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OUTLINE

? Motivation: unraveling the flux-averaged cross section

? Lessons learned from studies of electron-nucleus interactions:
emergence of factorisation in the impulse approximation (IA)
regime

? Extensions & corrections: two-nucleon meson-exchange currents
(MEC) and final state interactions (FSI)

? Generalisation to neutrino-nucleus interactions

? Exploiting the full potential of factorisation: the E12-14-012
40Ar(e, e′p) experiment at Jefferson Lab

? Summary & Outlook

? Epilogue
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INTERPRETATION OF THE FLUX–AVERAGED CROSS SECTION

? e+ 12C→ e′ +X x-sections at fixed beam energy and scattering angle

I beam energy ∼1 GeV I beam energies between ∼ 0.7 and
∼1.5 GeV.

? The averaged cross section at fixed energy and scattering angle of the
outgoing lepton picks up contributions from different mechanisms

? All reaction channels must be included within a consistent theoretical
framework
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IMPULSE APPROXIMATION AND FACTORISATION

? for λ ∼ 1/|q| � dNN ∼ 1.6 fm, the average nucleon-nucleon distance in
the target nucleus, nuclear scattering reduces to the incoherent sum of
scattering processes involving individual nucleons

Σ
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2 2
q,ω q,ω

i
x

? Basic assumptions

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

. |X〉 → |x(p)〉 ⊗ |n(A−1),pn〉 : factorisation of the final state

? Corrections arising from te occurrence of FSI and processes involving
MEC can be consistently included

? Striking evidence of the onset of factorisation is provided by the
occurrence of y-scaling in inclusive electron-nucleus scattering
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THE IA CROSS SECTION

? Factorisation allows to rewrite the nuclear transition matrix element as

〈X|JµA|0〉 →
∑
i

∫
d3k Mn(k)〈X(k + q)|jµi |N(k)〉

I The nuclear amplitude Mn = 〈n|ak|0〉 is independent of
momentum transfer. It can be accurately calculated within non
relativistic many-body theory

I The matrix element of the current describes the transition of a
nucleon of momentum k to a hadronic final state of momentum
k + q

? Nuclear x-section

dσA =

∫
d3kdE dσN Ph(k, E)

? The lepton-nucleon cross section dσN can be obtained from proton and
deuteron data, theoretical models, or lattice calculations

? The spectral function Ph(k, E) describes the probability of removing a
nucleon of momentum k from the nuclear ground state, leaving the
residual system with excitation energy E
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INCLUSIVE ELECTRON-NUCLEUS SCATTERING: e+ A→ e′ +X

? elastic and inelastic (RES + DIS) processes consistently taken into
account (Bodek & Ritchie parametrisation of SLAC data)

? spectral functions obtained from ab initio microscopic calculations

I A = 3 SLAC data
Day et al, PRL 43,1143 (1979)

I A→∞ extrapolation of SLAC
data, taken using targets with
4 ≤ A ≤ 197
Day et al, PRC 40, 1011 (1989)
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SPECTRAL FUNCTION OF COMPLEX NUCLEI

I Phenomenological model: theory + electron scattering data. Oxygen as
an example, similar results available for Carbon and Iron

I Fermi gas model: P (p, E) ∝ θ(pF − |p|) δ(E −
√
|p|2 +m2 + ε)

I shell model states account for ∼ 80% of the strength
I the remaining ∼ 20% is pushed at high momentum and removal energy
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INTERACTION EFFECTS (QE ONLY, NO MEC)
I Initial state (spectral function)

I nuclear mean field→ cross section shifted
I nucleon-nucleon correlations→ appearance of two

particle-two-hole . Peak quenched, appearance of tails at both low
and high energy transfer, ω.

I FSI (folding approximatioon)→ cross section shifted and broadened
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EXTENDED FACTORISATION

? Factorisation of the nuclear cross section can be extended to treat one-
and two-body current contributions consistently, using one- and
two-nucleon spectral functions obtained from a realistic microscopic
model of nuclear dynamics and fully relativistic current operators

? N. Rocco et al., PRL 116,
192501 (2016)

? Carbon data from
R. Sealock et al., PRL 62,
1350 (1989)
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COMPARING e- AND νµ-CARBON 0π CROSS SECTIONS

. Electron scattering

. MiniBooNe CCQE cross section

I Theoretical calculations carried out using the same formalism
I Failure to explain the data to be ascribed to flux average & form factors
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THE AXIAL FORM FACTOR OF THE NUCLEON

