
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MAIN ELEMENTS OF THE ARGON ANALYSIS
Missing momentum (top) and missing
energy (bottom) distributions

Monte Carlo (MC) events are generated over a broad
phase-space, and propagate through a detailed model of the
electron and proton spectrometers, accounting for accep-
tances and resolution effects. The events are weighted
by the σcc1 cross section of de Forest [28] and the SF. The
final weighted events are then background subtracted. We
estimated the background performing analysis for each bin
of Em (1 MeV) and pm (1 MeV=c). We use events selected
in anticoincidence between the electron and proton arms.
This region corresponds to 100 times the nominal coinci-
dence time window width that was set to ≈2 ns [18]. The
events are then rescaled based on the width of the
coincidence peak. The background-event distributions
were then generated and subtracted bin by bin from the
Em and pm distributions.

B. Test spectral function

In general, the spectral function could be decomposed
into mean-field and correlation components,

Pðpm; EmÞ ¼ PMFðpm; EmÞ þ Pcorrðpm; EmÞ: ð5Þ

In constructing the test spectral function, we express its
mean field part as a sum of the contributions of the states
expected to be occupied in the independent-particle shell
model

PMFðpm; EmÞ ¼
X

α

SαjϕαðpmÞj2fαðEmÞ: ð6Þ

Here, Sα denotes the spectroscopic factor of the state α,
whose unit-normalized momentum-space wave function is
ϕαðpmÞ, while fαðEmÞ is the corresponding missing energy
distribution.
In order to approximately account for the depletion of

the shell-model states arising from short-range nucleon-
nucleon correlations, the values of the spectroscopic factors
are set to Sα ¼ 0.8Nα, Nα being the occupation number of
the state α in the independent-particle shell model. For fully
occupied shells, Nα ¼ 2jþ 1, with j being the correspond-
ing total angular momentum.
We employ the wave functions of Ref. [31]. The

resulting momentum distribution is presented in Fig. 1,
which shows that states of different orbital momentum tend
to peak at different values of missing momentum.
The missing energy of the shell-model states is assumed

to follow the Gaussian distribution,

fαðEmÞ ¼
1ffiffiffiffiffiffi
2π

p
σα

exp
"
−
#
Em − Eαffiffiffi

2
p

σα

$
2
%
; ð7Þ

peaked at the value Eα and with the width governed by σα.
All the parameters of the mean-field spectral function are
provided in Table II. The resulting missing energy distri-
bution is presented in Fig. 2.

To estimate the correlated spectral function we follow
the approach of Ref. [32]. We express it as a convolution
integral involving the momentum distributions of the
relative and center-of-mass motion of a correlated pro-
ton-neutron (pn) pair,

FIG. 1. Missing momentum distribution of protons in argon in
the test spectral function, presented with the geometric factor
of 4πp2

m.

FIG. 2. Missing energy distribution of protons in argon in the
test spectral function.

TABLE II. Parametrization of the test spectral function of
protons in argon. For each shell-model state α, we compare
the occupation number in the independent particle shell-model
Nα with the assumed spectroscopic factor Sα. The peak of the
missing energy distribution Eα of the width σα is also provided.
For the correlated part, we give its total normalization and the
threshold for two-nucleon knockout Ethr.

α Nα Sα Eα (MeV) σα (MeV)

1d3=2 2 1.6 12.53 2
2s1=2 2 1.6 12.93 2
1d5=2 6 4.8 18.23 4
1p1=2 2 1.6 28.0 6
1p3=2 4 3.2 33.0 6
1s1=2 2 1.6 52.0 10
Corr. … 3.6 20.60 …

DETERMINATION OF THE ARGON SPECTRAL FUNCTION FROM … PHYS. REV. D 105, 112002 (2022)
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Monte Carlo (MC) events are generated over a broad
phase-space, and propagate through a detailed model of the
electron and proton spectrometers, accounting for accep-
tances and resolution effects. The events are weighted
by the σcc1 cross section of de Forest [28] and the SF. The
final weighted events are then background subtracted. We
estimated the background performing analysis for each bin
of Em (1 MeV) and pm (1 MeV=c). We use events selected
in anticoincidence between the electron and proton arms.
This region corresponds to 100 times the nominal coinci-
dence time window width that was set to ≈2 ns [18]. The
events are then rescaled based on the width of the
coincidence peak. The background-event distributions
were then generated and subtracted bin by bin from the
Em and pm distributions.

B. Test spectral function

In general, the spectral function could be decomposed
into mean-field and correlation components,

Pðpm; EmÞ ¼ PMFðpm; EmÞ þ Pcorrðpm; EmÞ: ð5Þ

In constructing the test spectral function, we express its
mean field part as a sum of the contributions of the states
expected to be occupied in the independent-particle shell
model

PMFðpm; EmÞ ¼
X

α

SαjϕαðpmÞj2fαðEmÞ: ð6Þ

Here, Sα denotes the spectroscopic factor of the state α,
whose unit-normalized momentum-space wave function is
ϕαðpmÞ, while fαðEmÞ is the corresponding missing energy
distribution.
In order to approximately account for the depletion of

the shell-model states arising from short-range nucleon-
nucleon correlations, the values of the spectroscopic factors
are set to Sα ¼ 0.8Nα, Nα being the occupation number of
the state α in the independent-particle shell model. For fully
occupied shells, Nα ¼ 2jþ 1, with j being the correspond-
ing total angular momentum.
We employ the wave functions of Ref. [31]. The

resulting momentum distribution is presented in Fig. 1,
which shows that states of different orbital momentum tend
to peak at different values of missing momentum.
The missing energy of the shell-model states is assumed

to follow the Gaussian distribution,

fαðEmÞ ¼
1ffiffiffiffiffiffi
2π

p
σα

exp
"
−
#
Em − Eαffiffiffi

2
p

σα

$
2
%
; ð7Þ

peaked at the value Eα and with the width governed by σα.
All the parameters of the mean-field spectral function are
provided in Table II. The resulting missing energy distri-
bution is presented in Fig. 2.

