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The extraction of neutrino mixing parameters from accelerator-based neutrino-oscillation experiments
relies on proper modeling of neutrino-nucleus scattering processes using neutrino interaction event
generators. Experimental tests of these generators are difficult due to the broad range of neutrino energies
produced in accelerator-based beams and the low statistics of current experiments. Here we overcome these
difficulties by exploiting the similarity of neutrino and electron interactions with nuclei to test neutrino
event generators using high-precision inclusive electron-scattering data. To this end, we revised the
electron-scattering mode of the GENIE event generator (e-GENIE) to include electron-nucleus bremsstrah-
lung radiation effects and to use, when relevant, the exact same physics models and model parameters, as
the standard neutrino-scattering version. We also implemented new models for quasielastic (QE) scattering
and meson exchange currents (MECs) based on the theory-inspired super scaling approach SuSAv2.
Comparing the new e-GENIE predictions with inclusive electron-scattering data, we find an overall adequate
description of the data in the QE- and MEC-dominated lower energy transfer regime, especially when using
the SuSAv2 models. Higher energy transfer interactions, which are dominated by resonance production, are
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still not well modeled by e-GENIE.
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I. INTRODUCTION

The extraction of neutrino mixing parameters from
neutrino-oscillation experiments [1-3] relies on comparing
the energy-dependent neutrino event distribution for a
particular neutrino flavor near the neutrino production
point with that at a significant distance away. In practice,
the yield at each neutrino energy is extracted from the
measured neutrino-nucleus interactions in a detector, as
reconstructed from the measured particles ejected in the
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neutrino-nucleus interaction. This requires detailed knowl-
edge of the v-nucleus interaction.

Unfortunately, measuring the v-nucleus interaction is
difficult due to the wide-energy spread of accelerator-
produced neutrino beams [see, e.g., Fig. 1 (left)] and the
tiny v-nucleus cross section. A relatively small body of data
has been published [4], which suffers from poor statistics
and is flux averaged over a wide range of neutrino energies.
These data are then supplemented with theoretical models
and implemented into event generator codes such as GENIE
[5] to simulate the v-nucleus interaction across a wide range
of energies and targets. GENIE simulations are then used to
aid in extraction of the incident neutrino flux as a function
of energy from the v-nucleus scattering events measured in
neutrino detectors.

However, the theoretical models need to describe many
different interaction processes for medium to heavy nuclei

Published by the American Physical Society
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FIG. 1. Charged-current cross sections as a function of neutrino

energy obtained using GENIE for muon neutrino scattering using
the DUNE near detector (left) and far detector (right) oscillated
fluxes [6]. The shaded bands show the fractional contribution for
each interaction mechanism, quasielastic (QE) scattering, meson-
exchange currents (MECs), resonance excitation (RES), and deep
inelastic scattering (DIS). See text for details of the interaction
mechanisms. The numbers in parentheses indicate the percentage
of the cross section due to each interaction mechanism.

(typically C, O, or Ar) where nuclear effects complicate the
interactions. As a result, the uncertainties in the extraction
of oscillation parameters are often dominated by lack of
knowledge of the v-nucleus interaction [1,2].

Figure 1 shows such a wide-energy spectrum for the
DUNE near detector flux-averaged cross sections (left) and
the far detector oscillated flux-averaged cross sections
(right) using one model configuration in GENIE. All four
v-nucleus reaction mechanisms contribute significantly and
all four need to be well understood. This is especially true
because different reaction mechanisms contribute differ-
ently in the different oscillation peaks. Understanding one
reaction mechanism better than the others could have
significant oscillation-analysis implications.

Because neutrinos and electrons are both leptons, they
interact with atomic nuclei in similar ways (see Fig. 2).
Electrons interact via a vector current (jhy = iy*u)
and neutrinos interact via vector and axial-vector (jrr =
iyt (1 — ys)u;’%) currents.

This gives an inclusive (e,e’) electron-nucleon-
scattering cross section that depends on only two structure
functions,

FIG. 2. Left: electron-nucleus inclusive scattering via one-
photon exchange. Right: charged-current neutrino-nucleus inclu-
sive scattering via W exchange with a final-state charged lepton.

d’c®  4ma* [1-y .
ddeZ = Q4 X FZ(x’ Q2) +y2F] (X, Q2> . (1)

Here F{ and F? are the standard electromagnetic vector
structure functions, Q> = q> — @? is the squared momen-
tum transfer, and q and @ are the three-momentum and
energy transfers, x = Q%/(2mw) is the Bjorken scaling
variable, m is the nucleon mass, y = w/E, is the electron
fractional energy loss, and a is the fine structure constant.
This formula is valid for Q% > m? where the electron-
nucleon cross section is simplest. Cross sections at lower
Q? have more complicated factors multiplying each of
the two structure functions. We show the simpler form to
make the electron-neutrino cross section correspondence
more clear.

The corresponding inclusive charged-current (CC)
(v, [*) neutrino-nucleon cross section (where [* is the
outgoing charged lepton) has a similar form with the
addition of a third axial structure function,

d*c” _G_%
dxdQ* 2=n

(1= y/2) Py, QZ)] . @)

1—
{ 2 Fy(x. Q) +°Fi(x. %)

Here I} and F are parity-conserving structure functions,
F% is a new parity-violating structure function, and G is
the Fermi constant. The parity-conserving structure func-
tions F and F* both include a vector-vector term almost
identical to F{ and F$ (the electron terms have both
isoscalar and isovector components, but the neutrino terms
have only isovector components) and an additional axial-
axial term. See Refs. [4,7,8] for more detail.

