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Progress in neutrino-nucleus cross section models is being driven by the need for highly accurate
predictions for the neutrino oscillation community. These sophisticated models are being developed
within a microscopic description of the nucleus with the goal of encompassing all reaction modes
relevant for the accelerator neutrino program. The disconnect between these microscopic models
and the event generators that will be used in the next generation of experiments represents a critical
obstacle that must be overcome in order to precisely measure the neutrino oscillation parameters. To
this end we have developed a Fortran wrapper for lepton-nucleus quasielastic (QE) scattering within
the GENIE event generator as a proof of principle, with the broader goal of creating an efficient
pipeline for incorporating advanced theoretical models in event generators. As a demonstration
of this interface, we have implemented the Spectral Function model into GENIE, offering a more
complete description of the nuclear ground state, as well as the ability to provide quantifiable
theoretical uncertainties. We validate this implementation and compare its predictions against data
and against QE models already available in GENIE.

I. INTRODUCTION

The next generation of large accelerator-based neu-
trino oscillation experiments, namely DUNE and Hyper-
K, will require an evolution in our understanding and
modeling of neutrino-nucleus interactions in order to
meet their design goals [1, 2]. These experiments aim
to not only measure the standard neutrino oscillation
parameters, but also to challenge the three neutrino
paradigm and search for other physics beyond the Stan-
dard Model [3, 4]. This requires accurate predictions
for all SM (and BSM) processes as well as a quantifica-
tion of the associated systematic errors involved. These
experiments rely on neutrino event generators for the
above, which makes the accuracy of such generators of
paramount importance. Fortunately, modern neutrino
event generators have a plethora of new lepton-nucleus
scattering data to benchmark against with higher preci-
sion [5–7], in new exclusive channels [8–12], with highly
differential data [13], and on new targets [14, 15]. These
new results have without a doubt shown that the em-
pirical models used in many event generators cannot si-
multaneously describe the data across the landscape of
experiments.

A common practice among generators is to stitch to-
gether disparate models, each describing a different re-
action mechanism – quasielastic, two-particle two-hole
(2p2h), resonance production, deep inelastic scattering.
These are woven together to cover the phase space probed
by neutrino experiments. The lack of a unified frame-
work for each of the components leads to large ad hoc
tunes being applied, interaction by interaction, to reach
agreement with the data [16–19]. These tunes tend to
give inconsistent results across nuclear targets, and even
across experiments using the same nuclear target. Addi-
tionally, such empirical treatments provide no way to rig-
orously assess the theoretical uncertainty associated with
the underlying physics, obscuring the final systematic er-

rors obtained on the sought after oscillation parameters.
Reaching the O(1)% precision in the neutrino cross

section predictions needed for neutrino oscillation analy-
ses will require basing our models in first principles nu-
clear theory, a consistency in the treatment of the dif-
ferent reaction mechanisms relevant to describe experi-
mental data, and the implementation of such models in
our event generators to estimate signal and background
predictions [20]. In this article, we will describe a new in-
terface developed for the GENIE event generator [21, 22]
which enables an efficient implementation of the Spectral
Function model for the description of the quasi-elastic
region. This interface can be easily adapted to other ac-
commodate other nuclear models.
The Spectral Function and extended factorization

scheme allow for a unified framework able to describe the
different reaction mechanisms into the same model while
providing an accurate description of nuclear dynamics.
Furthermore, it allows to consistently estimate the the-
oretical error of the calculations, preliminary studies in
this direction have been carried out in Ref. [23, 24]. Sec-
tion II discusses the motivation of and implementation
of a theory interface, while Sec. III and IV give details
on the factorization scheme and Spectral Functions used
in the model. Finally in Sec. VI and VII we validate and
test the implementation against inclusive and exclusive
electron and nucleus scattering data.

II. THEORY INTERFACE

As the number and sophistication of lepton-nucleus in-
teraction models grow, one of the most time consum-
ing bottlenecks is the implementation of these models
into event generators. Currently this must be done by a
specialist, with specific knowledge of a particular event
generator. Models are typically added one at a time,
often requiring both translation between programming
languages and adaptation to existing software infrastruc-
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ture. An example of this is the SuSAv2 implementation
in GENIE in which the theoretical model is designed only
for inclusive interactions, but the event generator must
be able to deliver fully exclusive predictions [25].