To estimate the correlated spectral function we follow
the approach of Ref. [32]. We express it as a convolution
integral involving the momentum distributions of the
relative and center-of-mass motion of a correlated pro-
ton-neutron (pn) pair,

FIG. 1. Missing momentum distribution of protons in argon in
the test spectral function, presented with the geometric factor
of 4πp2

m.

FIG. 2. Missing energy distribution of protons in argon in the
test spectral function.

TABLE II. Parametrization of the test spectral function of
protons in argon. For each shell-model state α, we compare
the occupation number in the independent particle shell-model
Nα with the assumed spectroscopic factor Sα. The peak of the
missing energy distribution Eα of the width σα is also provided.
For the correlated part, we give its total normalization and the
threshold for two-nucleon knockout Ethr.

α Nα Sα Eα (MeV) σα (MeV)

1d3=2 2 1.6 12.53 2
2s1=2 2 1.6 12.93 2
1d5=2 6 4.8 18.23 4
1p1=2 2 1.6 28.0 6
1p3=2 4 3.2 33.0 6
1s1=2 2 1.6 52.0 10
Corr. … 3.6 20.60 …

DETERMINATION OF THE ARGON SPECTRAL FUNCTION FROM … PHYS. REV. D 105, 112002 (2022)
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Differential cross section for elastic
scattering of 800 MeV protons on
Argon. Theoretical results obtained
from the optical potential employed in
the analysis
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STEP 1: ANALYSIS OF MOMENTUM DISTRIBUTION

? The spectroscopic factors have been determined from momentum
distributions—obtained from integration over three missing energy
ranges—using constraints from previous experiments

The spin-orbit splitting has been computed using the
phenomenological prescription of Refs. [43,44],

Eðn; l; l − 1=2Þ − Eðn; l; lþ 1=2Þ ¼ 2lþ 1

2n
kA−C; ð16Þ

with angular momentum l, main quantum number n, and
mass number A. The empirically determined constants k ¼
23.27 MeV and C ¼ 0.583 [43] are included in the fit as
penalty function to the χ2. The uncertainty value has been
calculated comparing the predictions of Eq. (16) with the
available experimental data from NIKHEF-K [9,25,45]. We
apply this constraint only to the 1p shells.
The missing energy spectra minimization returns 20

parameters: 3 parameters for each orbital (the spectroscopic
factor, the position of the maximum, and the width of the
distribution) and 2 parameters for the correlated SF (the
strength and the threshold energy). We present our results
in Table VII. We repeated the fit excluding the results
coming from the pm minimization and without the corre-
lated SF part.

All the results are compatible within errors, which
indicates no large bias in the determination of the spectro-
scopic factors using different set of priors.
We do not see a large bias introduced by the set of priors

or the theory model that we use, but clearly the fit with the
correlated SF is a better representation of our data.
We have also repeated the minimizations using different

sets of priors for the orbital parametrizations: the Maxwell-
Boltzmann or Gaussian distributions, with the width
governed by a constant or linearly dependent on the
distance from the Fermi energy, Em − EF. The results
obtained are all compatible within errors, which indicates
that the fit is relatively independent of the parametriza-
tion used.
The results of Figs. 7 and 8 show that the test spectral

function model, rescaled using the parameters obtained

TABLE V. Comparison of the results of the χ2 minimization
using the missing momentum distributions, obtained with and
without the correlated spectral function. For every state α, we
present the extracted spectroscopic factor Sα, and its occupation
number in the independent-particle shell model, Nα. Addition-
ally, we provide the total spectroscopic strength, the number of
degrees of freedom (d.o.f.), and the χ2 per d.o.f.

w/ corr. w/o corr.

α Nα Sα
1d3=2 2 0.78% 0.05 0.78% 0.09
2s1=2 2 2.07% 0.07 2.10% 0.10
1d5=2 6 2.27% 0.04 2.27% 0.08
1p1=2 2 2.72% 1.23 2.72% 0.34
1p3=2 4 3.36% 0.04 3.53% 0.06
1s1=2 2 2.54% 0.04 2.65% 0.02
Corr. 0 0.48% 0.01 Excluded
P

α Sα 14.48% 1.24 14.05% 0.38
d.o.f. 1,132 1,133
χ2=d:o:f: 1.9 3.2

TABLE VI. Constraints on the fits to the missing-energy
spectra obtained from past measurements [33,42–44]. For the
clarity of presentation, we denote Eα as EðαÞ.

Parameter Value (MeV) Uncertainty (MeV)

Eð1d3=2Þ 12.529 0.002
Eð2s1=2Þ 12.925 0.002
Eð1d5=2Þ 18.229 0.015
Eð1p3=2Þ − Eð1p1=2Þ 4.1 1.5

TABLE VII. Comparison of the results of the χ2 minimization
using the missing energy distributions, obtained with all priors,
without priors from the missing-momentum fits, and without the
correlated spectral function. For every state α, we present the
extracted spectroscopic factor Sα, and its occupation number in
the independent-particle shell model, Nα. Additionally, we
provide the total spectroscopic strength, the number of degrees
of freedom (d.o.f.), and the χ2 per d.o.f.

All priors w/o pm w/o corr.