These simple equations are very similar for lepton-
nucleus scattering. In the limit of electron-nucleon elastic
scattering (x = 1), the two structure functions reduce to the
Dirac and Pauli form factors [which are linear combinations
of the electric and magnetic form factors, Gz(Q?) and
G (Q?)]. Neutrino-nucleon elastic scattering has an addi-
tional axial form factor. In the simplest case where a lepton
scatters quasielastically from a nucleon in the nucleus and
the nucleon does not reinteract as it leaves the nucleus, then
the lepton-nucleus cross section is the integral over all
initial-state nucleons,

do dafree
= &p;dE,KS(p;. E,)) ——
dEAO /pi Lh PidLy (pl h) 4o

x&(q-pr—pr)S(w—E, —T;=T,). (3)

where p; and p¢ are the initial and final momenta of
the struck nucleon (in the absence of reinteraction,
Pr = q + Pi), Pr = —P; is the momentum of the recoil
A — 1 nucleus, E,, is the nucleon binding energy, S(p;, E;)
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is the probability of finding a nucleon in the nucleus with
momentum p; and binding energy E,, T, and T, are the
kinetic energies of the final-state nucleon and A — 1 system,
do'™ / dQ is the lepton-bound nucleon elastic cross section,
and K is a known kinematic factor.

This simple form is complicated by nucleon reinteraction
which changes the overlap integral between the initial and
final states (and thus the cross section) and changes the
momentum and angle of the outgoing nucleon.

Thus, to calculate even the simplest type of lepton-
nucleus interaction, we need to know the momentum and
binding energy distribution of all nucleons in the nucleus,
how the outgoing nucleon wave function is distorted by the
nucleon-nucleus potential, and how the outgoing nucleon
kinematics is changed by final-state interactions. The initial
nuclear state is believed to be identical for e- and v-nucleus
interactions. However, the details of each interaction
make the final states different. For example, neutral current
v-nucleus interactions are very similar to e-nucleus inter-
actions because both have neutral exchanged bosons
(y and Z°). However, the couplings and form factors will
be different. Charged-current v-nucleus interactions are
different because the charged exchanged boson (W¥)
changes the final-state total hadronic charge by =+1.

In addition, the lepton can knock out two nucleons
simultaneously, either by interacting with a nucleon
belonging to a short range correlated (SRC) pair [9] or
by interacting with a pair of nucleons correlated via MECs
[10]. And, of course, these two interactions add coherently.
The lepton can interact with a nucleon, exciting it to a
resonance, which then deexcites, typically resulting in the
emission of a nucleon plus mesons. The lepton can also
scatter inelastically from a quark in a nucleon (DIS). The
outgoing hadrons in all of these interactions will interact
identically with the residual nucleus, whether they are
knocked out by an electron or by a neutrino.

MEC:s are relatively poorly understood and this contrib-
utes significantly to neutrino-oscillation uncertainties.
References [11,12] showed that inclusive neutrino MEC
cross sections can be calculated directly from the structure
functions in their electron-scattering counterparts if the
interacting system is nonrelativistic and if only transverse
response functions (i.e., those which concern the spatial
components of the current transverse to the direction of
momentum transfer) contribute to the cross section. This
latter assumption is justified for electron MEC interactions
by microscopic studies [11] and electron-scattering data
analyses. Its application to neutrino-scattering data via the
GiBUU theory framework [13] provides favorable compar-
isons in 2p2h-enhanced regions [14]. However, the same
microscopic model applied to neutrino scattering suggests
that, while the transverse component generally remains
dominant, the axial component of the longitudinal response
function can become important (especially for antineutri-
nos), breaking the direct link between electron and neutrino

MEC interactions [15]. Despite these shortcomings, elec-
tron scattering can still provide crucial inputs to modeling
neutrino MEC interactions.

Electron-nucleus scattering is much easier to understand
than v-nucleus scattering for three reasons:

(1) Electron beams have a single, well-known energy.

(i1) Electron experiments have far less statistical uncer-

tainty because electron beams have higher flux and
e-nucleus cross sections are far higher than their v
counterparts.

(iii) Electron cross sections are purely vector.
Therefore we can use e-nucleus scattering to constrain
models of v-nucleus scattering. Any model which fails to
accurately describe eA (vector-vector) scattering data
cannot be used with confidence to simulate vA (vector-
vector + axial-axial + vector-axial) interactions.

GENIE started as a neutrino event generator, like almost
all event generators in neutrino physics. In recognition of
the importance of electron scattering, it was added as a
new option in close conjunction with the neutrino scatter-
ing section. As much as possible, the neutrino section
references vector and axial contributions separately and
uses the same modeling for vector interactions as the
electron section. Some models were developed separately
for electrons and others were developed for both appli-
cations in tandem.

An earlier electron version of GENIE (v2.12) was tested
in Ref. [16] by comparing with inclusive (e,e’) data.
Although the quasielastic peak was well described for a
variety of energies and nuclei, the resonance region (total
hadronic energy W > 1.1 GeV) was poorly described.
However, the establishment of full compatibility between
the electron and neutrino versions was then still in its
early stages.

Here we significantly improved both neutrino and electron
versions of GENIE to address these and other issues. We fixed
significant errors in the previous version, including an error
in the Mott cross section in the electron QE Rosenbluth
interaction, a missing Lorentz boost in the MEC interaction
(for both e and v interactions), and incorrect electron
couplings used in the RES interactions. We worked to better
integrate the electron and neutrino codes for quasielastic and
2p2h models. We also added more up-to-date models such
as the super scaling approach SuSAv2 [8]. These changes
have been incorporated in the latest GENIE version. We refer
to the electron-scattering component of the widely used
GENIE [5] event generator as e-GENIE.

