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Proton transparency and neutrino physics: New methods and modeling
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Extracting accurate results from neutrino oscillation and cross section experiments requires accurate

simulation of the neutrino-nucleus interaction. The rescattering of outgoing hadrons (final state

interactions) by the rest of the nucleus is an important component of these interactions. We present a

new measurement of proton transparency (defined as the fraction of outgoing protons that emerge without

significant rescattering) using electron-nucleus scattering data recorded by the CLAS detector at Jefferson

Laboratory on helium, carbon, and iron targets. This analysis uses a new data-driven method to extract the

transparency. It defines transparency as the ratio of electron-scattering events with a detected proton to

quasi-elastic electron-scattering events where a proton should have been knocked out. Our results are

consistent with previous measurements that determined the transparency from the ratio of measured events

to theoretically predicted events. We find that the GENIE event generator, which is widely used by

oscillation experiments to simulate neutrino-nucleus interactions, needs to better describe both the nuclear

ground state and proton rescattering in order to reproduce our measured transparency ratios, especially at

lower proton momenta.

DOI: 10.1103/7xct-5jcp

I. INTRODUCTION

Accurate neutrino cross section measurements [1] and
modeling of nuclear effects are required for precise
measurements of neutrino oscillation results such as

charge-parity (CP) symmetry violation and the ordering
of the neutrino masses [2–5]. These experiments rely
heavily on event generator codes [6], simulations of
neutrino-nucleus interactions used to estimate efficiencies,
backgrounds, and systematic uncertainties for published
results.
Event generator codes commonly used in neutrino

experiments [7–9] characterize experimental data accord-
ing to basic processes through which the neutrino interacts
with nucleons in the nuclear medium. These processes
include quasielastic (QE) scattering (single nucleon knock-
out due to one particle-one hole nuclear excitations),
processes where the momentum transfer is shared by
two nucleons (two-particle-two hole nuclear excitations
[2p2h, sometimes called meson exchange currents
(MEC)]), and meson production (either through excitation
of nucleon resonances (RES) or nonresonant (DIS)
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processes). The DIS processes include several interactions,
ranging from single pion production at low energies to
interactions with quarks at high energies.

1

The signature of this initial interaction (QE, MEC, RES
or DIS) is often masked by final state interactions (FSI)
where the outgoing hadrons interact in various ways with
the residual nucleus. For example, two nucleon knockout
could be due to either a 2p2h interaction or to a QE
interaction followed by rescattering of the struck nucleon.
As a result, FSI models have a significant effect on
background and efficiency estimation. FSI models are
complicated because they involve the strong interaction
at nonperturbative kinematics. Therefore, there are always
approximations and uncertainties in FSI models which can
contribute significantly to the systematic uncertainties in
many results.
Most event generator codes [8–10] validated FSI models

against hadron-nucleus scattering data such as the total
reaction cross section (σreac) [11,12] which measures all
inelastic processes. However, in neutrino-nucleus colli-
sions, the outgoing hadrons start inside the nucleus and
only traverse part of the nucleus as they exit, as opposed to
hadron-nucleus scattering where the incident hadron starts
outside the nucleus and potentially traverses the entire
nucleus. In reality, hadron-nucleus cross sections can be
dominated by collisions at the nuclear surface because the
proton-nucleon interaction is very strong. Therefore, val-
idation of FSI models for neutrino and electron scattering
can be better accomplished against measurements of out-
going-hadron rescattering in lepton-nucleus collisions. To
that end, electron scattering transparency experiments [13]
measure the fraction of initial hadrons that emerge from the
nucleus without significant rescattering.
Neutrino- and electron-nucleus interactions are similar