α Nα Sα
1d3=2 2 0.89% 0.11 1.42% 0.20 0.95% 0.11
2s1=2 2 1.72% 0.15 1.22% 0.12 1.80% 0.16
1d5=2 6 3.52% 0.26 3.83% 0.30 3.89% 0.30
1p1=2 2 1.53% 0.21 2.01% 0.22 1.83% 0.21
1p3=2 4 3.07% 0.05 2.23% 0.12 3.12% 0.05
1s1=2 2 2.51% 0.05 2.05% 0.23 2.52% 0.05
Corr. 0 3.77% 0.28 3.85% 0.25 Excluded
P

α Sα 17.02% 0.48 16.61% 0.57 14.12% 0.42
d.o.f 206 231 232
χ2=d:o:f: 1.9 1.4 2.0

TABLE VIII. The peak positions Eα, their widths σα, and the
parameter Ecorr of the correlated spectral function obtained from
the χ2 minimization of missing energy distributions. The results
with and without priors from the missing momentum fit are
compared.

Eα (MeV) σα (MeV)

α w/ priors w/o priors w/ priors w/o priors

1d3=2 12.53% 0.02 10.90% 0.12 1.9% 0.4 1.6% 0.4
2s1=2 12.92% 0.02 12.57% 0.38 3.8% 0.8 3.0% 1.8
1d5=2 18.23% 0.02 17.77% 0.80 9.2% 0.9 9.6% 1.3
1p1=2 28.8% 0.7 28.7% 0.7 12.1% 1.0 12.0% 3.6
1p3=2 33.0% 0.3 33.0% 0.3 9.3% 0.5 9.3% 0.5
1s1=2 53.4% 1.1 53.4% 1.0 28.3% 2.2 28.1% 2.3
Corr. 24.1% 2.7 24.1% 1.7 … …

L. JIANG et al. PHYS. REV. D 105, 112002 (2022)

112002-10
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STEP 2: ANALYSIS OF MISSING ENERGY DISTRIBUTION

? The energies and widths of the shell-model states have been determined
from the missing energy distributions, using the priors obtained from
the momentum distribution analysis

The spin-orbit splitting has been computed using the
phenomenological prescription of Refs. [43,44],

Eðn; l; l − 1=2Þ − Eðn; l; lþ 1=2Þ ¼ 2lþ 1

2n
kA−C; ð16Þ

with angular momentum l, main quantum number n, and
mass number A. The empirically determined constants k ¼
23.27 MeV and C ¼ 0.583 [43] are included in the fit as
penalty function to the χ2. The uncertainty value has been
calculated comparing the predictions of Eq. (16) with the
available experimental data from NIKHEF-K [9,25,45]. We
apply this constraint only to the 1p shells.
The missing energy spectra minimization returns 20

parameters: 3 parameters for each orbital (the spectroscopic
factor, the position of the maximum, and the width of the
distribution) and 2 parameters for the correlated SF (the
strength and the threshold energy). We present our results
in Table VII. We repeated the fit excluding the results
coming from the pm minimization and without the corre-
lated SF part.

All the results are compatible within errors, which
indicates no large bias in the determination of the spectro-
scopic factors using different set of priors.
We do not see a large bias introduced by the set of priors

or the theory model that we use, but clearly the fit with the
correlated SF is a better representation of our data.
We have also repeated the minimizations using different

sets of priors for the orbital parametrizations: the Maxwell-
Boltzmann or Gaussian distributions, with the width
governed by a constant or linearly dependent on the
distance from the Fermi energy, Em − EF. The results
obtained are all compatible within errors, which indicates
that the fit is relatively independent of the parametriza-
tion used.
The results of Figs. 7 and 8 show that the test spectral

function model, rescaled using the parameters obtained

TABLE V. Comparison of the results of the χ2 minimization
using the missing momentum distributions, obtained with and
without the correlated spectral function. For every state α, we
present the extracted spectroscopic factor Sα, and its occupation
number in the independent-particle shell model, Nα. Addition-
ally, we provide the total spectroscopic strength, the number of
degrees of freedom (d.o.f.), and the χ2 per d.o.f.

w/ corr. w/o corr.

α Nα Sα
1d3=2 2 0.78% 0.05 0.78% 0.09
2s1=2 2 2.07% 0.07 2.10% 0.10
1d5=2 6 2.27% 0.04 2.27% 0.08
1p1=2 2 2.72% 1.23 2.72% 0.34
1p3=2 4 3.36% 0.04 3.53% 0.06
1s1=2 2 2.54% 0.04 2.65% 0.02
Corr. 0 0.48% 0.01 Excluded
P

α Sα 14.48% 1.24 14.05% 0.38
d.o.f. 1,132 1,133
χ2=d:o:f: 1.9 3.2

TABLE VI. Constraints on the fits to the missing-energy
spectra obtained from past measurements [33,42–44]. For the
clarity of presentation, we denote Eα as EðαÞ.

Parameter Value (MeV) Uncertainty (MeV)

Eð1d3=2Þ 12.529 0.002
Eð2s1=2Þ 12.925 0.002
Eð1d5=2Þ 18.229 0.015
Eð1p3=2Þ − Eð1p1=2Þ 4.1 1.5

TABLE VII. Comparison of the results of the χ2 minimization
using the missing energy distributions, obtained with all priors,
without priors from the missing-momentum fits, and without the
correlated spectral function. For every state α, we present the
extracted spectroscopic factor Sα, and its occupation number in
the independent-particle shell model, Nα. Additionally, we
provide the total spectroscopic strength, the number of degrees
of freedom (d.o.f.), and the χ2 per d.o.f.

All priors w/o pm w/o corr.