The GENIE improvements can be seen in Fig. 3. The QE
peak (at w = 0.15) predicted by the older GENIE v2 is too
large and is slightly shifted to higher energy transfer than
the data and the first resonance peak is at much too large an
energy transfer. The QE peak predicted by the updated
GENIE v3 has about the correct integral and is at the correct
energy transfer (but is slightly too narrow) and the first
resonance peak is located at m, —m =~ 300 MeV beyond
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FIG. 3. Comparison between GENIE v2 and v3 descriptions of

inclusive C(e, ¢’) scattering cross sections at Ey = 0.56 GeV,
0, = 60°, and QZQE ~0.24 GeV? [17]. Black points show the
data, solid black line shows the GENIE v3 results, and dashed
black line shows the GENIE v2 results.

the QE peak, as expected. Details of the calculations and of
the discrepancies between GENIE v3 and the data are
discussed in detail below.

We specifically focus on testing our knowledge of the
electron-nucleus cross section by benchmarking e-GENIE
against existing inclusive electron scattering data for differ-
ent target nuclei, beam energies, and scattering angles.
The goals are very similar to Ref. [16], but we test a much
more modern version of e-GENIE and we also compare
different models within e-GENIE. In addition, if e-GENIE
describes electron-nucleus scattering well, then it would be
an improvement on the former empirical fit [18] and would
be valuable for helping simulate a variety of electron
experiments.

II. MODELING

The most common lepton-nucleus interaction mecha-
nisms include (Fig. 4) (a) QE scattering from individual
moving nucleons in the nucleus, (b) two-nucleon knockout,
due to interactions with a meson being exchanged between
two nucleons (referred to as two-particle two-hole excita-
tions 2 p2h or its major component, MECs), (c) interactions
which leave the struck nucleon in an excited state (reso-
nance production or RES), and (d) nonresonant interactions
with a quark within the nucleon (DIS).

FIG. 4. Reaction mechanisms for lepton-nucleus scattering.
(a) QE scattering where one nucleon is knocked out of the
nucleus, (b) 2p2h (MEC) where two nucleons are knocked out of
the nucleus, (c) resonance production where a nucleon is excited
to a resonance which decays to a nucleon plus meson(s), and
(d) DIS where the lepton interacts with a quark in the nucleon.

However, GENIE does not include interference between
the amplitudes of different reaction modes; i.e., the total
cross section is obtained by adding the individual cross
sections o;(E) incoherently.

For fixed incident beam energy and scattered electron
angle, the dominant process changes from QE at low
energy transfer (w ~ Q*/2m) through MECs to RES and
to DIS at high energy transfer. Therefore, examining the
agreement of e-GENIE with data as a function of energy
transfer can provide valuable insight into the specific
shortcomings of the e-GENIE models and their implemen-
tations. This separation according to the underlying physics
interactions gives valuable insights which are not presently
possible with neutrino cross sections, because only broad-
energy beams are available.

The GENIE simulation framework offers several models
of the nuclear ground state, several models for each of the
eA or VA scattering mechanisms (each with various tunable
model parameters), and several models for hadronic final-
state interactions (FSIs), i.e., intranuclear rescattering of the
outgoing hadrons [5,19,20]. In this section, we describe the
different models relevant for this work and the electron-
specific effects that we accounted for during e-GENIE
development.

Since our goal is to use electron-scattering data to validate
neutrino-interaction modeling in GENIE, the GENIE code for
electron and neutrino interactions are unified in many places.
The neutrino interacts with a nucleus via the weak inter-
action and massive W or Z exchange, whereas the electron
interacts mostly electromagnetically via massless photon
exchange, see Fig. 2. This causes the cross sections to differ
by an overall factor of

2.2
L @
F
[see Egs. (1) and (2)]. In the code, both interactions use the
same nuclear ground state and many of the nuclear reaction
effects (e.g., FSIs) are very similar or identical. Except for
mass effects and form factors, the electron-nucleus cross
section can be obtained by setting the axial part of the
interaction to zero. We also accounted for isoscalar and
isovector terms appropriately.

Many of the models reported in this work (except for
SuSAv2) use the GENIE implementation of the local Fermi
gas (LFG) model to describe the nuclear ground state. In
the simplest Fermi gas model, nucleons occupy all momen-
tum states up to the global Fermi momentum & with equal
probability. In the LFG model, the Fermi momentum at a
given radial position depends on the local nuclear density
(obtained from measurements of nuclear charge densities).
To account for this radial dependence, GENIE selects
an initial momentum for the struck nucleon by first
sampling an interaction location r inside the nucleus
according to the nuclear density. The nucleon momentum
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is then drawn from a Fermi distribution using the local
Fermi momentum kg (r).

Another commonly used nuclear model is the relativistic
Fermi gas (RFG). Here a global momentum distribution is
used for the entire nucleus, independent of the interaction
location in the nucleus. However, a high-momentum tail of
nucleons with momenta above the Fermi momentum is
included. This tail is meant to approximately account for
the effects of two-nucleon short-range correlations [9,21]
and follows a 1/k* distribution, where k is the nucleon
momentum.

We consider two distinct sets of GENIE models for QE
and MECs:

(1) The G2018 model set, which uses the Rosenbluth
cross section with the local Fermi gas for QE
scattering and the empirical MEC model [22], is
formally marked as the G18_10a_02_11a configuration
of GENIE V3.

(i) GSuSAv2 [23], which follows the universal SuSAv2
superscaling approach to lepton scattering, is a new
model set that will be included in the forthcoming
GENIE v3.2.0 release as the GTEST19_10b_00_000 con-
figuration.

In both model sets, RES is modeled using the Berger-
Sehgal model [24] and DIS reactions are modeled using
Bodek and Yang [25]. The models are described in more
detail below.