I The contribution of the axial-vector current is large

? Jen et al. PRD 90,
093004 (2014); dipole
axial form factor

FA(Q2) =
gA

(1 +Q2/M2
A)

,

Canonical axial mass:
MA = 1.03 GeV

I The MiniBoone data can be explained using the Fermi gas (FG) model if
the value of the axial mass is increased to MA = 1.35 MeV

I The MiniBooNE paper suggests that the large axial mass is meant to
parametrise nuclear effects not taken into account by the FG model

I More advanced models of the nuclear cross section appear to provide a
good a description of the data, although their ability to explain electron
scattering data is not fully established
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VALENCIA MODEL vs SUPERSCALING

I Nieves et al
5
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FIG. 3: Muon angle and energy distribution d2σ/d cos θµdTµ for 0.80 < cos θµ < 0.90. Experimental data from Ref. [5] and
calculation with MA = 1.32 GeV are multiplied by 0.9. Axial mass for the other curves is MA = 1.049 GeV.

with electron, photon and pion probes and contains no additional free parameters. RPA and multinucleon knockout
have been found to be essential for the description of the data. Our main conclusion is that MiniBooNE data are fully
compatible with former determinations of the nucleon axial mass, both using neutrino and electron beams in contrast
with several previous analyses. The results also suggest that the neutrino flux could have been underestimated.
Besides, we have found that the procedure commonly used to reconstruct the neutrino energy for quasielastic events
from the muon angle and energy could be unreliable for a wide region of the phase space, due to the large importance
of multinucleon events.

It is clear that experiments on neutrino reactions on complex nuclei have reached a precision level that requires for a
quantitative description of sophisticated theoretical approaches. Apart from being important in the study of neutrino
physics, these experiments are starting to provide very valuable information on the axial structure of hadrons.
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FIG. 6. (Color online) MiniBoone flux-folded double differen-
tial cross section per target nucleon for the νµ CCQE process
on 12C displayed versus the µ− kinetic energy Tµ for various
bins of cos θµ obtained within the SuSAv2+MEC approach.
QE and 2p-2h MEC results are also shown separately. Data
are from [1].

? The result of Nieves et al show a significant contribution arising from
the excitation of nuclear collective modes (RPA), which is not included
in the phenomenological approach of Megias et al. Both models use
MA = 1.03 GeV

? Large MEC contribution needed to describe the data, even though a
clear cut identification of the relevant nuclear effects is still missing
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DETERMINATION OF FA(Q
2) FROM LATTICE CALCULATIONS

? The results of lattice calculations recently reported by the NME
Collaboration point to a Q2-dependence significantly different from that
predicted by the dipole parametrisation

I Comparison between the
results of Park et al.,
PRD 105, 054505 (2022),
obtained from lattice
calculations and the
dipole parametrisation

FA(Q2) = gA
(
1+Q2/M2
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? At Q2 <∼ 0.5 GeV2 the dipole fit with MA = 1.2 GeV is remarkably close
to the lattice results
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NEW EXPERIMENTAL DETERMINATION OF FA(Q
2)

? The MINERνA collaboration has recently reported the results of an
analysis aimed at obtaining the axial form factor from the cross section
of the process ν + p→ µ+ + n; T. Cai et al., Nature 614, 48 (2023)

I Ratio between the axial
form factor extracted
from the MINERνA
measurements
and the dipole
parametrisation with
MA = 1.014 GeV

52 | Nature | Vol 614 | 2 February 2023

Article

uncertainties at all Q2. Systematic uncertainties arise from the small 
remaining differences, due in part to the regularization, between the 
post-fit background prediction in each systematic variation of the 
input model. The dominant systematic uncertainties in this measure-
ment are the neutron secondary interaction in the detector (4.8%), the 
normalization in the CCQE cross-section (4.5%), the muon energy scale 
(4.2% from MINOS and 3.1% from MINERvA), the flux (3.9%), neutron 
FSI (approximately 3%) and the 2p2h process (2.3%).