α Nα Sα
1d3=2 2 0.89% 0.11 1.42% 0.20 0.95% 0.11
2s1=2 2 1.72% 0.15 1.22% 0.12 1.80% 0.16
1d5=2 6 3.52% 0.26 3.83% 0.30 3.89% 0.30
1p1=2 2 1.53% 0.21 2.01% 0.22 1.83% 0.21
1p3=2 4 3.07% 0.05 2.23% 0.12 3.12% 0.05
1s1=2 2 2.51% 0.05 2.05% 0.23 2.52% 0.05
Corr. 0 3.77% 0.28 3.85% 0.25 Excluded
P

α Sα 17.02% 0.48 16.61% 0.57 14.12% 0.42
d.o.f 206 231 232
χ2=d:o:f: 1.9 1.4 2.0

TABLE VIII. The peak positions Eα, their widths σα, and the
parameter Ecorr of the correlated spectral function obtained from
the χ2 minimization of missing energy distributions. The results
with and without priors from the missing momentum fit are
compared.

Eα (MeV) σα (MeV)

α w/ priors w/o priors w/ priors w/o priors

1d3=2 12.53% 0.02 10.90% 0.12 1.9% 0.4 1.6% 0.4
2s1=2 12.92% 0.02 12.57% 0.38 3.8% 0.8 3.0% 1.8
1d5=2 18.23% 0.02 17.77% 0.80 9.2% 0.9 9.6% 1.3
1p1=2 28.8% 0.7 28.7% 0.7 12.1% 1.0 12.0% 3.6
1p3=2 33.0% 0.3 33.0% 0.3 9.3% 0.5 9.3% 0.5
1s1=2 53.4% 1.1 53.4% 1.0 28.3% 2.2 28.1% 2.3
Corr. 24.1% 2.7 24.1% 1.7 … …

L. JIANG et al. PHYS. REV. D 105, 112002 (2022)
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15 ≤ pm ≤ 110 MeV
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COMPARISON WITH PREVIOUS ARGON DATA

I Nucleon knock-out from Argon has been also studied in the proton
pick-up reaction 40Ar(2H,3He) using both inpolarised and polarised
deuteron beams

 
39

 

Occupation probability

52-MeV polarized [Mairle et al., NPA 565, 543 (1993); Ex < 9 MeV] and unpolarized [Doll 
et al., NPA 230, 329 (1974); 129, 469 (1969); Ex < 7 MeV] deuteron beam at Karlsruhe 

Kramer et al. [NPA 679, 267 (2001)]: reanalysis of (d,3He) experiments, Sα→ Sα /1.5 

40Ar(e,e’p)40Ar(d,3He) 40Ar(d,3He)
→

I The results of present analysis turn out to be largely compatible with
previous data (figure courtesy of A. Ankowski)
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APPLICATIONS: INCLUSIVE CROSS SECTIONS
I inclusive data have been collected at beam energy E = 2.22 GeV and

electron scattering angle θe = 15.54 deg using different targets.
H. Dai et al., PRC 98, 014617 (2018); PRC 99, 054608 (2019)
M. Murphy et al., PRC 100, 054606 (2019)
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Inclusive analysis

41

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). 

JLab, Seminar March 2023 C. Mariani, CNP - VT

I Consistency with previous inclusive data confirmed by y-scaling and
superscaling analyses
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COMPARISON TO THE RESULTS OF THEORETICAL STUDIES
I The proton and neutron spectral functions of 40Ar and 48Ti have been

calculated by C. Barbieri, N. Rocco, and G. Somà using the
self-consistent Green’s function formalism and a chiral nuclear
Hamiltonian [PRC 100, 062501(R) (2019)]

C. BARBIERI, N. ROCCO, AND V. SOMÀ PHYSICAL REVIEW C 100, 062501(R) (2019)
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FIG. 3. Inclusive Ti(e, e′) (top) and Ar(e, e′) (bottom) cross sec-
tions at 2.2 GeV and 15.5◦ scattering angle. The solid (dashed) line
shows the quasielastic cross section with (without) the inclusion
of FSI. For the FSI results, the theoretical uncertainties coming
from model-space convergence are also shown as a shaded band.
Experimental data are taken from Refs. [15,16] and show both the
quasielastic peak and the contribution from meson production at
larger missing energies.

present calculation, we have neglected two-nucleon currents
and meson-production contributions that dominate the cross
section at higher energy transfer [12]. The dashed and solid
curves in the figures demonstrate the effect of FSI. Note that
the colored band in the FSI curve also shows the uncertainty
from model space convergence that has been estimated as
discussed above. This is representative of both curves and
shows that our calculations are near full convergence with
respect to the model space. The inclusion of FSI produces
a small shift in the position of the quasielastic peak that
improves the description for ω < 180 MeV. On the other hand,
strength is removed from the maximum of the peak and moved
to the tail. Hence, the prediction based on the NNLOsat inter-
action and GGF-ADC(2) for ground-state correlations slightly
underestimates the experimental data at the peak. Overall,
the discrepancy is still rather small and it is compatible with
the larger uncertainties that are intrinsic with the accuracy of
state-of-the-art nuclear forces [46].

Let us now turn to inclusive neutrino scattering on 40Ar,
based on the SCGF spectral function and the reaction
model discussed above. The electroweak current is given
by the sum of axial and vector components. The latter is
connected to the electromagnetic current through the con-
served vector current hypothesis and is probed by electron
scattering measurements. Figure 4 displays the computed
inclusive cross sections at 1 GeV scattering energy for neutral
and charged current reactions. The dashed line shows the
analogous calculation for 12C for comparison. The quasielas-
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FIG. 4. Quasielastic neutral (top) and charged current (bottom)
cross sections for 1 GeV neutrino scattering. Dot-dashed lines refer
to a 12C target and solid lines (with a color band showing the
theoretical uncertainty due to model-space convergence) refer to
40Ar. The dotted lines result from using the 48Ti proton spectral
function as an approximation for neutrons in 40Ar. The insets show
the difference between the latter and calculations where the full
spectral distribution of 40Ar is used.

tic peak is found at similar transferred energies for both
40Ar and 12C and its magnitude increases with the mass
number, as expected from superscaling properties of inclusive
reactions [47,48].