The need for a less labor-intensive pipeline for theo-
rists to contribute models to event generators has mo-
tivated development of simple interfaces for integrating
external calculations [26]. In the GENIE neutrino event
generator a first step in this direction was taken through
the creation of a hadron tensor table framework [21].
In this framework pre-computed tables of hadronic re-
sponse tensor elements, defined on a two-dimensional
grid in energy and momentum transfer, are provided to
GENIE for sampling of the final-state lepton kinemat-
ics. The hadron tensor can be contracted with a generic
leptonic tensor to compute either charged lepton or neu-
trino scattering cross sections. The tensor table frame-
work has been adopted for the inclusion of the CRPA QE
model, SuSAv2 QE+2p2h model, and the Valencia 2p2h
model [27–30].

While the tensor table strategy allows for a speedy im-
plementation of these models into GENIE, the framework
has several drawbacks. The current GENIE format for
tensor tables is inclusive, meaning that the outgoing nu-
cleon kinematics must be sampled separately from those
of the final-state lepton. This has the potential to lead
to large disagreements in nucleon momentum and angle
distributions [31]. Additionally, there are questions of
consistency between the underlying nuclear ground state
used to generate the tensor tables and the ground state
used in GENIE to select target nucleons. Finally, there
is no ability to manipulate the underlying theory param-
eters involved in the calculation of the hadron tensor ele-
ments themselves. This ability can be useful for studying
systematic uncertainties, which must otherwise be esti-
mated by less well-motivated methods.

As a first step towards a more flexible interface which
addresses these challenges, we have removed the barrier
between theorists’ original codes and GENIE by creat-
ing a Fortran wrapper to directly interface these codes
with the GENIE event generator. The choice to create a
Fortran wrapper as opposed to any other programming
language was based on a survey of many theorists in the
neutrino-nucleus scattering community in which a ma-
jority of theorists had implementations of their models
written in Fortran [32]. The first wrapper developed is
specifically for predictions of QE scattering within the
Impulse Approximation (IA). In this scheme, described
further in Secs. III and IV, lepton-nucleus scattering is
factorized into the incoherent sum of collisions with in-
dividual nucleons. The nuclear ground state is described
by a probability density known as the Spectral Function
(SF) which specifies the energy and momentum distri-
butions of bound nucleons. Realistic Spectral Functions
include both short- and long-range correlations between
constituent nucleons. Given an input Spectral Function,
our wrapper allows for a calculation of the hadronic re-
sponse tensor from an external theory code written in

Fortran. This capability can then be used by GENIE
to produce events and compute differential cross sec-
tions. In the following sections we will give more detail
about the factorization scheme used; contrast the Spec-
tral Function against other, more simple nucleon momen-
tum distributions; and validate and compare the model
predictions against charged lepton and neutrino scatter-
ing data.

III. FACTORIZATION OF ELECTRON AND
NEUTRINO QUASIELASTIC SCATTERING

We report the expression of the fully exclusive lepton-
nucleus differential cross section yielding single-nucleon
emission. Within the IA, which is expected to hold for
momentum transfers |q| > 400MeV, this can be written
in the form

dσ =
∑

τ=n,p

NτC
32π2EpEp′Ek′Ek

Pτ (p, E)×

LµνÃ
µν
τ δ(Ek + ENi

− Ek′ − Ep′) d3p dE d3k′ .

(1)

In Eq. 1 k (k′) and p (p′) denote the four-momenta of the
initial (final) lepton and initial (final) struck nucleon, re-
spectively, and Ep is the on-shell energy of a particle with
3-momentum p. The leptonic tensor is completely deter-
mined by the lepton kinematics and is given separately
for charged leptons and neutrinos as

Lµν =

{
CC,NC 8(kµk

′
ν + k′µkν − k · k′gµν ± iϵµνρσk

ρk′σ)

EM 2(kµk
′
ν + k′µkν + [m2

k − k · k′gµν ]) .
(2)

The upper sign (+) should be taken for neutrinos and
the lower (-) for anti-neutrinos. We use the symbol mk

to represent the mass of the particle with 3-momentum
k. The coupling factor C depends on the probe and is
given by

C =


CC G2

F |Vud|2

NC G2
F

EM 2e4/Q4 ,

(3)

where Q2 = −q2 > 0.