A. Quasielastic

In QE interactions, a lepton scatters on a single nucleon,
removing it from the spectator A — 1 nucleus unless final-
state interactions lead to reabsorption.

The electron QE interaction in the G2018 configuration
of GENIE uses the Rosenbluth cross section with the vector
structure function parametrization of Ref. [26]. We cor-
rected the implementation of this model for e-GENIE and
modified the cross section as described above. This electron
QE cross section differs in important ways (notably, the
Rosenbluth treatment lacks medium polarization correc-
tions) from the Valencia CCQE model [27] used in the
G2018 configuration for neutrinos.

A new QE model in GENIE, based on the SuSAv2
approach [15,23,28], uses superscaling to write the inclu-
sive cross section in terms of a universal function (i.e.,
independent of momentum transfer and nucleus). For
electron scattering, the scaling function may be expressed
in the form

4o

dQedL/ (5)
omon(V. G + VGE)

FW') = kp

where v’ is a dimensionless scaling variable, k is the
nuclear Fermi momentum, the denominator is the single-
nucleon elastic cross section, »; and vp are known

functions of kinematic variables, and G¢(q,®) and
G4 (q, ) are the longitudinal and transverse nucleon
structure functions (linearly related to F{ and F%) [29].
For e-GENIE, we extended the original neutrino implemen-
tation [23] to the electron case.

The original SuSAv2 QE cross section calculations used
arelativistic mean field (RMF) model of the nuclear ground
state [30,31]. This approach includes the effects of the real
part of the nucleon-nucleus potential on the outgoing
nucleons which creates a “distorted” nucleon momentum
distribution.

Although GENIE lacks the option to use a RMF nuclear
model directly, we achieve approximate consistency with
the RMF-based results by using a two-step strategy for QE
event generation. First, an energy and scattering angle for
the outgoing lepton are sampled according to the inclusive
double-differential cross section. This cross section is
computed by interpolating precomputed values of the
nuclear responses G$¢(q,®) and G$¢(q,®) which are
tabulated on a two-dimensional grid in (¢, ) space. The
responses were obtained using the original RMF-based
SuSAv2 calculation.

Second, the outgoing nucleon kinematics are deter-
mined by choosing its initial momentum from a LFG
distribution. The default nucleon binding energy used in
GENIE for the LFG model is replaced for SuSAv2 with an
effective value tuned to most closely duplicate the RMF
distribution. The outgoing nucleon kinematics are not
needed for the comparisons to inclusive (e, e') data shown
in this work.

We also compared those models for QE scattering to a
model using the Llewellyn-Smith CCQE scattering pre-
scription [32] and the RFG.

B. Meson-exchange current

MEC:s describe an interaction that results in the ejection
of two nucleons from the nucleus (often referred to as
2p2h). It typically proceeds via lepton interaction with a
pion being exchanged between two nucleons or by inter-
action with a nucleon in a SRC pair. MECs are far less
understood than other reaction mechanisms because, unlike
the others, it involves scattering from two nucleons
simultaneously. GENIE has several models for MECs.

The G2018 configuration of e-GENIE uses the empirical
model [22], that is useable for both e¢A and vA scattering.
It assumes that the MEC peak for inclusive scattering has a
Gaussian distribution in W and is located between the QE
and first RES peaks. Although both versions of the model
use the same effective form factors, the amplitude of the
MEC peak was tuned separately to electron and neutrino-
scattering data. This model was developed in the context
of empirically fitting GENIE to MiniBooNE inclusive
neutrino-scattering data and is still used for neutral-current
interactions.
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For charged-current neutrino interactions, GENIE G2018
uses the very different Valencia 2 p2h model [27,33] instead
of the empirical model.

The SuSAv2 model evaluates the 2p2h MEC contri-
butions within an exact RFG-based microscopic calcu-
lation that englobes the 2p2h states excited by the action
of meson-exchange currents within a fully relativistic
framework [11,15,34,35] and considers the weak vector
and axial components for neutrino-nucleus interactions in
both longitudinal and transverse channels as well as a
complete analysis for electromagnetic reactions. As in
the case for the SuSAv2 QE model, we extended the
original GENIE implementation of SuSAv2 MEC for
neutrinos [23] to the electron case for e-GENIE. The
SuSAv2 MEC model is available for both eA and vA
scattering [28,36,37].

C. Resonance and deep inelastic scattering

Resonance production in GENIE is simulated using the
Berger-Sehgal model [24], in which the lepton interacts
with a single moving nucleon and excites it to 1 of 16
resonances. The cross sections are calculated based on the
Feynman-Kislinger-Ravndal model [38], without any inter-
ferences between them. Form factors are derived separately
for vector and axial probes [39] but have not been updated
to include recent electron-scattering results.

The GENIE treatment of deep inelastic scattering used
in this work is based on that of Bodek and Yang [25].
Hadronization is modeled using an approach which tran-
sitions gradually between the Andreopoulos-Gallagher-
Kehayias-Yang model [40] and the PYTHIA 6 model [41].
At low values of the hadronic invariant mass W, the Bodek-
Yang differential cross section is scaled by tunable param-
eters that depend on the multiplicity of hadrons in the
final state [20].

Integration of RES and DIS contributions is complicated
by the need for a model of nonresonant meson production.
There is no definite separation of RES and DIS contribu-
tions; GENIE makes a sharp cutoff at W = 1.93 GeV in the
latest tune and uses a suppression factor to enable usage of
the Bodek-Yang cross section at low W in place of a true
nonresonant model. These features were recently retuned
by the GENIE Collaboration using measurements of
charged-current v, and 7, scattering on deuterium [42].
The W cutoff and suppression factors apply to both eA and
vA models.