While in neutral current processes, the cross section de-
pends on both the neutron and proton spectral functions,
the charged current selects only one of them. In particular,
charged current neutrino scattering probes the neutron spectral
distribution of the nucleus. The need to gain information on
the neutron spectral distribution has indeed motivated the
electron scattering measurements in Ti isotopes, whose proton
number equals the neutron number of 40Ar, with the idea
of exploiting isospin symmetry [15]. Besides the presence
of the Coulomb potential, which results in an overall energy
shift of the spectral function, it is not clear to which extent
such a substitution is valid. In particular, since the mirror
isotope 40Ti is unstable and heavier Ti (mainly 48Ti) have to
be used in electron scattering experiments, nuclear structure
effects might play an important role. To test the impact of
this approximation we recomputed the cross sections of Fig. 4
substituting the neutron spectral function of 40Ar with the one
computed for protons in 48Ti for both neutral and charged cur-
rent processes. The resulting two curves are nearly identical at
these energies, with discrepancies below 1% (2%) not only for
neutral but also also for charged currents, where the validity
of the replacement can be analyzed in greater detail.

Summary. We have computed the one-nucleon removal
spectral functions of open-shell 40Ar and 48Ti isotopes,

062501-4

I Position and width of the quasi elastic peak are described to remarkable
accuracy
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COMPARING ARGON AND TITANIUM
I Theoretical calculations of Barbieri et al. [PRC 100, 062501(R) (2019)]C. BARBIERI, N. ROCCO, AND V. SOMÀ PHYSICAL REVIEW C 100, 062501(R) (2019)
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FIG. 3. Inclusive Ti(e, e′) (top) and Ar(e, e′) (bottom) cross sec-
tions at 2.2 GeV and 15.5◦ scattering angle. The solid (dashed) line
shows the quasielastic cross section with (without) the inclusion
of FSI. For the FSI results, the theoretical uncertainties coming
from model-space convergence are also shown as a shaded band.
Experimental data are taken from Refs. [15,16] and show both the
quasielastic peak and the contribution from meson production at
larger missing energies.

present calculation, we have neglected two-nucleon currents
and meson-production contributions that dominate the cross
section at higher energy transfer [12]. The dashed and solid
curves in the figures demonstrate the effect of FSI. Note that
the colored band in the FSI curve also shows the uncertainty
from model space convergence that has been estimated as
discussed above. This is representative of both curves and
shows that our calculations are near full convergence with
respect to the model space. The inclusion of FSI produces
a small shift in the position of the quasielastic peak that
improves the description for ω < 180 MeV. On the other hand,
strength is removed from the maximum of the peak and moved
to the tail. Hence, the prediction based on the NNLOsat inter-
action and GGF-ADC(2) for ground-state correlations slightly
underestimates the experimental data at the peak. Overall,
the discrepancy is still rather small and it is compatible with
the larger uncertainties that are intrinsic with the accuracy of
state-of-the-art nuclear forces [46].

Let us now turn to inclusive neutrino scattering on 40Ar,
based on the SCGF spectral function and the reaction
model discussed above. The electroweak current is given
by the sum of axial and vector components. The latter is
connected to the electromagnetic current through the con-
served vector current hypothesis and is probed by electron
scattering measurements. Figure 4 displays the computed
inclusive cross sections at 1 GeV scattering energy for neutral
and charged current reactions. The dashed line shows the
analogous calculation for 12C for comparison. The quasielas-
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FIG. 4. Quasielastic neutral (top) and charged current (bottom)
cross sections for 1 GeV neutrino scattering. Dot-dashed lines refer
to a 12C target and solid lines (with a color band showing the
theoretical uncertainty due to model-space convergence) refer to
40Ar. The dotted lines result from using the 48Ti proton spectral
function as an approximation for neutrons in 40Ar. The insets show
the difference between the latter and calculations where the full
spectral distribution of 40Ar is used.

tic peak is found at similar transferred energies for both
40Ar and 12C and its magnitude increases with the mass
number, as expected from superscaling properties of inclusive
reactions [47,48].

While in neutral current processes, the cross section de-
pends on both the neutron and proton spectral functions,
the charged current selects only one of them. In particular,
charged current neutrino scattering probes the neutron spectral
distribution of the nucleus. The need to gain information on
the neutron spectral distribution has indeed motivated the
electron scattering measurements in Ti isotopes, whose proton
number equals the neutron number of 40Ar, with the idea
of exploiting isospin symmetry [15]. Besides the presence
of the Coulomb potential, which results in an overall energy
shift of the spectral function, it is not clear to which extent
such a substitution is valid. In particular, since the mirror
isotope 40Ti is unstable and heavier Ti (mainly 48Ti) have to
be used in electron scattering experiments, nuclear structure
effects might play an important role. To test the impact of
this approximation we recomputed the cross sections of Fig. 4
substituting the neutron spectral function of 40Ar with the one
computed for protons in 48Ti for both neutral and charged cur-
rent processes. The resulting two curves are nearly identical at
these energies, with discrepancies below 1% (2%) not only for
neutral but also also for charged currents, where the validity
of the replacement can be analyzed in greater detail.