due to their shared origin in electroweak theory. Electrons
interact via a vector current and neutrinos interact via vector
and axial-vector currents. The nuclear structure and final
state interactions of the outgoing hadrons are expected to be
identical for both leptons except for details such as the
lepton mass. These similarities are exploited by the
electrons for neutrinos (e4ν) project to use electron-nucleus
scattering data to constrain neutrino-nucleus event gener-
ators [14]. Hadron transparency measurements are much
easier with electrons than with neutrinos, since electron
beams are mono-energetic and have much larger cross
sections. All existing transparency data [15–19] have been
determined with electron beams.
Previous proton transparency measurements aimed both

to understand the phenomenon itself and to search for
possible deviations from standard nuclear theory that would
be a signal for color transparency. They compared the

number of detected ðe; e0pÞ events to the number of
expected ðe; e0pÞ events using different techniques.
The most common method used quasielastic scattering at

xB ¼ Q2=2mν ≈ 1 (where Q2 is the squared four-momen-
tum transfer, m is the nucleon mass, and ν is the energy
transfer [15,16]). These events will be called “true QE”
events in this article. They measured the number of
Aðe; e0pÞ events with missing energy Emiss ≤ 80 MeV
and missing momentum pmiss ≤ 300 MeV=c. Here,
Emiss ¼ ν − Tp − TA−1 and jp⃗missj ¼ jq⃗ − p⃗pj, where Tp

and p⃗p are the kinetic energy and momentum of the

outgoing proton and TA−1 ¼ p2

miss=2MA−1 is the kinetic

energy of the residual nucleus. Then, the measured number
of events was compared to a cross section calculation using
a plane wave impulse approximation (PWIA)

σðe;e0pÞ ¼ KσepSðpi; EsepÞ; ð1Þ

where K is a kinematic factor, σep is the electron-offshell-

proton cross section, and Sðpi; EsepÞ is the spectral function
which describes the probability of finding a proton in the
nucleus with separation energy Esep and momentum pi. In

the absence of final state interactions, Emiss ¼ Esep and

pmiss ¼ pi. The transparency is then

T
previous
A ¼

Nðe;e0pÞ
NPWIA

ðe;e0pÞ
: ð2Þ

Garino et al. [18] defined the transparency slightly differ-
ently, namely as the double ratio of measured ðe; e0pÞ to
ðe; e0Þ yields for data and for a PWIA calculation.
However, there are significant uncertainties in this

method due to our poor knowledge of the spectral function.
Short range correlations [20] and other effects can reduce
the spectral function probabilities at Emiss ≤ 80 MeV and
pmiss ≤ 300 MeV=c. Most experiments [15–17] used an
independent particle shell model spectral function, and
applied a correction factor (1.11� 0.03 for carbon and
1.26� 0.08 for iron [15]) to account for the fraction of
protons in short-range correlated (SRC) pairs with pmiss and
Emiss outside of the experimental cuts [17]. Frankfurt,
Strikman, and Zhalov [21] pointed out that these SRC
correction factors greatly overestimate the SRC strength at
xB ≈ 1 where the parallel component of the initial nucleon
momentum is small. Neglecting these SRC correction
factors would reduce the measured transparencies
significantly.
Other measurements support Frankfurt, Strikman, and

Zhalov’s argument. Rohe et al. [22] compared their
experimental yields to both PWIA and correlated basis
function (CBF) calculations. They found ≈8% larger
transparencies with the CBF calculation. Hen et al. [23]
used a different technique, focusing on protons knocked out
from SRC pairs at high missing momentum 300 ≤ pmiss ≤

1
Existing neutrino event generators use a much broader

definition of “DIS” than is typical in hadronic physics.
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600 MeV=c and xB ≥ 1.2. The transparency was calculated
as a double ratio. The numerator was the ratio of the
number of detected ðe; e0pÞ events in nucleus A to carbon
and the denominator was the measured ðe; e0Þ SRC ratio of
nucleus A to carbon [20,23]. This method is independent of
the effect of the SRC correction and the resulting trans-
parencies are consistent with the small-SRC correction-
factor of Ref. [21].
Some comparisons of transparency data with event

generators have been performed in recent years.
Niewczas and Sobczyk [24] compare the NuWro event
generator [8] to existing proton transparency data by
applying the same acceptance criteria as was done in the
experiments. Isaacson et al. [25] and Dytman et al. [26]
studied the theoretical inputs, showing the sensitivity to
various elements of the models, especially the nuclear
model. All these studies found approximate agreement with
existing data. Although there is not a large discrepancy,
sensitivity to both nuclear structure and FSI models was
found for this comparison. All three articles call for
improved precision and kinematic coverage in hadron
transparency data to better test models.
To that end, we reanalyzed existing Jefferson Lab CLAS