III. FINAL-STATE INTERACTIONS

Final-state interactions of outgoing with hadrons with
the residual nuclei are calculated in e-GENIE using the
INTRANUKE [19,43] package and one of two options. The
first, hA, an empirical data-driven method, uses the cross
section of pions and nucleons with nuclei as a function of
energy up to 1.2 GeV and the CEMO03 [44] calculation for

higher energies. The second, hN, is a full intranuclear
cascade calculation of the interactions of pions, kaons,
photons, and nucleons with nuclei. In the hN model, each
outgoing particle can interact successively with any or all
the nucleons it encounters on its path leaving the nucleus,
and any particles created in those interactions can also
subsequently reinteract. The ability of the two models to
describe hadron-nucleus data is very similar.

The e-GENIE G2018 configuration uses the hA FSI
model, while GSuSAv2 uses hN. However, the choice of
FSI model has no effect on the inclusive cross sections
considered in the present work.

IV. RADIATIVE CORRECTIONS

When electrons scatter from nuclei, there are several
radiative effects that change the cross section. The incom-
ing and outgoing electrons can each radiate a real photon,
which changes the kinematics of the interaction or the
detected particles, and there can be vertex or propagator
corrections that change the cross section. When comparing
electron-scattering data to models, either the data or the
model needs to be corrected for radiative effects. Published
electron-scattering cross sections are typically corrected for
radiative effects, but this correction is complicated and
somewhat model dependent.

We implemented a framework for electron radiative
corrections in GENIE for the first time to allow comparisons
to nonradiatively corrected data. The framework allows
electron radiation, which can change the kinematics of
the event by changing either the incident or scattered
electron energy (through radiation of a real photon).
We modeled external radiation in the same way as the
Jefferson Lab SIMC event generator [45]. Future versions
of e-GENIE will incorporate cross section changes due to
vertex and propagator corrections.

We validated the radiative correction procedure by
comparing a simulated sample to electron scattering from
protons at Jefferson Lab. Figure 5 shows the data compared
to the GENIE simulation with and without radiative correc-
tions. The radiatively corrected calculation is clearly much
closer to the data.

This correction can be used for comparisons with non-
radiatively corrected data. It was not used to compare with
the radiatively corrected inclusive data shown below.

V. e-GENIE COMPARISONS TO INCLUSIVE
ELECTRON-SCATTERING DATA

To test e-GENIE, we compare inclusive electron-scatter-
ing data to theoretical predictions made using two different
program configurations which differ in their choice of QE
and MEC models: G2018 (which adopts the Rosenbluth
model for QE and the empirical Dytman model for MECs)
and GSuSAv2 (which adopts SuSAv2 for both QE
and MECs).
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GENIE prediction with electron radiation. The GENIE calculations
have been scaled to have the same integral as the data.
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FIG. 6. Comparison of inclusive C(e, e’) scattering cross sec-
tions for data and for GENIE. Left: data vs GSuSAv2. Right: data vs
G2018. Top: Ey = 0.24 GeV, 6, = 60°, and QéE ~0.05 GeV?
[17]. Middle: Ey = 0.56 GeV, 0, = 36°, and Qg ~0.11 GeV?
[17]. Bottom: Ey = 0.56 GeV, 6, = 60°, and QéE ~ 0.24 GeV?
[17]. Black points show the data, solid black lines show the total
GENIE prediction, colored lines show the contribution of the
different reaction mechanisms: blue, QE; red, MEC; green,
RES; and orange, DIS.

Figures 6-8 show the inclusive C(e, ¢’) cross sections for
a wide range of beam energies and scattering angles
compared to the G2018 and GSuSAv2 models. The QE
peak is the one at lowest energy transfer (v ~ Q%/2m) in
each plot. The next peak at about 300 MeV larger energy
transfer corresponds to A(1232) excitation and the “dip
region” is between the two peaks. The A peak in the data
is separated from the QE peak by less than the 300 MeV
A-nucleon mass difference, indicating that it is shifted in
the nuclear medium. This shift is more visible at lower
momentum transfer where the A peak is more prominent.

GSuSAv2 clearly describes the QE and dip regions much
better than G2018, especially at the three lowest momen-
tum transfers (see Fig. 6). G2018 has particular difficulty
describing the data for E; = 0.24 GeV and 6, = 60°,
where Q% = 0.05 GeV? at the quasielastic peak. G2018
also predicts too small a width for the quasielastic peak and
too small a 2p2h/MEC contribution for E, = 0.56 GeV
and 0, = 60°% GSuSAv2 describes both features far better.

At intermediate momentum transfers (see Fig. 7),
GSuSAv2 describes the data somewhat better than
G2018, although it overpredicts the dip-region cross
section at Ey = 1.299 GeV and 6, = 37.5°. The MEC

GSuSav2 x10°
12C,0.961 GeV,0=37.5°

G2018

ol _@L\_‘~_, y

02 04
2C,1299 GeV,0=375°

?ﬁ-ﬁ:

02 04 8
12C,2.222 GeV, 6 = 15.54°
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: && |
OL sl

0 02 04 06 0S8
Energy Transfer [GeV]