Summary. We have computed the one-nucleon removal
spectral functions of open-shell 40Ar and 48Ti isotopes,

062501-4

I Results obtained by replacing the neutron spectral function of 40Ar with
the experimentally accessible proton spectral function of 48Ti are quite
encouraging.
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IMPLEMENTATION IN NUWRO

I First implementation of the Argon spectral functions obtained from the
JLab data [PRD 109, 073004 (2024)]

JLab spectral functions of argon in NuWro and their implications
for MicroBooNE

Rwik Dharmapal Banerjee , Artur M. Ankowski ,* Krzysztof M. Graczyk , Beata E. Kowal ,
Hemant Prasad , and Jan T. Sobczyk

Institute of Theoretical Physics, University of Wrocław, plac Maxa Borna 9, 50-204, Wrocław, Poland

(Received 21 December 2023; accepted 6 March 2024; published 8 April 2024)

The Short-Baseline Neutrino program in Fermilab aims to resolve the nature of the low-energy excess
events observed in LSND and MiniBooNE, and analyze with unprecedented precision neutrino interactions
with argon. These studies require a reliable estimate of neutrino cross sections, in particular for charged
current quasielastic scattering (CCQE). Here, we report updates of the NuWro Monte Carlo generator that,
most notably, bring the state-of-the-art spectral functions to model the ground state properties of the argon
nucleus, and improve the accuracy of the cross sections at low energies by accounting for the effects of
the nuclear Coulomb potential. We discuss these developments in the context of electron and neutrino
interactions, by comparing updated NuWro predictions to experimental data from Jefferson Laboratory Hall
A and MicroBooNE. The MicroBooNE CCQE-dominated data are described with the χ2 per degree of
freedom of 0.7, compared with 1.0 in the local Fermi gas model. The largest improvement is observed for
the angular distributions of the produced protons, where the χ2 reduces nearly by half. Being obtained using
the axial form factor parametrization from MINERvA, our results indicate a consistency between the
CCQE measurements in MINERvA and MicroBooNE.

DOI: 10.1103/PhysRevD.109.073004

I. INTRODUCTION

Over the past 25 years, the phenomenon of neutrino
oscillations has been extensively studied for a broad range
of energies and baselines, using accelerator, atmospheric,
reactor, solar, and electron-capture neutrinos [1]. While most
observations can be explained within the three-neutrino
paradigm, this is not the case for the results of the gallium
experiments [2] and for the measurements performed by
LSND [3,4] and MiniBooNE [5].
LSND and MiniBooNE observed a consistent excess [5]

of electron (anti)neutrinolike charged-current quasielastic
(CCQE) events appearing in muon (anti)neutrino beams.
Owing to the experimental limitations, those events could
be composed of any number of e! ’s or γ’s, and their origin
remains a complete mystery [6].
To bring a definitive conclusion to the nature of the excess,

the Short-Baseline Neutrino (SBN) program [7] in Fermilab
is designed to perform precision measurements of neutrino
oscillations at different baselines, using the Booster Neutrino
Beam.Thedata fromMicroBooNE[8], alreadycollected,will

soonbe complementedby those fromtheShort-BaselineNear
Detector (SBND) [9] and ICARUS [10].
Collecting unprecedented event statistics will also

enable cutting-edge precision studies of neutrino inter-
actions, in preparation for the Deep Underground Neutrino
Experiment [11].
The measurements performed in the SBN program

require reliable estimates of neutrino cross sections.
Particularly important are these for CCQE scattering, the
dominant interaction mechanism at the SBN kinematics.
Here we report an improved description of neutrino inter-

actions with argon in the NuWro Monte Carlo generator.
We implement the proton and neutron spectral functions
(SFs) recently determined in a coincidence electron-
scattering experiment performed in Jefferson Laboratory
(JLab) Hall A [12,13]. We also update the NuWro code to
account for the distortion of the charged-lepton’s kinemat-
ics induced by the Coulomb field of the nucleus [14,15],
and for nuclear recoil. These effects play an important role
at neutrino energies of a few hundred MeV, where the
excess appearance events are searched for in the SBN
program. In addition, we add the axial form factor para-
metrizations from Refs. [16,17] and their uncertainties to
the NuWro code.
To assess the validity of the developed approach, we

compare our predictions for inclusive electron scattering
on argon to the experimental data from Ref. [18]. As an
illustrative example for neutrino interactions, we analyze
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In this analysis, we use the axial form factor from
MINERvA [17], to check if it is consistent with the Micro-
BooNE cross sections reported in Ref. [19] within the
considered nuclear models. For the SF approach, we also
discuss to what extent our findings are sensitive to this
choice, by performing comparisons with the results obtained
using other FAðQ2Þ parametrizations [16,46,48,49].

III. RESULTS AND DISCUSSION

We start presentation of the NuWro predictions from the
cross sections for electron scattering, which are simpler to
interpret than neutrino results, yet they provide important
complementary information.
Figure 1 compares the results obtained within the LFG

model and the SF approach to the data [18], extracted for
beam energy 2.222 GeVand scattering angle 15.541°.1 The
error bars of the data represent the total uncertainties. They
are dominated by the (uncorrelated) statistical uncertainties,
typically comprising 70%–80% of the total uncertainties.
The LFG calculation turns out to significantly over-

estimate the quasielastic peak in the region of its
maximum. This behavior does not come as a surprise, as
it has been previously reported in the literature, see, e.g.,
Refs. [55–57].
While the shape and magnitude of the SF cross section

are in good agreement with the data, the position of the
quasielastic peak is shifted by about 30 MeV, as shown
in Fig. 1. This discrepancy can be ascribed to the shift
introduced by FSI [15], which is currently not accounted
for in NuWro.
We note that other mechanisms of interaction, most

notably the Δ resonance excitation, start to contribute to the
cross section for energy transfers above ∼190 MeV. Un-
fortunately, the accuracy of their descriptions by NuWro

cannot be currently tested, as they cannot be run in the
electron mode.
In Ref. [19], the MicroBooNE Collaboration reported