[27] electron-scattering data to study proton transparency in
a variety of nuclei to test neutrino event generator FSI
models. Here, a different, more data-driven technique was
used to extract the proton transparency. It is defined as the
ratio of the number of detected Aðe; e0pÞ events to the
number of detected Aðe; e0Þ events that should have had an
associated proton

Tnew
A ¼

Nðe;e0pÞ

N
QE
ðe;e0Þ

: ð3Þ

As in previous measurements, the goal is to select only true
QE events involving virtual photon absorption on a single
proton. Selection of events for the numerator is similar to
what was done in the past. However, unlike previous
measurements, the denominator comes from inclusive data
and all events in the numerator are a subset of these
inclusive events. To ensure that the inclusive data are
predominantly QE, we selected events on the low-energy-
loss side of the QE peak to minimize the contribution of
pion production and meson exchange current (2p2h)
interactions. Remaining background events were corrected
for using the GENIE event generator [7,28]. The measured
number of ðe; e0Þ events was corrected downward for the
fraction of neutron knockout events using the known
electron-proton and electron-neutron elementary cross
sections. The number of ðe; e0Þ events was corrected
downward again to exclude the fraction of electrons
scattering from nucleons in SRC pairs that would not be
included in the ðe; e0pÞ sample. This SRC correction was
calculated using a modern spectral function calcula-
tion [29,30].

We compared the results to the GENIE event generator.
GENIE simulates both neutrino- [7,10] and electron-
nucleus [28] interactions. GENIE models agree qualita-
tively with eA data in the regions dominated by QE
scattering, which are relevant for this measurement.
Disagreements between GENIE and electron-nucleon
and electron-nucleus data in regions dominated by nucleon
resonance excitation were seen. However, these regions are
easily removed from the data. The new proton transparency
measurements can be used to tune the GENIE simulation.
This paper describes the experiment (Sec. II), analysis
methods (Sec. III), results (Sec. IV), discussion (Sec. V),
and conclusions (Sec. VI).

II. EXPERIMENT AND SIMULATION

The measurement reported here used data from the e2a
run period of the Jefferson Lab CLAS spectrometer [27] at
2.261 and 4.461 GeV beam energies with helium, carbon,
and iron targets. All targets had natural isotopic abundance,
4He (100%), 12C (98.9%) and 56Fe (91.8%). The first e4ν
measurement [14] was based on these same data and many
of the analysis techniques are reused here.
CLAS had six separate but almost identical sectors with

a total geometric acceptance much larger than the spec-
trometers previously used in transparency measurements
(see Fig. 1). The sectors were arranged in the azimuthal
direction around the beam line. They are numbered clock-
wise as you look along the beam line away from the source
with sector 1 on the left side looking downstream. Each
sector had three sets of drift chambers that tracked charged
particles through the toroidal magnetic field. Following the
drift chambers, each sector had a gas Cerenkov counter and
an electromagnetic calorimeter for electron identification