Theory prediction of the measured cross-section requires input 
from the electromagnetic vector form factors, the axial form factor, 
the muon momentum and angle restrictions described above, and 
convolution between the free nucleon cross-section with the anti-
neutrino flux. The electromagnetic form factor used in this study 
assumes the BBBA2005 (ref. 31) parameterization. The axial form fac-
tor used by most neutrino experiments and generators36,42,49,57,58 
assumes a dipole form, F Q F Q M( ) = (0)(1 + / )A

2
A

2
A
2 −2, which is an approx-

imation derived from the Fourier transform of an exponential charge 
distribution. In this ansatz, the shape of FA depends only on the axial 
mass term MA. A more general form, consistent with QCD, is the z 
expansion formalism59, which maps the one-dimensional variable 
t = −Q2 onto a unit circle bounded by t m= 9cut π

2 , the threshold of 
three-pion production allowed by the axial current24:

∑

z Q t t
t Q t t

t Q t t

F Q a z

( , , ) =
+ − −

+ + −

( ) =

(8)

k

k

k
k

2
cut 0

cut
2

cut 0

cut
2

cut 0

A
2

=0

max

The hydrogen cross-section is fitted using FA from the z expansion 
with t0 = −0.75 (GeV/c)2, k = 8max . t0 is chosen so that the Q2 bins with 
precise cross-section measurements are distributed symmetrically 
around z = 0. Small variations in t0 have no impact on the fit result. kmax 
was chosen to be as small as possible while still enabling the fit to 
describe the data, as tested by a χ2 statistic. The fit to data includes a 
bound on the higher order terms24, such that ∣ak/a0∣ ≲ 5 and, for k > 5, 
∣ak/a0∣ ≲ 25/k. This bound is treated as a Gaussian regularization term 

during the χ2 minimization process with a strength parameter λ.  
The optimal λ of 0.13 was determined by an L-curve study comparing 
the minimum χ2 separated into the comparison to the data and  
the regularization. The behaviour of FA at low Q2 is constrained by 
FA(0) = −1.2723 ± 0.0023, the axial vector coupling as measured in beta 
decay. A more detailed discussion of the fitting method can be found 
in the Methods.

The resulting cross-section fit (in red) is shown on the left of Fig. 4 as 
ratio to a predicted dipole cross-section with MA = 1.014 GeV/c2, together 
with the predicted cross-section using FA from the Meyer24 fit (in yellow) 
on deuterium data and a fit derived jointly from deuterium and pion 
electroproduction data (BBBA2007, in dotted blue)25. The resulting 
form factor as a ratio to the dipole form factor is shown on the right. 
The cross-section ratio scales approximately linearly with FA ratios due 
to suppression of the A term in equations (4) and (5). The nucleon axial 
radius from the fit to this result is r r≡ ' ( = 0.73(17) fmA A

2 .
This result is the first statistically significant measurement, as far as 

we are aware, of the axial vector form factor on free protons without 
nuclear corrections or other theoretical assumptions. Theoretical 
uncertainties from the carbon background have been minimized by 
data-driven methods. By providing a precise and reliable prediction 
for the charged-current elastic scattering from nucleons, neutrino 
measurements on higher Z nuclei can benefit from better constrained 
nucleon effects to expose the nuclear effects. The method developed 
in this study will enable future experiments with hydrogen content in 
the target18,19 to make further measurements of the axial form factor. 
Future experiments with intrinsic three-dimensional capability would 
be able to observe the directions of low-energy neutron candidates, 
and improve the low Q2 measurement with more statistics.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05478-3.

Q2  (GeV/c)2
QE

R
at

io
 to

 d
ip

ol
e 

dσ
/d
Q

2  (
M

A
 =

 1
.0

14
 G

ev
/c

2 )

R
at

io
 to

 d
ip

ol
e 
F A

 (M
A
 =

 1
.0

14
 G

ev
/c

2 )

Data Hydrogen !t Deuterium !t BBBA2007 !t

0.01 0.05 0.1 0.5 1 5 10

Q2  (GeV/c)2
QE

0.01 0.05 0.1 0.5 1 5 10

0.01 0.05 0.1 0.5 1 5 100.01 0.05 0.1 0.5 1 5 10

0

0.5

1.0

1.5

2.0

2.5
5

10

50

0

0.5

1.0

1.5

2.0

2.5
5
10

50

Li
ne

ar
 s

ca
le

Lo
g 

sc
al

e

0.3

0.5

1.0

1.5

1.7
2

3
4

0.3

0.5

1.0

1.5

1.7
2

3
4

Hydrogen !t Deuterium !t BBBA2007 !t LQCD !t

Fig. 4 | Ratios of data and fitted axial vector form factor to a dipole model. 
Left, ratios of cross-sections to dipole cross-section with MA = 1.014 GeV/c2.  
The inner error bars on the data points account for 1 standard deviation due to 
statistical uncertainty only, and the full error bars include all sources of 

systematic uncertainties. Right, ratios to the dipole form factor. The hydrogen 
(this work) and deuterium24 FA fits use the z expansion formalism; BBBA2007 
(ref. 25) uses a different empirical fit to deuterium and π-electroproduction 
data; whereas LQCD is a recent fit to lattice QCD calculations14.
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IMPACT OF LATTICE (& MINERνA?) RESULTS