[ub/sr/GeV]

d’c
dQ dE
O
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FIG. 7. Comparison of inclusive C(e,e’) scattering cross
sections for data and for GENIE. Left: data vs GSuSAv2. Right:
data vs G2018. Top: Ey = 0.96 GeV, 6, = 37.5°, and QéE ~
0.32 GeV? [47]. Middle: E, = 1.30 GeV, 6, =37.5°, and
QéE ~0.54 GeV? [47]. Bottom: E, =2.22 GeV, 0, = 15.5°,
and Q%QE ~0.33 GeV? [48]. Black points show the data, solid
black lines show the total GENIE prediction, colored lines show

the contribution of the different reaction mechanisms: blue, QE;
red, MEC; green, RES; and orange, DIS.
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FIG. 8. Comparison of inclusive C(e,e’) scattering cross

sections for data and for GENIE. Left: data vs GSuSAv2.
Right: data vs G2018. Top: Ey = 1.501 GeV, 0, = 37.5°, and
QéE ~0.92 GeV? [47]. Middle: E, = 3.595 GeV, 6, = 16°,
and QéEz 1.04 GeV? [49]. Bottom: E,=3.595GeV, 6, = 20°,
and QéE ~ 1.3 GeV? [49]. Black points show the data, solid
black lines show the total GENIE prediction, colored lines show

the contribution of the different reaction mechanisms: blue, QE;
red, MEC; green, RES; and orange, DIS.

contribution for G2018 appears to be much too small for
Ey=12222 GeV and 6, = 15.54° (QZQE = 0.33 GeV?).

Both model sets significantly disagree with the data in
the resonance region (where they use the same RES and
DIS models). The 0.961 GeV, 37.5° and the 2.222 GeV,
15.54° data are taken at almost identical QZQE. The lower
beam-energy data are more transverse (since it is at larger
scattering angle). The GSuSAv2 MEC contribution is
similar for both datasets, but the G2018 MEC contribution
is far smaller for the higher beam-energy data. The
GSuSAv2 MEC contribution describes the dip region better
in the higher beam-energy dataset. The RES model appears
to agree with the data slightly better for the lower beam-
energy, more transverse, dataset.

At the highest momentum transfers (Q? ~ 1 GeV?), the
disagreement at the larger energy transfers is far greater.
The G2018 “empirical” MEC model contributions are
negligible, in marked contrast to the GSuSAv2 MEC
contributions. The RES and DIS contributions are very
significant at high Q? and in general the GENIE model is
larger than the data in the region dominated by RES
interactions, as noted in Ref. [16]. In addition, GENIE does
not include the nuclear medium-dependent A-peak shift, so

GSuSav2 G2018
®Fe,0.56 GeV, 0 = 60°
20+
10+
0; e T 1| L T
01 02 03 04 01 02 03 04
S 40 Fe, 0961 GeV,0=375 [
)
= I
= 20f -
=
Nb% 0 e | X~ ]
|G 02 04 06 02 04 06
*®Fe, 1.299 GeV, 0 =37.5"
10+ -
Sk | -
0 J \& y, ~—
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Energy Transfer [GeV]

02 04 06
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FIG. 9. Comparison of inclusive Fe(e,e’) scattering cross
sections for data and for GENIE. Left: data vs GSuSAv2. Right:
data vs G2018. Top: Fe(e, '), Ey = 0.56 GeV, 6, = 60°, and
Qde ~0.24 GeV? [17]. Middle: Fe(e,e’), E;=0.96 GeV,
0, = 37.5°, and Qg ~ 0.32 GeV? [47]. Bottom: Fe(e, ¢), Ey =
1.30 GeV, 6, = 37.5°, and QéE ~ 0.54 GeV? [47]. Black points
show the data, solid black lines show the total GENIE prediction,

colored lines show the contribution of the different reaction
mechanisms: blue, QE; red, MEC; green, RES; and orange, DIS.

that the predicted location of the A peak is at larger energy
transfer than that of the data.

Figure 9 shows the inclusive Fe(e, ') cross sections for
several beam energies and scattering angles compared to
the G2018 and GSuSAv2 models. The GSuSAv2 model
describes the QE region better for all three datasets. As
described in the section on modeling, the GSuSAv2 MEC
model is independently calculated. The empirical model
was fit using GENIE v2 QE and RES models; the fit will
have to be redone once the QE and RES models stabilize.
The GSuSAv2 MEC contributions are significantly
larger than the empirical G2018 MEC contributions and
match the dip-region data far better at QzQE =0.24 and

0.32 GeV?. However, it overpredicts the dip-region cross
section at Qg = 0.54 GeV2. The RES and DIS models
describe the Fe data better than the C data at large energy
transfers.

Figure 10 shows the inclusive Ar(e, ') cross sections for
Ey=2.222 GeV and 6, = 15.54° [50] compared to the
G2018 and GSuSAv2 models. The GSuSAv2 model
reproduces the data very well in the QE-peak region and
the G2018 reproduces the data moderately well. The
GSuSAv2 MEC model describes the dip region much
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FIG. 10. Comparison of inclusive Ar(e,e’) scattering cross
sections for data and for GENIE at E, = 2.22 GeV, 6, = 15.5°,
and QéE ~0.33 GeV? [50]. Left: data vs GSuSAv2. Right: data
vs G2018. Black points show the data, solid black lines show the
total GENIE prediction, colored lines show the contribution of the
different reaction mechanisms: blue, QE; red, MEC; green, RES;
and orange, DIS.

better than the G2018 model. Again, there is significant
disagreement with the RES and DIS models at larger
energy transfers.

The quality of the agreement between data and GENIE
depends more on the beam energy and angle than on the
target mass (from C to Fe). There is a possible momentum-
transfer-dependent shift in the location of the SuSAV2 QE
peak in Fe due to the extrapolation (via scaling) from
C to Fe.