Ãµν
τ is the nucleon-level response tensor for a bound

nucleon with isospin τ . In the IA, Ãµν is just the free
nucleon response tensor but with the energy transfer ω
modified to account for the energy that must be given to
the residual nucleus to free the bound nucleon,

Ãµν = ⟨p′|j†µ1b (q̃)|p⟩⟨p|j
ν
1b(q̃)|p′⟩. (4)

In the above we have assumed that the nuclear current
operator is made up of only one-body currents, i.e.,

Jµ
nuclear =

∑
i

jµ1b . (5)
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The single nucleon Spectral Function Pτ (p, E) describes
the distribution of momentum and removal energy for
bound nucleons of isospin τ . Asymmetric nuclei like 40Ar
necessarily have different Spectral Functions for protons
and neutrons, so it is important that Eq. 1 allow for this.
For the case of symmetric nuclei we can ignore isospin
breaking effects and easily set Pp(p, E) = Pn(p, E). The
binding energy of each nucleon is given by ϵB = Mf +
mp − Mi where Mf(i) is the mass of the final (initial)
nucleus. In Eq. 4 we follow the DeForest prescription
of using free nucleon spinors and form factors, evaluated
using on shell nucleon four-momenta but a modified four
momentum transfer [33]

q̃ = p′ − (Ep,p) = q − (ϵB ,0) = (ω̃,q) . (6)

The nucleon current operator is given by

jµ1b = γµFV
1 (Q̃2) + iσµν q̃ν

2M
FV
2 (Q̃2)

+ γµγ5FA(Q̃
2) +

q̃µ

M
γ5FP (Q̃

2).

(7)

Finally, the form factors used in Eq. 7 in the case of
charged lepton scattering are related to those used in
neutrino scattering by the Conserved Vector Current
(CVC) hypothesis. This relationship allows for vector
form factors derived from precision electron scattering ex-
periments to be readily implemented in neutrino-nucleus
cross section predictions. Several parameterizations of
the Dirac and Pauli form factors F p,n

1,2 exist in GENIE
which can be configured by the user. For the axial
form factor we consider the dipole model with MA =
1.0 GeV [34], but the z-expansion parameterization ex-
tracted from neutrino-Deuterium scattering [35] as well
as from Lattice QCD [36–38] also exists in GENIE. Obvi-
ously for charged lepton scattering we set FA = FP = 0.

This model simultaneously describes both charged
lepton and neutrino-nucleus scattering. Comparisons
against inclusive and semi-exclusive electron scattering
data have already highlighted several modeling deficien-
cies in the current generation of neutrino event genera-
tors [7, 39].

IV. SPECTRAL FUNCTION

The Spectral Function of a nucleon with isospin τ ∈
{p, n} and momentum k can be written as

Pτ (k, E) =
∑
n

|⟨0|[|k⟩ |ΨA−1
n ⟩]|2δ(E + E0 − EA−1

n )

= PMF(k, E) + Pcorr(k, E) , (8)

where |k⟩ is the single-nucleon, plane-wave state, |0⟩ is
the ground state of the Hamiltonian with energy E0,
while |ΨA−1

n ⟩ and EA−1
n are the energy eigenstates and

eigenvalues of the remnant nucleus with (A−1) particles.

The Spectral Function in Eq. 8 is a sum of a mean field
(MF) and a correlation (corr) term with distinct energy
dependence. Both exclusive and inclusive electron scat-
tering experiments have shown that the correlation piece
dominates for momenta above kf , is essentially universal,
and comprises approximately 20% of the single nucleon
strength [40–45]. The momentum distribution of the ini-
tial nucleon is obtained by integrating the Spectral Func-
tion over the removal energy

nτ (k) =

∫
dE Pτ (k, E) . (9)