? Calculations performed the carbon spectral function employed to
describe electron scattering data

? Replacing the MA = 1.03 MeV dipole parametrisation with the lattice
axial form factor of Parks et al. leads to a ∼ 10− 15% enhancement of
the single-nucleon knock out cross section, entailing a corresponding
reduction of the missing strength

? Theoretical calculations
carried out using the
same carbon spectral
function as in PRL 105,
132301 (2010)
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SIMILAR COMPARISON TO T2K DATA

? A comparison to T2K CCQE data [K. Abe et al.. PRD 93, 112012 (2016)]
suggests in this instance there is less room for contributions other than
single-nucleon knock out
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? This observation is consistent with the results of the analysis of T2K
data based on the dipole parametrisation of the axial form factor,
yielding MA = 1.26 GeV (to be compared with MA = 1.35 GeV
reported by MiniBooNE)
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THE JEFFERSON LAB E12-14-012 40Ar(e, e′p) EXPERIMENT

I Consider the process e+A→ e′ + p+ (A− 1) in which both the
scattered electron and the knocked-out proton are detected in
coincidence

Missing momentum and
missing energy

pm = p′ − q

Em = ω − Tp′ − TA−1

≈ ω − Tp′

e e′

p′

q,ω

I Assuming that FSI be negligible, the spectral function of the target
nucleus can be obtained from

dσA
dEe′dΩe′dEpdΩp

∝ σepP (pm, Em)

16 / 25



DETERMINATION OF THE ARGON SPECTRAL FUNCTION

? The distortion arising from FSI have been taken into account using the
well established framework of Distorted Wave Impulse Approximation
(DWIA)

? The Ar(e, e′p) cross section only provides information on protons.
Useful information on the neutron distributions have been 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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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 …
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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 …
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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 … …
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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 … …
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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
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A BONUS FROM E12-14-012: INCLUSIVE CROSS SECTIONS

I Beam energy E = 2.22 GeV, electron scattering angle θe = 15.54 deg
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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). 

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

I Consistency with previous inclusive data confirmed by y-scaling and
superscaling analysis
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SUMMARY & OUTLOOK

? Despite the difficulties arising from flux average, a consistent
description of the neutrino-nucleus cross in both elastic and inelastic
channels appears to be possible using factorisation

? Most theoretical models of neutrino-nucleus interactions involve some
level of factorisation. However, to fully exploit its potential, this scheme
must be implemented using spectral functions providing an accurate
description of the initial state

? A better understanding of the interaction vertices, involving vector and
axial form factors, and structure functions in the resonance production
and DIS regions, is needed

? The present development of the treatment of FSI, while being adequate
for inclusive processes in the 0π sector, need to be improved and
generalised to treat more complex final states and exclusive processes

? Long-range correlations and the breakdown of factorisation at low
momentum transfer need to be carefully investigated
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EPILOGUE

? A unified framework for the description of neutrino-nucleus interaction is
emerging
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I Theory: E. Vagnoni et al, PRL 118, 142502 (2017)
I σCCQE: NOMAD, PLB 660, 19 (2008), MiniBooNE, PRD 81, 092005 (2010)
I σTOT: NOMAD, EPJC 63, 555 (2009)
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Abstract

The achievement of the goals of the ongoing and future accelerator-based neutrino
experiments—notably the determination of CP violating phase in the lepton
sector—will require the development of advanced models of neutrino-nucleus
interactions. In this talk, I summarise the present status of theoretical models of
lepton-nucleus scattering, highlighting the importance of exploiting the information
obtained from processes involving electrons, and discuss the developments and
perspectives of the approach based on factorisation of the nuclear cross section, which
has recently emerged as a promising framework for the description of the variety of
processes contributing to the flux-integrated neutrino cross section. The experimental
implications of factorisation and the measurement of the argon spectral function
performed iat Jefferson Lab by the E12-14-012 Collaboration, are also discusssed.

Results obtained in collaboration with

A.M. Ankowski, C. Mariani, D. Meloni, N. Rocco,
M. Sakuda, and E. Vagnoni

Talk based on the review by OB and C. Mariani: EPJA 59, 85 (2023)
https://doi.org/10.1140/epja/s10050-023-00995-9
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