Proton Deuterium
1000 | 2.445 GeV, 0 =20°
500
A
‘ A\
0 0.5 1 1.5
; 3.245GeV, 0 =26.98°
Q
9
Z sot
2 i
Nb _Ua] 0 3 \\
=G 1 15 2
55GeV,0=41°
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05 4
0 | I . = . . .
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FIG. 11. Comparison of inclusive proton (left) and deuterium

(right) (e, e’) scattering cross sections for data and for GENIE
using G2018. Top: E, = 2.445 GeV and 6, = 20°. Middle: E, =
3.245 GeV and 6, = 26.98°. Bottom: Ey, = 5.5 GeV and 6, =
41° [51-53]. Black points show the data, solid black lines show
the total GENIE prediction, colored lines show the contribution of
the different reaction mechanisms: green, RES; orange, DIS. The
first peak at lowest energy transfer is the A(1232) resonance.

The GSuSAv2 QE model generally describes the data as
well as or better than the G2018 model. The GSuSAv2
MEC model appears to be significantly superior to the
empirical MEC model, especially at Q> < 0.5 GeV? or at
smaller scattering angles. The empirical MEC contribution
is often much smaller than needed to explain the dip-region
cross section. However, as an empirical model, it can be
tuned to better describe the data.

e-GENIE dramatically overpredicts the large-energy
transfer data at higher momentum transfers (Q? >
0.5 GeV?), indicating issues with the RES (Berger-
Sehgal) and DIS (Bodek and Yang) models used.

This discrepancy at larger momentum and energy trans-
fers is due to the elementary electron-nucleon cross section
in the resonance and DIS regions, rather than to the nuclear
models, since e-GENIE also significantly overpredicts the
proton and deuteron cross sections, especially above the A
peak (see Figs. 11 and 12). This shows that tuning the RES
and DIS models to neutrino data [42] is not sufficient to
constrain the vector part of the cross section.

VI. IMPLICATIONS FOR NEUTRINOS

Electron-scattering data can be a very effective tool
for testing neutrino event generators due to the similarity

Proton Deuterium

4499 GeV,0=4°

200 -

100 ;%
0 L

0.5 1 1.5

= 10 6999 GeV.0=4

<)

7 I

5 sof

B N\
=G 05 1 15
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40
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Energy Transfer [GeV] Energy Transfer [GeV]
FIG. 12. Comparison of inclusive proton (left) and deuterium
(right) (e, e’) scattering cross sections for data and for GENIE
using G2018. Top: Ey = 4.499 GeV and 6, = 4°. Middle: E, =
6.699 GeV and 6, = 4°. Bottom: E; = 9.993 GeV and 0, = 4°
[54]. Black points show the data, solid black lines show the total
GENIE prediction, colored lines show the contribution of the
different reaction mechanisms: green, RES; orange, DIS. The first
peak at lowest energy transfer is the A(1232) resonance.
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FIG. 13. Comparison of semiexclusive 1.16 GeV lepton-carbon
scattering for Q> > 0.1 GeV?2. The number of generated events is
plotted versus energy transfer (left) and four-momentum transfer
squared (right) for events with exactly one proton with
P, >300 MeV/c, no charged pions with P, > 70 MeV/c and
no neutral pions or photons of any momentum for e-GENIE
electrons (orange) and GENIE CC v, (blue). The electron events

have been weighted by Q% Both curves are area normalized.

between the interactions. Figure 13 shows the remarkably
similar cross section shapes for electron-nucleus and
neutrino-nucleus scattering for semiexclusive 1.16 GeV
lepton-carbon scattering with exactly one proton with Q? >
0.1 GeV? and P, > 300 MeV/c, no charged pions with
P, > 70 MeV/c, and no neutral pions or photons of any
momenta. This corresponds approximately to the Jefferson
Lab CLAS detector thresholds. When comparing electron
and neutrino distributions, the electron events are each
weighted by Q* to reflect the difference in the electron and
neutrino elementary interactions.

Exploiting these similarities within the same code is
invaluable for minimizing the systematic uncertainties of
future high-precision neutrino-oscillation experiments.
Oscillation-analysis  uncertainties exceeding 1% for
signal and 5% for backgrounds may substantially degrade
the experimental sensitivity to CP violation and mass
hierarchy [3]. Such uncertainties include uncertainties in
the v-nucleus interaction. These uncertainties are typified
by the choices of the nuclear model available in GENIE.

Figure 14 shows that there is a larger difference among
QE scattering models than there is between QE electron
and neutrino scattering using the same nuclear model. All
six panels show a “ridge,” a maximum in the cross section
as a function of energy transfer and momentum transfer.
The length of the ridge (the decrease in intensity as the
energy and momentum transfers increase) reflects the
momentum-transfer dependence of the nucleon form fac-
tors used in the cross section model. The width of the
distribution perpendicular to the ridge reflects the width of
the nuclear momentum distribution. The momentum dis-
tribution of the local Fermi gas model cuts off at about
260 MeV/c for C, whereas the relativistic mean field and
the relativistic Fermi gas models have “tails” that extend to
much larger momenta (see Fig. 15). The Nieves cross
section decreases more slowly with momentum transfer
than the others. For GSuSAv2, the electron cross section
appears to decrease slightly faster with momentum transfer
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o
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FIG. 14. Number of simulated events for QE scattering on '’C at 1.161 GeV with Q% > 0.1 shown as a function of the energy transfer
o and the momentum transfer g3 = |g| for all the available nuclear models in GENIE for neutrinos (top) and for electrons (bottom). Left:
the GSuSAv2 model which uses a relativistic mean field (RMF) momentum distribution. Middle: the Nieves or Rosenbluth cross section
with the local Fermi gas (LFG) momentum distribution. Right: the Llewellyn-Smith or Rosenbluth cross section with the relativistic
Fermi gas momentum distribution. The electron events have been weighted by Q*.
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FIG. 15. Initial momentum distribution of protons in simulated

QE C(e, ¢'p) events at E = 1.161 GeV for the local Fermi gas
(solid histogram) and relativistic Fermi gas (dotted histogram)
models. The two curves are normalized to have the same area.

than the neutrino cross section, possibly reflecting
differences in the axial and vector nucleon form factors.
We compared the SuSAv2 and Rosenbluth/LFG models to
electron scattering cross sections in the previous sections of
this paper.