Nuclear models currently included in GENIE are based
on either the Relativistic Fermi Gas (RFG) or the Local
Fermi Gas (LFG), the latter of which uses a density-
dependent Fermi momentum. Ad-hoc modifications of
the models include fixed high momentum tails stitched
onto the original RFG momentum distributions [46] or
(in the LFG) a shift in strength from k < kf to k >
kf [21], mimicking a correlation tail. In either case
this leads to an incorrect relationship between the nu-
cleon momentum and removal energy. Spectral Func-
tions for finite nuclei have been derived from experiment
and different theoretical approaches (QMC, LDA, SCGF,
CBF) [41, 47–50]. In this work we utilize the 12C and 16O
Spectral Functions obtained within the Correlated Basis
Function (CBF) approach, where the MF piece has been
fit to (e, e′p) scattering data and the correlation contribu-
tion is computed using the Local Density Approximation
(LDA) [48]. We also assume that the SF for protons
and neutrons are the same, and we ignore any isospin
breaking effects. We note that the availability of sev-
eral Spectral Functions from different underlying nuclear
models is an advantage as it presents an opportunity to
quantify related theoretical uncertainties.
Figure 1 displays the initial-state nucleon momentum

distribution for true QE events on 12C produced us-
ing GENIE and the RFG, LFG, and Spectral Function
representations of the target nucleus. It is clearly vis-
ible that the normalization of the RFG in the mean
field (low momentum) region is much larger than the
LFG and SF. The LFG completely lacks the correla-
tion tail which is put in by hand in the RFG but ex-
ists a priori in the SF. Measurements from MINERvA
and T2K of single transverse kinematic imbalance ob-
servables have shown that the largest disagreement be-
tween models exists in this SRC dominated region be-
tween 200 < pn < 700 MeV. The SF initial state agrees
better with the data in this region than nuclear models
based on the RFG and LFG [51, 52].

V. GENIE IMPLEMENTATION

The first step of the GENIE implementation involves
some minor code adjustments to allow use of a precom-
puted SF provided in the form of a data file. Each SF
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FIG. 1. Initial nucleon momentum distributions for 12C for
models using the Relativistic Fermi Gas (RFG: Blue), Local
Fermi Gas (LFG: Black), and Spectral Function (SF: Red).
Momentum distributions have been obtained from 100,000
simulated electron 12C scattering events at Ebeam = 1GeV in
GENIE.

data file contains a table of |p|, E, P (|p|, E) triples ar-
ranged on a regular grid. The SF is normalized so that∫

P (p, E)d3 p dE

≈ 4π∆|p|∆E
∑
ij

|pi|2P (|pi|, Ej)

=
∑
ij

Pbin ij = 1,

(10)

where |pi| and Ej are evaluated at the midpoint of each
bin on the grid. The values of |p| and E are sampled
for an initial nucleon using a two-dimensional histogram
like the one shown in Fig. 2. The bins of this histogram
have been filled with the same probability mass value
Pbin ij from Eq. 10. To approximate the SF, a 2D bin is
sampled according to the probability mass distribution,
and then specific values of |p| and E are chosen uniformly
within its boundaries. Finally, a direction for the initial
nucleon is chosen isotropically.

New code was also added to GENIE (in the form of
a C++ class called UnifiedQELPXSec) to compute the
quasielastic differential cross section according to the ex-
pression from Eq. 1. The new code takes advantage of
the flexibility of the formalism in Sec. III to simultane-
ously describe electron and neutrino scattering. Based
on the projectile of interest, GENIE sets up any neces-
sary constants, form factors, or other calculation ingre-
dients from GENIE internals, minimizing the need for
code duplication. Utilizing the same model and code for
charged lepton and neutrino scattering allows for param-
eter constraints obtained from charged lepton scattering
experiments to be consistently and immediately applied
to neutrino scattering (as well as vice versa). Our im-
plementation utilizes the wrapper described in Sec. II to
compute the nucleon-level response tensor of Eq. 4 using

FIG. 2. Two dimensional probability mass distribution of
initial nucleon momentum and removal energy for the 12C
SF implemented in GENIE. S and P shells are visible at low
momentum and removal energy.

an external Fortran code. The results are then fed back
to GENIE to compute the differential cross section.
In order to remove the energy-conserving delta func-

tion of Eq. 1, we utilize a change of variables by working
within the center of momentum (CM) frame of the initial
lepton and the struck nucleon. In this reference frame, a
formal replacement can be made