FIG. 1. Schematic diagram of CLAS showing 4 of the 6 sectors.
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and triggering, and a scintillator time-of-flight array for
timing and hadron identification. The hadron ϕ acceptance
ranged from ≈50% at small angles to ≈85% at θ ≈ 90°.
Differences among sectors can arise due to small shifts in
magnetic coils and detectors and due to dead detector
channels. Yield differences among the sectors were
included in the systematic uncertainties.
Monte Carlo (MC) simulations are important for estab-

lishing cuts, assessing background, and determining cor-
rection factors for this measurement. Two model sets of
version 3.2.0 of the GENIE event generator [10,28]
were used.
The G18 (specifically G18_10a_00_00) model [28] was

the first implementation of electron scattering in GENIE. It

describes QE scattering using the Rosenbluth cross section

model with a local Fermi gas (LFG) model for the nucleon

momentum with a fixed shift for binding energy. An

empirical model [31] was used for 2p2h interactions.
The SuSAv2 model [32] is based on a superscaling

model that accurately describes QE scattering on a variety
of targets (A ≥ 12) for a wide range of electron energies.
The version used in GENIE [33] describes struck nucleon
momenta with a mean field model (similar to LFG) at low
momentum transfer and with a relativistic Fermi gas at high
momentum transfer. It was extended to describe 2p2h
scattering using a theoretical model. This model describes
ðe; e0Þ scattering data at QE kinematics [34] very well. We
used this model for QE and 2p2h processes because its
agreement with data is somewhat better than what was
obtained with the G18 model [28]. It was compared to
ðe; e0pÞ data in Ref. [14] and Ref. [35] shows the problems
in simulation. For use in simulations of experiment,
approximations were made describing the outgoing
nucleon kinematics [33,36] using an LFG nuclear model.
We then characterize the SuSAv2 nuclear model as LFG for
the studies in this work.
GENIE describes pion production using the Berger-

Sehgal model [37] with an internal nonresonant model
developed by Andreopoulos, Gallagher, Kehias, and Yang
[38] used together with a Bodek-Yang DIS model [39].
For final state interactions, the G18 model uses the

hA2018 model [40] and the SuSAv2 model uses the
hN2018 model. Both models use the Monte Carlo tech-
nique of stepping through the nuclear medium to decide
when an interaction occurs. Both models apply the same
stepping process for nucleons. The hN2018 model is an
intranuclear cascade (INC) model based on free hadron-
nucleon cross sections [41] with nuclear corrections
[42,43]. The hA2018 model is more empirical, using
hadron-nucleus data to generate the outgoing particles.
We also included several different nuclear models. The

default LFG model used for the analysis does not include
the effect of nucleon-nucleon (NN) short-range correla-
tions. These short-range correlations redistribute strength
from low momentum (mean field) nucleons to high

momentum (correlated) nucleons [44]. This effect is
included in the correlated Fermi gas (CFG) model. A
nuclear model using the spectral function, SðEm; p⃗mÞ [29],
has become available in GENIE for carbon. This imple-
mentation uses the correlated basis function (CBF) spectral
function model [30,45]. This realistic spectral function
includes correlations based on the local density approxi-
mation and a depleted mean field region fit to ðe; e0pÞ data.
We measured transparency by comparing the number of

detected protons with the number of expected protons. We
select the momentum of these protons in conjunction with
the angle of the scattered electrons. The correlation
between θe and pp is exact for a free proton target, but
is smeared by Fermi motion in a nucleus (see Fig. 2). There
is also a strong correlation between the electron and proton
azimuthal angles, ϕe and ϕp (see Fig. 3). The correlation is

strong for true QE events and the smearing here is less than
in Fig. 2. The recoil proton is almost always in the opposite
sector and the analysis depends on accounting for all the
acceptance losses.

FIG. 2. The correlation between θe and pp for simulated
SuSAv2 QE events for 2.261 GeV electrons incident on C.
The red line shows the theoretical correlation for a free proton
target.

FIG. 3. The correlation between ϕe and ϕp for simulated QE
events for 2.261 GeVelectrons incident on C. The proton angle is
plotted as 180° − ϕp so that we expect ϕe ≈ ϕp. Acceptance cuts

have been applied.