various differential cross sections for an event class dubbed
CC1p0π, defined according to the selection criteria listed
in Appendix A. To enhance the CCQE contribution,
these cuts require, among others, for an event to contain
a proton and a muon, whose tracks are consistent with
being coplanar with the beam axis, and missing transverse
momentum is small. These kinematic selections are very
efficient at removing multinucleon backgrounds, such as
those originating from MEC and pion production, in a
largely model-independent manner.
The MicroBooNE Collaboration estimated that CCQE

interactions comprise ∼96% of the signal CC1p0π events,
using the GENIE Monte Carlo generator version [19]. Using
the SF approach in NuWro, we find this figure to be 95.0%.
Such a good agreement suggests that the background

estimates in these two simulations are consistent enough
to make our comparisons to the CC1p0π data of Ref. [19]
meaningful.
In a subsequent article [58], the MicroBooNE

Collaboration significantly relaxed the cuts, such that
CCQE events contributed only ∼74% of the signal events.
That analysis can be expected to exhibit less reliance on the
generator used for background estimation. However, com-
parisons to the extracted cross sections require a complete
description of all interaction channels. Therefore, here we
only consider the MicroBooNE results of Ref. [19], which
allows us to focus on CCQE scattering.
Figure 2 presents a comparison of the NuWro simulations,

performed using the LFG model and the SF approach2

to the experimental data for the CC1p0π differential
cross section as a function of the cosine of the
muon production angle [19]. As shown by the dashed-line
histogram, the LFG prediction generally overestimates the
experimental data, with the χ2=d:o:f ¼ 5.8 (40.8=7). This
finding is consistent with what we have observed for
electrons, discussing Fig. 1, and with the conclusions of
the MicroBooNE Collaboration [19].
In the SF approach, nuclear effects typically quench

cross sections more significantly than in the LFG model.
This behavior stems largely from the fact that scattering on
correlated nucleons, absent in the LFG model, typically
requires higher energy transfers than interactions with
uncorrelated ones, which suppresses cross sections. As a
consequence, the SF prediction—represented by the
stacked histogram—describes the experimental data better,
with χ2=d:o:f ¼ 4.5 (31.2=7).
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FIG. 1. Comparison of the NuWro calculations of the double
differential cross section for inclusive electron scattering on argon,
obtained within the local Fermi gas model (dashed line) and the
spectral function approach (solid line). In the latter case, the peak
position differs by 30 MeV from the data, as illustrated by the
shifted result (dotted line). The points represent the measurement
reported by the JLab experiment E12-14-012 in Ref. [18].

1The electron-scattering cross sections are obtained from the
distributions of 5 × 109 events with the cosine of the scattering
angle differing from cos θe by no more than 0.001.

2The CC1p0π cross sections for muon neutrino scattering
on argon in MicroBooNE are obtained from the distributions of
5 × 106 events, ∼15% (∼23%) of which pass the selection criteria
detailed in Appendix A for −0.65 < cos θμ < 0.80 (0.95).
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Both the considered nuclear models conspicuously fail to
reproduce the cross section for the highest cos θμ bin.
However, in the subsequent analysis [58], the MicroBooNE
Collaboration found that this experimental point was
affected by an inaccurate estimate of beam-related back-
ground and efficiency corrections, which led to an under-
estimation of the cross section at the most forward
kinematics. Therefore, from now on, we only discuss the
results corresponding to the restricted muon phase space,
−0.65 < cos θμ < 0.80. The cross sections for the full
cos θμ range are included in Appendix B for completeness.
When the highest cos θμ point is excluded from the

analysis, the goodness of fit significantly improves, with
the χ2=d:o:f reducing to 1.1 (6.7=6) for the LFG model and
0.8 (5.0=6) for the SF approach.
The current NuWro implementation of the SF approach

does not simulate an additional nucleon in the primary
interaction when the cross section is calculated using the
correlated part of the SF. This issue introduces an additional
source of uncertainty to our CC1p0π results, required to
contain a single proton with momentum above 300 MeV.
To gauge an upper limit of this uncertainty, we present

the MF and correlated contributions to our CC1p0π
predictions separately. It is important to note that ∼50%
of the correlated SF corresponds to initial momenta below
300 MeV, and FSI are expected to affect about half of the
outgoing nucleons. As a consequence, we estimate the
uncertainty not to exceed 25% of the correlated contribu-
tion, which makes it not significant for the interpretation of
our results, as can be seen from Figs. 2 and 3.
In the top panel of Fig. 3, we compare the LFG and SF

predictions for the cross section as a function of the cosine
of the proton production angle to the MicroBooNE
CC1p0π data. In this case, we observe the largest differ-
ence between the χ2=d:o:f values—1.27 (8.9=7) and
0.66 (4.6=7), respectively—which is mainly due to the
shape of the theoretical results.

The cross section as a function of the muon momentum
is reproduced by the two calculations with a similar fit
quality; see Table I and the middle panel of Fig. 3.
In the case of the cross section as a function of the proton

momentum, presented in the bottom panel of Fig. 3,
we again observe a large difference between the χ2=d:o:f
values, amounting to 1.08 (7.5=7) for the LFG model and
0.65 (4.6=7) for the SF approach. This difference, however,
predominantly stems from the normalization.
Note that in the approach of Ref. [15], the distributions

as a function of momenta would be affected by FSI,
expected to redistribute a part of the strength toward lower
(higher) values of the proton (muon) momentum. This
subtle effect should lower the χ2=d:o:f value for dσ=djkμj,
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SUMMARY & OUTLOOK

? The Ar and Ti(e, e′p) cross-sections measured at Jefferson Lab by the
E12-14-012 collaboration have allowed a reliable determination of the
Argon and Titanium spectral functions