δ(Ek + ENi − Ek′ − Ep′) d3k′ →√
1 + (γ2 − 1)(1− cos2 θ0)

|vk′ − vp′ |
|k′

0|2 dϕ0 d cos θ0 ,

where k′
0 is the final lepton 3-momentum in the CM

frame, γ is the Lorentz factor for the boost between lab
and CM frames, and vk′ (vp′) is the lab-frame velocity
of the final lepton (final nucleon). The CM frame final
lepton scattering angles θ0 and ϕ0 are measured between
k′
0 and v, the velocity of the CM frame as measured in

the lab frame. This choice of variables is convenient for
Monte Carlo (MC) sampling, and is also done for existing
QE simulations in recent releases of GENIE.
By using the Spectral Function as a normalized prob-

ability density, we can integrate over the 4D phase space
of the initial nucleon using MC methods. The differential
cross section can be computed as

dσ

d cos θ0dϕ0
=

∫
P (p, E)F (p, E)dEd3p

= ⟨F (p, E)⟩ ≈ 1

N

N∑
k=1

F (pk, Ek) ,

where F (pk, Ek) is basically the cross section of Eq. 1
with the Spectral Function factored out. Nucleon vari-
ables are drawn for each trial from the Spectral Function,
and the lepton angles are easily integrated over.
While the above constitutes a novel implementation

of the Spectral Function into GENIE, we must mention
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past work on another numerical implementation called
GENIE + νT [53]. This work focused on inclusive ob-
servables and studied the corresponding shift in extracted
oscillation parameters when the SF is used as the base
model. While the origin of the physics model in the GE-
NIE + νT implementation is the same as in the present
work, several differences must be noted. First, the kine-
matic sampling is done differently. In Ref. [53], values
of Q2 are generated for sampling the lepton kinematics,
as was typical in GENIE releases before major version
3; our implementation generates (cos θ0, ϕ0) pairs which
fully retain correlations with the outgoing nucleon. This
enables our implementation to deliver exclusive cross sec-
tion predictions needed for analyzing the data of cur-
rent and future oscillation experiments using liquid argon
time projection chambers. The goals of our implemen-
tation are also different. First and foremost, the present
work serves as a test case for our Fortran wrapper and
a verification that the implementation is done correctly.
Our SF implementation is also part of a larger effort to
improve lepton-nucleus scattering models in event gener-
ators, with a hope to develop a consistent scheme which
encompasses all reaction mechanisms. One alternative
avenue is the development of the ACHILLES event gen-
erator, also based on the SF model, which aims to root
each portion of the event-generation pipeline in micro-
scopic nuclear theory [54, 55].

VI. VALIDATION

As a validation of our implementation, we first com-
pare our GENIE SF results against inclusive electron
scattering data and standalone calculations (i.e., outside
of any event generator) using the same Spectral Func-
tion and form factors for inclusive neutrino scattering. In
Fig. 3 we show predictions using the GENIE SF model
against inclusive electron scattering data on 12C for beam
energies of 0.961 and 1.108 GeV, both taken at an elec-
tron scattering angle of 37.5◦ [56]. We see here that the
peak locations and widths are well described by the SF
model, though final state interactions will slightly shift
the peaks towards lower energy transfer through interfer-
ence effects [57]. The GENIE SF model slightly under-
predicts the height of the peaks, but this is to be ex-
pected. The inclusion of two-body currents in Eq. 5
leading to multi-nucleon knockout increases the predicted
cross section especially at energy transfers beyond the QE
peak and before resonance production. Furthermore the
interference between one- and two-body currents lead-
ing to single nucleon knockout is known to increase the
cross section at the QE peak [58–60]. Given the missing
interaction mechanisms just mentioned, the satisfactory
agreement between the GENIE SF predictions and the in-
clusive data is a useful validation of the implementation.
Below in Fig. 4 we also show inclusive double differen-
tial muon neutrino cross sections at Eν = 1GeV at fixed
muon scattering angles of 20◦, 30◦, and 40◦. Predictions

FIG. 3. Inclusive double differential cross sections vs. energy
transfer from e-12C scattering at θe′ = 37.5◦ for beam en-
ergies of 0.961 (red) and 1.108 (blue) GeV. Data points are
shown as points in the same colors with shaded bands show-
ing statistical plus systematic errors

from the GENIE SF match the standalone calculations
(labeled “Rocco SF” in the figure), again validating the
implementation.
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FIG. 4. Inclusive double differential cross sections vs. en-
ergy transfer from νµ-

12C QE scattering at 1 GeV and several
muon scattering angles: 20, 30, and 40 degrees. Solid lines
are the GENIE SF implementation and the dashed lines are
predictions from the SF model of Noemi Rocco.