PROTON TRANSPARENCY AND NEUTRINO PHYSICS: NEW … PHYS. REV. D 113, 092007 (2026)

092007-5



III. ANALYSIS

We measured transparency by comparing the number of
QE ðe; e0pÞ events with one detected proton, and zero pions
and photons to the number of QE ðe; e0Þ events that should
have had a proton. We selected the outgoing proton
momentum bins by selecting bins of electron scattering
angle θe. The momentum transfer, and hence the average
proton momentum, increases with electron scattering angle.
This correlation between θe and pp is exact for a free

proton target, but is smeared by Fermi motion in a nucleus
(see Fig. 2). We note that this correlation depends on
nuclear Fermi motion but is predominantly independent of
the nuclear model used, i.e., LFG vs. CFG.
We applied the same tracking, particle identification,

fiducial cuts, acceptance and background subtraction as in
Ref. [14]. Fiducial cuts were applied to select regions of
uniform and large acceptance. Background subtraction was
performed to remove events with undetected extra particles
from the ðe; e0pÞ sample. This normalization canceled in
the transparency ratio.

A. Event selection

1. ðe; e0Þ selection
We selected bins of proton momentum for the trans-

parency measurement by selecting three ranges of electron
angles at 2.261 GeV: range 1: 21° ≤ θe ≤ 23°, range 2:
28° ≤ θe ≤ 31°, and range 3: 37° ≤ θe ≤ 40° and one range
at 4.461 GeV: range 4: 21° ≤ θe ≤ 23° (see Fig. 4). The
choice of these bins ensures that the average proton
momentum in each electron scattering angle bin is well
separated from other bins. Scattered electrons were
restricted to the central portion of each sector by requiring
−12° ≤ ϕe ≤ 12° relative to the center of the sector. All cuts
and corrections for the ðe; e0Þ events were applied to both
numerator and denominator of the transparency ratio. Note
that in the following plots, the data and simulation are
“luminosity normalized”, i.e. normalized to the same flux
and number of scattering centers.
To maximize the fraction of true QE events in the ðe; e0Þ

data, we cut on the minimum electron momentum (pe) for
each target, energy and angular range (see Fig. 5 and
Tables I–III). The shape magnitude of data and MC in
Fig. 5 are somewhat different. We verified that once
radiative corrections are applied (not done here), the
ðe; e0Þ data and MC agree well for the events chosen.
The cuts were chosen to remove most of the pion
production and 2p2h events as predicted by GENIE.
Only two 2p2h electron-scattering GENIE models
(SuSAv2, empirical 2p2h) are currently available. The
SuSAv2 model was chosen as the main simulation because
the alternative G18 model was shown to be less accurate for
both electron scattering [14,28] and neutrino scattering
[46]. The normalization difference between data and
simulation did not affect the choice of the cut. The

transparency ratio was not very sensitive to the exact value
of this cut, since it was applied to both numerator and
denominator and hence largely canceled. We corrected for
the remaining non-QE contamination using GENIE
SuSAv2 (see Sec. III C) and varied the cut to determine
the associated systematic uncertainty (see Sec. III D).

2. ðe; e0pÞ selection
The numerator of the transparency ratio is composed of

true QE events with an electron and a proton, with the
proton passing all tests as having had no FSI. It contains
both an electron that satisfies the cuts discussed in the
previous section and a new set of cuts.

FIG. 4. Top: number of events (luminosity normalized)
as a function of reconstructed electron scattering angle for
2.261 GeV carbon without cuts. Red vertical lines denote range
1 (21° < θe < 23°), blue vertical lines denote range 2
(28° < θe < 31°) degrees, and purple vertical lines denote range
3 (37° < θe < 40°). Bottom: number of events (luminosity
normalized) as a function of reconstructed electron scattering