Similarly, Fig. 16 shows that the distribution of MEC
events is very similar for electrons and for neutrinos within
the same model. Thus, measurements of electron scattering
will be able to significantly constrain models of neutrino
scattering.

Our ability to use the GENIE code to transfer knowledge
gained from electron scattering depends critically on the
implementation of its components. Because of its modular
design, all reaction models in GENIE use the same nuclear
model (e.g., RFG or LFG). Although the electron-scattering
capability was added after the initial code release, many of
the reaction models used electron-scattering data to construct
the vector components of neutrino interactions. This was true
for the resonance [24,39] and the DIS [25] interactions. The
difference between vector neutrino and electron scattering is
an overall factor [see Eq. (4)] and an appropriate change in
form factors.

§0.6»
8 04k
02F
04 06 08 1 12 14 16 04 06 08 1 12 14 16
q, [GeVic] q, [GeV/c]

FIG. 16. Number of simulated events as a function of the
energy transfer @ and of the momentum transfer g; = |g| for
neutrinos (left) and for electrons (right) using GSuSav?2 for MEC
interactions. The electron events have been scaled by Q* and all
the samples have been generated with Q% > 0.1.

Both QE and MEC models use the same vector form
factors for neutrino and for electron scattering. QE models
can use nucleon form factors from electron scattering [26],
but MEC models must calculate the form factors.

The GENIE nonresonant meson-production cross section
(referred to as “DIS”) comes from the Bodek-Yang model
[25] for the full cross section which extends to zN
threshold. The cross section is scaled in the resonance
region so that it agrees with vD data [42]. Since a single
factor is used to fit the model to the neutrino data, the high-
quality ep and eD data will be poorly described. While the
total neutrino cross section and some of the hadronic
content of the final state are loosely constrained by the
vD data, the vector component of the models is poorly
constrained.

The QE models describe the data reasonably well in the
low-energy transfer region. Similarly, the largest energy
transfer portions of Figs. 8 and 11 show a reasonable
agreement between GENIE and data. However, at inter-
mediate energy transfer, the resonance region modeling
disagrees with the data for both nuclear and nucleon targets
(as in Ref. [16]). This is due to the use of resonance form
factors that are not up to date (RES) and the way the
nonresonant contribution was modeled.

Improvements are in progress but are not simple and
therefore not available at this time. A possible short-
term fix would be to include the ep and eD inclusive
electron-scattering models of Bosted and Christy [55,56].
Alternatively, the vector resonant form factors could be
updated using electroproduction data from Jefferson Lab
and elsewhere. A fit to those data is available [57] and
partially implemented in GENIE, but it does not include
nonresonant scattering. A more comprehensive solution
would be to use the recent dynamical coupled channels
model [58,59] to simultaneously describe both resonant
and nonresonant scattering of both electrons and neutrinos.

VII. SUMMARY

We significantly improved and updated the electron
version of GENIE, the popular neutrino-nucleus event
generator. We also added partial radiative corrections for
electron scattering. Improvements came from bug fixes and
extensions to the QE, 2p2h, and A excitation models for
G2018 and an addition of the SuSav2 model for QE and
MECs. The RES and DIS models are almost identical to
past implementations [5] with the main change coming
from a retune to the vD data [42].

We compared two different GENIE model sets to inclusive
electron-scattering data for a wide range of targets, beam
energies, and scattering angles. The G2018 and GSuSAv2
model sets differ in their description of QE and MEC
scattering. The SuSAv2 model generally describes the data
at the QE peak as well as or better than the G2018 model.
The SuSAv2 model set describes the dip region in most of

113003-11



A. PAPADOPOULOU et al.

PHYS. REV. D 103, 113003 (2021)

the datasets much better than the G2018, especially at lower
momentum transfer or smaller electron-scattering angle.

At the highest momentum transfers, e-GENIE dramati-
cally overpredicts the data at large energy transfer, indicat-
ing significant problems with the momentum-transfer
dependence of the RES and DIS models used. This
discrepancy at larger momentum transfer is due to discrep-
ancies in the electron-proton and electron-deuteron cross
section rather than to the nuclear models. This conclusion is
similar to that of Ref. [16], but we explore the difference in
more detail. Tuning the RES and DIS models to neutrino
data alone is not sufficient. Including electron-scattering
data will allow tuning GENIE to describe the vector part of
the RES and DIS interaction more precisely.

We found that the shapes of the scattered-lepton energy
and momentum-transfer distributions are remarkably sim-
ilar for electrons and for neutrinos, when the electron events
are each weighted by Q* to reflect the difference in the
elementary lepton interactions. In addition, the differences
among QE interaction models are significantly larger than
the difference between electron-nucleus and neutrino-
nucleus scattering. This validates our use of electron-
nucleus scattering data to constrain neutrino-nucleus
scattering models.

The long term goal is to rigorously test the vector current
part of the lepton-nucleus interaction and to use that
information to improve modeling of neutrino-nucleus
interactions. More extensive and more exclusive
electron-scattering datasets are becoming available and
will be used in the future. Simultaneously, improvements

in GENIE are ongoing. The QE and MEC models have been
significantly improved with the theoretically inspired
SuSAv2 models. Similar improvements are needed in
the RES and DIS modeling. The combination of new,
high-precision, electron-scattering data and modern inter-
action models in GENIE should significantly decrease
the systematic uncertainties of future neutrino-oscillation
experiments.
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