VII. EXCLUSIVE CROSS SECTION
PREDICTIONS

As discussed earlier, exclusive cross sections are a
more powerful discriminator between different neutrino-
nucleus cross section models. To this end we compare
the GENIE SF implementation to both the SuSAv2 QE
and G2018 QE models implemented in GENIE. We in-
clude only the quasielastic components of each model for
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consistency in the comparisons. We begin with exclu-
sive electron scattering measurements from e4ν, where
the (e, e′p)0π topology has been measured on a variety
of targets and across multiple beam energies [7]. We fo-
cus on transverse kinematic imbalance variables (TKI)
which are sensitive to different reaction mechanisms and
are independent of incident lepton energy [52, 61, 62].
The differential cross section in transverse momentum
defined as

PT = Pe′

T +Pp
T , (11)

for 1.161 GeV electrons on 12C compared to predictions
from G2018, SuSAv2, and the SF are shown in Fig. 5.
quasielastic scattering has been shown to be the dom-
inant component at low PT where Fermi-motion dic-
tates the normalization and width of the cross section.
Inelastic contributions, NN correlations, and significant
intra-nuclear re-scattering or re-absorption of the outgo-
ing hadronic system (FSI) contribute as a broad tail to
higher values of PT above the Fermi momentum. Fig-

FIG. 5. Differential cross section in pT from (e,e’p)0π events
for 1.159 GeV e- 12C GeV scattering. Simulation predictions
from three different GENIE models where only true QE events
are shown.

ure 5 shows that G18 model significantly over predicts
the normalization at low PT. The SF model shows an
excellent agreement with the data at low PT where it
should be remarked that as the simulations include only
the QE interaction, the predictions should always under-
shoot the data. The lowest PT bin shows a mild over pre-
diction from the SuSAv2 model, but otherwise SuSAv2
describes the data well. The cross section serves as a
proxy for initial nucleon momentum, as can be seen by
the similarities between the shape and normalization of
the cross sections in Fig. 5 compared to the momentum
distributions of Fig 1.

Moving from electron scattering to neutrinos we next
examine CCQE-like (also known as CC0π) scattering
from the MINERvA experiment. The ability of a model

to simultaneously describe electron and neutrino scatter-
ing is crucial to leveraging the extremely high precision
charged lepton data available. To this end we exam-
ine first data from the Low Energy (LE) period of MIN-
ERvA, with an average neutrino energy ⟨Eν⟩ = 3GeV.
We focus on another derived TKI variable, pn which is
an estimator for the initial neutron momentum under
the CCQE hypothesis [61]. Below in Fig. 6 we show the
measured pn distribution at MINERvA against QE pre-
dictions from SuSAv2 and the SF models. The predicted

FIG. 6. MINERvA differential cross section in pn (initial
neutron momentum) with data in (black points) compared to
SF (red), and SuSAv2 (green). Data from [61].

pn distribution from the SF matches the data very well
in width and peak position and is slightly narrower than
the SuSAv2 prediction, which reflects the broader ini-
tial nucleon momentum distribution of the LFG used by
SuSAv2 in GENIE as seen in Fig. 1.

The same analysis measured the leading proton scat-
tering angle spectrum, which is sensitive to FSI but also
to the way in which the final state nucleon phase space
is sampled [31]. As the SuSAv2 implementation is in-
clusive there is no guarantee that the final state nucleon
kinematics will be correctly generated, as opposed to the
fully exclusive nature of the SF implementation. Fig-
ure 7 shows the proton scattering angle spectrum, with
the SuSAv2 QE prediction being significantly larger and
slightly broader at the QE peak than the SF prediction.
As 2p2h and other inelastic channels will contribute over
the entire range of proton scattering angles, the SuSAv2
prediction leads to an over-estimation of the cross sec-
tion.

The final MINERvA data set for comparison is the
triple differential CCQE-like measurement in the medium
energy, with an average neutrino energy of 6 GeV [13].
In this analysis, data is binned in muon longitudinal and
transverse momentum as well as Eavail defined by

Eavail =
∑

Tproton +
∑

Tπ± +
∑

Eparticle . (12)
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FIG. 7. MINERvA differential cross section in θp (proton
scattering angle) with data in (black points) compared to SF
(red), and SuSAv2 (green). Data from [61].