angle for 4.461 GeV Fe without cuts. Red vertical lines denote
range 4 (21° < θe < 23°).
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There is a strong correlation between the electron and
proton azimuthal angles, ϕe and ϕp, which is smeared in a
very small way by the nuclear Fermi motion (see Fig. 3).
We restricted the electron azimuthal acceptance to the range
−12° ≤ ϕe ≤ 12° in each sector so that the corresponding
protons would be detected in the fiducial region of the
opposite CLAS sector. It is important to have full coverage
for true QE protons for each setting when there is an
implicit cut on the scattered proton because of the 6 sector
geometry of CLAS. The sector geometry has �22° accep-
tance for protons. Figure 6 shows a comparison between
the LFG and CFG nuclear models within the SuSAv2 QE

simulation where all sectors are superimposed. LFG was
used for the analysis but CFG has a broader nucleon
momentum distribution as a result of the NN correlation tail
in the struck nucleon momentum distribution. This pro-
duces a wider distribution in the proton azimuthal angle
which is more correct. Therefore, a correction for these lost
events (part of the SRC correction factor) was made. It will
be described in Sec. III C.
In order to minimize the non-QE and FSI contributions,

we require θPQ ≤ 20°, where θPQ corresponds to the angle
between the virtual photon momentum (q⃗) and the final
state proton momentum (p⃗p). This quantity is often used to

isolate QE events in electron scattering experiments [47].
Figure 7 shows peaks at small θPQ corresponding to

unrescattered QE protons and a tail extending to larger
θPQ for rescattered and non-QE protons. The peak is

broadened by nuclear Fermi motion. The qualitative
features are the same for both data and simulation.
Figure 8 shows the ðe; e0pÞ proton momentum distribu-

tions after the pe and θPQ cuts. The main feature in both

data and simulation is the peak for true QE events and the
tail at lower pp that is due to non-QE and FSI events.

FIG. 5. Top: number of events (luminosity normalized) as a
function of scattered electron momentum for beam energy
2.261 GeV for the carbon target at 28° < θe < 31° and Δϕe ¼
12° for data (black points), GENIE (black histogram), and
specific GENIE reaction channels, QE (blue), MEC=2p2h (light
blue), RES (green) and DIS (purple). The vertical line denotes the
electron momentum cut of 1.75 GeV=c. Bottom: number of
events (luminosity normalized) as a function of reconstructed
electron momentum for 2.261 GeV Fe broken down by channel
with 37° < θe < 40° and −12° ≤ ϕe ≤ 12°. The vertical line
denotes the electron momentum cut of 1.5 GeV=c.

TABLE I. Cut values for helium data at electron energies of

2.261 and 4.461 GeV. Cuts that are applied to both numerator and
denominator are labeled with a.

2.261 GeV 4.461 GeV

θe Ranges (degrees)

Cuts 21–23 28–31 37–40 21–23

Electron Sectors
a

1,4,6 1,3,4,6 3,4,6 1,2,6
ϕmax
e (degrees)

a
12 12 12 12

Min pe (GeV/c)
a

1.85 1.75 1.5 3.4
Proton Sectors 4,1,3 4,6,1,3 6,1,3 4,5,3
Max θPQ (degrees) 20 20 20 20
Min pp (GeV/c) 0.5 0.7 1.0 1.35

a
Other cuts are only applied to the numerator.

TABLE II. Cut values for carbon data at electron energies of
2.261 and 4.461 GeV. Cuts that are applied to both numerator and
denominator are labeled with a.

2.261 GeV 4.461 GeV

θe Ranges (degrees)

Cuts 21–23 28–31 37–40 21–23

Electron Sectors
a

1,2,6 1,2,3,4,6 3,4,6 1,5,6
ϕmax
e (degrees)

a
12 12 12 12

Min pe (GeV/c)
a

1.95 1.75 1.5 3.4
Proton Sectors 4,5,3 4,5,6,1,3 3,6,1 4,5,2
Max θPQ (degrees) 20 20 20 20
Min pp (GeV/c) 0.5 0.75 1.1 1.4

a
Other cuts are only applied to the numerator.
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Separate studies show that the shape of the peak is largely
independent of nuclear model. We cut on proton momen-
tum to remove these events. There is an additional con-
tribution to the simulated distribution within the cut coming
from small momentum transfer rescattering processes.
These protons are tagged as interacting by MC even
though they should have been reabsorbed into the residual
nucleus because of Pauli blocking. GENIE FSI hA and hN
models do not have this effect [26]. However, they still
pass all cuts and are correctly analyzed by MC as
noninteracting.