? In addition to being interesting in their own right, the information
obtained from JLab data —e.g. spectroscopic factors and width of the
single-nucleon states—will be useful to derive realistic spectral functions
from simplified nuclear models

? The results of early applications of the E12-14-012 data set—including
theoretical studies of the inclusive cross sections, and analyses of
electron and neutrino data based on the implementation in NuWro—are
encouraging

? The extent to which a proton in Titanium is a good proxy for a neutron
in Argon, as well as the feasibility of a neutron knockout experiment,
need to be carefully investigated

? Electron scattering experiments may provide new insight into other
outstanding issues, such as the determination of the nucleon axial form
factor
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MEASUREMENT OF THE AXIAL FORM FACTOR AT JLAB

I Bogdan Wojtsekhowski’s talk at the Winter Hall A Collaboration
Meeting at JLab (January 16-17, 2024)

Weak Axial-vector Form Factor

B. Wojtsekhowski, JLab

in collaboration with 

P. Degtiarenko, A. Deur, J. Golak, 
D. Jones, C. Keppel, E. King, J. Napolitano

p n

e

n

W
W exchange

slide 1

Axial FF

1/16/24 Hall A collaboration              Bogdan Wojtsekhowski

I Studies aimed at submitting a proposal to the JLab PAC are under way
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Backup slides

23 / 22



y-SCALING OF INCLUSIVE DATA

? JLab data of Arrington et al., PRL 82, 2056 (1999). Iron target evidence of
factorisation of the eA cross section. PRL 82, 2056 (1999)

? in the kinematical region in which scaling is observed the dominant
reaction mechanism is quasi elastic single-nucleon knock out. Scaling
violations originate from inelastic processes (at y > 0) and FSI (at y � 0)
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FACTORISATION OF THE NUCLEAR CROSS SECTION

? In the PWIA regime, corresponding to λ� dNN ∼ 1.5 fm , nuclear
scattering reduces to the incoherent sum of scattering processes
involving individual nucleons

Σ
i

2 2
q,ω q,ω

i
x

? Basic assumptions

. JµA(q) ≈
∑
i j
µ
i (q) (single-nucleon coupling)

. |(A− 1)n,p
′〉 ≈ |(A− 1)n〉 ⊗ |p′〉 (factorization of the final state)

? As a zero-th order approximation, Final State Interactions (FSI) and
processes involving two-nucleon Meson-Exchange Currents (MEC) are
neglected. Their effects are included as corrections.
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THE FACTORISED (e, e′p) CROSS SECTION

? Factorisation allows to rewrite the nuclear transition amplitude in the
simple form

〈(A− 1)n,p
′|JµA|0〉 →

∑
i

Mn(k)〈p′|jµi |k〉

I The nuclear amplitude Mn is independent of momentum transfer
I The matrix element of the current between free-nucleon states can

be computed using the fully relativistic expression

? (e, e′p) cross section

dσA
dEe′dΩe′dEpdΩp

∝ σepP (pm, Em)

? The spectral function describing the probability of removing a nucleon
of momentum p from the nuclear ground state, leaving the residual
system with excitation energy E, is trivially related to the two-point
Green’s function through

P (k, E) = − 1

π
Im G(k, E)
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FSI CORRECTIONS WITHIN THE DWIA
I The effects of FSI are described by a distorted mean-field spectral

function

PDMF (pm,p, Em) =
∑
h

Zh|φDh (pm,p)|2Fh(Em − Eh)

√
Zh φ

D
h (pm,p) =

∫
d3pi χ

?
p(pi + q)φh(pi)

where the distorted wave χ?p(pi + q) is obtained from a complex optical
potential

I The analysis of the large body of (e, e′p) data shows that the effects of
FSI can be strongly suppressed by measuring the cross section in parallel
kinematics, that is with p ‖ q.

I In parallel kinematics, factorisation of the nuclear cross section is
preserved to very high accuracy, the distorted momentum distribution
only depends on missing momentum

nDh (pm) = Zh |φD(pm)|2 ,

and the effects of FSI can be easily identified
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DISTORTED MOMENTUM DISTRIBUTION

I consider knock out of a p-shell proton with kinetic energy
Tp = 196 MeV in parallel kinematics

I Distortion described by a complex optical potential (OP)

I FSI lead to a shift in missing momentum (real part of OP), and a
significant quenching, typically by a factor ∼ 0.7 (imaginary part of OP).
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ARGON MISSING ENERGY DISTRIBUTIONS
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ARGON MISSING MOMENTUM DISTRIBUTIONS

? The agreement—within uncertainty—between distributions
corresponding to different kinematical settings supports the
validity of the DWIA treatment of FSI, and, more generally, of
factorisation
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TITANIUM MISSING MOMENTUM DISTRIBUTIONS

C. Mariani, CNP - VT 57

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

JLab, Seminar March 2023

C. Mariani, CNP - VT 57

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

JLab, Seminar March 2023
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TITANIUM MISSING ENERGY DISTRIBUTIONS

C. Mariani, CNP - VT 57

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

JLab, Seminar March 2023

C. Mariani, CNP - VT 57

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

JLab, Seminar March 2023
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COMPARISON WITH PREVIOUS TITANIUM DATA
I Nucleon knock-out from Argon has been also studied in the proton

pick-up reaction 40Ar(2H,3He) using both inpolarised and polarised
deuteron beams

 
40

 

Occupation probability

52-MeV polarized [Doll et al., JPG 5, 1421 (1979); Ex < 7.54 MeV] deuteron beam at Karlsruhe

48Ti(e,e’p)48Ti(d,3He)
→

I The results of present analysis turn out to are largely compatible with
previous data
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