In the above, Tproton is the proton kinetic energy, Tπ±

is the charged pion kinetic energy, and Eparticle is the
total energy of any other final state particle except neu-
trons [13]. This kinematic variable when summed with
the lepton energy is used as an estimator for the true
neutrino energy by experiments like NOvA and Micro-
BooNE. In this measurement the signal is 0π events, so
Eavail is just the sum of the kinetic energies of all detected
protons.

Figure 8 shows this triple differential cross section for
1.5GeV < p|| < 3.5GeV with QE predictions from the
SF, SuSAv2, and G2018 models. As this sample contains
high energy neutrinos, there is again the expectation that
each simulation’s prediction should undershoot the data,
which we see from each of the three models. It is interest-
ing to note that even though each of the three included
models have vastly different theoretical underpinnings,
that each lead to a similar prediction in the QE region.

Our last data comparison is with T2K data on oxy-
gen. An oxygen Spectral Function computed using CBF
theory has also been provided in GENIE, enabling the
SF model to be validated against multiple nuclear tar-
gets [48]. We compare against double differential cross
sections in muon momentum and cosine of the scattering
angle on oxygen from CC0π events from T2K [6]. The
lower beam energy of T2K, which peaks at around 600
MeV means that inelastic contributions from resonance
production and DIS are smaller than in other neutrino
experiments. In Figure 9 we compare predictions from
the SF and SuSAv2 models in 6 different bins of cos θµ.
SF predictions are consistently below the data, as to be
expected as 2p2h interactions are still expected to be
significant at these kinematics as well as small contribu-
tions from resonance production. This is to be compared
to the SuSAv2 QE predictions which are already close to
the data and even overshoot it at forward muon angles.

VIII. DISCUSSION

The growing quantity, quality, and dimensionality
of charged lepton and neutrino-nucleus scattering data

present increasingly strong constraints on event genera-
tor predictions. To meet the precision simulation needs
of future experiments, an efficient pathway for the imple-
mentation of more realistic, theory driven models which
start from a microscopic picture of the nucleus will be in-
valuable. We have highlighted some practical difficulties
in including such new models in neutrino event gener-
ators like GENIE, and we have created an interface for
Fortran-based QE cross-section calculations as a first step
to overcome these difficulties.

We have also discussed some of the limitations of the
available models in GENIE, focusing on the highly ap-
proximate representations of the nuclear ground state
currently available. We have shown how the Spectral
Function provides a more complete picture of the nucleus
with the correct relationship between nucleon momentum
and removal energy, as well as naturally including corre-
lations between nucleons. This more complex model for
the nuclear ground state leads to marked differences in
exclusive cross-section predictions as can be seen in both
electron and neutrino scattering.

Finally, the inclusion of the Spectral Function model
within GENIE allows for multiple avenues for continuing
improvement. The first is the ability of this model, and
the code as implemented, to predict electron and neutrino
scattering cross sections simultaneously. This will allow
information gathered from precision charged lepton scat-
tering experiments to be more effectively used to refine
neutrino scattering predictions. While this work is lim-
ited to the quasielastic region, it is important to mention
that the SF formalism has been generalized to include
two-body current and pion-production mechanisms [63].
However, the process of extending the interface to encom-
pass these additional contributions is not straightforward
and would necessitate further advancements beyond the
present scope.

In contrast to similar previous efforts based on pre-
computed hadron tensors, the interface we have devised
provides greater ability to manipulate input parameters
and study their impact on the simulation predictions. In
particular, our interface allows for estimation of theoreti-
cal uncertainties through direct variations of the adopted
nucleon form factors and the use of multiple Spectral
Function tables calculated using different nuclear model
assumptions [24, 64].
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FIG. 8. MINERvA CCQE-like triple differential cross section (black points) compared to SF (red), SuSAv2 (green), G18 (blue).
Plot above is for 1.5 < p||/GeV < 3.5, in bins of pT against

∑
Tp which is the sum of all observed protons’ kinetic energy.
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[54] J. Isaacson, S. Höche, D. Lopez Gutierrez, and N. Rocco,
Phys. Rev. D 105, 096006 (2022), arXiv:2110.15319 [hep-
ph].

[55] J. Isaacson, W. I. Jay, A. Lovato, P. A. N. Machado,
and N. Rocco, Phys. Rev. D 107, 033007 (2023),
arXiv:2205.06378 [hep-ph].

[56] R. M. Sealock et al., Phys. Rev. Lett. 62, 1350 (1989).
[57] O. Benhar, Phys. Rev. C 87, 024606 (2013),

arXiv:1301.3357 [nucl-th].
[58] N. Rocco, A. Lovato, and O. Benhar, Phys. Rev. Lett.

116, 192501 (2016), arXiv:1512.07426 [nucl-th].
[59] O. Benhar, A. Lovato, and N. Rocco, (2013),

arXiv:1312.1210 [nucl-th].
[60] O. Benhar, A. Lovato, and N. Rocco, Phys. Rev. C 92,

024602 (2015), arXiv:1502.00887 [nucl-th].
[61] X. G. Lu et al. (MINERvA), Phys. Rev. Lett. 121,

022504 (2018), arXiv:1805.05486 [hep-ex].
[62] X. G. Lu, L. Pickering, S. Dolan, G. Barr, D. Coplowe,

Y. Uchida, D. Wark, M. O. Wascko, A. Weber,
and T. Yuan, Phys. Rev. C 94, 015503 (2016),
arXiv:1512.05748 [nucl-th].

[63] N. Rocco, S. X. Nakamura, T. S. H. Lee, and A. Lo-
vato, Phys. Rev. C 100, 045503 (2019), arXiv:1907.01093
[nucl-th].

[64] A. Lovato, A. Nikolakopoulos, N. Rocco, and N. Stein-
berg, Universe 9, https://www.mdpi.com/2218-
1997/9/8/367 (2023), arXiv:2308.00736 [nucl-th].

https://doi.org/10.1103/PhysRevC.103.L031301
https://arxiv.org/abs/2005.01621
https://arxiv.org/abs/2005.01621
https://doi.org/10.1126/science.1256785
https://arxiv.org/abs/1412.0138
https://arxiv.org/abs/1412.0138
https://doi.org/10.1103/PhysRevLett.99.072501
https://doi.org/10.1103/PhysRevLett.99.072501
https://arxiv.org/abs/nucl-ex/0703023
https://doi.org/10.1016/j.physletb.2021.136523
https://doi.org/10.1016/j.physletb.2021.136523
https://arxiv.org/abs/2004.07304
https://doi.org/10.1103/PhysRevD.24.1400
https://doi.org/10.1103/PhysRevD.105.112002
https://doi.org/10.1103/PhysRevD.105.112002
https://arxiv.org/abs/2203.01748
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1016/0375-9474(89)90374-6
https://doi.org/10.1103/PhysRevC.87.011303
https://doi.org/10.1103/PhysRevC.87.011303
https://arxiv.org/abs/1208.2472
https://arxiv.org/abs/1810.06043
https://doi.org/10.1103/PhysRevD.98.032003
https://arxiv.org/abs/1802.05078
https://doi.org/10.1103/PhysRevD.90.093004
https://doi.org/10.1103/PhysRevD.90.093004
https://arxiv.org/abs/1402.6651
https://doi.org/10.1103/PhysRevD.105.096006
https://arxiv.org/abs/2110.15319
https://arxiv.org/abs/2110.15319
https://doi.org/10.1103/PhysRevD.107.033007
https://arxiv.org/abs/2205.06378
https://doi.org/10.1103/PhysRevLett.62.1350
https://doi.org/10.1103/PhysRevC.87.024606
https://arxiv.org/abs/1301.3357
https://doi.org/10.1103/PhysRevLett.116.192501
https://doi.org/10.1103/PhysRevLett.116.192501
https://arxiv.org/abs/1512.07426
https://arxiv.org/abs/1312.1210
https://doi.org/10.1103/PhysRevC.92.024602
https://doi.org/10.1103/PhysRevC.92.024602
https://arxiv.org/abs/1502.00887
https://doi.org/10.1103/PhysRevLett.121.022504
https://doi.org/10.1103/PhysRevLett.121.022504
https://arxiv.org/abs/1805.05486
https://doi.org/10.1103/PhysRevC.94.015503
https://arxiv.org/abs/1512.05748
https://doi.org/10.1103/PhysRevC.100.045503
https://arxiv.org/abs/1907.01093
https://arxiv.org/abs/1907.01093
https://doi.org/https://www.mdpi.com/2218-1997/9/8/367
https://doi.org/https://www.mdpi.com/2218-1997/9/8/367
https://arxiv.org/abs/2308.00736