B. Acceptance

The CLAS detector has large acceptance in angle and
momentum. However, due to the narrowness of the electron

angular cuts, dead detector channels can have a dispropor-
tionate effect on some of the defined ranges. We calculated
the detector efficiency as a function of momentum and
angle using the CLAS GEANT3 simulation Ref. [14]. We
corrected each event using the corresponding efficiency.
We then eliminated sectors from the analysis for each θe
range if the efficiency was less than 95%. Protons were
detected in the opposite sector from the electron (e.g., an
electron detected in sector 1 must have the associated
proton in sector 4) and were subject to a similar selection.
The resulting sectors are shown in Tables I–III.
This measurement selected events where there is only 1

proton (or the potential for 1 proton) in the final state. The
main background originated with events where more than 1
nucleon or any number of pions are in the final state. If the
extra particles were in the detector active area, they would

TABLE III. Cut values for iron data at electron energies of

2.261 and 4.461 GeV. Cuts that are applied to both numerator and
denominator are labeled with a.

2.261 GeV 4.461 GeV

θe Ranges (degrees)

Cuts 21–23 28–31 37–40 21–23

Electron Sectors
a

1,3,5,6 1,3,4,6 1,3,4,6 1,2,6
ϕmax
e (degrees)

a
12 12 12 12

Min pe (GeV/c)
a

1.95 1.75 1.5 3.35
Proton Sectors 4,6,2,3 4,6,1,3 4,6,1,3 4,5,3
Max θPQ (degrees) 20 20 20 20
Min pp (GeV/c) 0.5 0.8 1.1 1.4

a
Other cuts are only applied to the numerator.

FIG. 6. Number of events as a function of proton ϕ for
generated SuSAv2 QE events using LFG (blue) and CFG (violet)
nuclear models for 2.261 GeV C with 21° < θe− < 23°. All
electron kinematic cuts were applied, but no acceptance or
fiducial cuts were made to the protons. The red lines show the
location of the CLAS proton ϕp acceptance.

FIG. 7. Top: number of events (luminosity normalized) as a
function of reconstructed θPQ for 2.261 GeV C for 28° < θe <
31° for data (black points), GENIE (black histogram), and
specific GENIE reaction channels: QE (blue), MEC=2p2h (light
blue), RES (green) and DIS (purple). The vertical lines denote the
θPQ ≤ 20° cut. Bottom: the same for 2.261 GeV Fe for

37° ≤ θe ≤ 40°.
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be recorded as background. Events with undetected extra
particles (e.g., in the gaps between the sectors) were
subtracted by a procedure developed for the previous
e4ν measurement [14]. Background events with multiple
nucleons or any number of pions that were selected were
rotated around the momentum transfer vector and used to
estimate the number of events with undetected particles.
Because the numerator of the transparency ratio required a
very tight kinematic correlation of electron and proton,
background events with more than one proton were very
unlikely to fall within those cuts.

C. Correction factors

Although the cuts in Sec. III A isolated mostly true QE
events, some corrections were required. The ðe; e0Þ

denominator also contained true QE events where the
struck nucleon was a neutron instead of a proton. We
corrected for this using the well-known cross sections for
ep and en elastic scattering, multiplying the ðe; e0Þ yield by
the resulting factors (see Table IV). We used the GENIE
G18 model for this purpose because the version of SuSAv2
used included only isoscalar contributions to QE scattering.
An additional correction factor was needed for SuSAv2 to
have the correct ratio of ep to en scattering.
A small amount of MEC=2p2h background remained

after all the cuts. We estimated this contamination using the
GENIE SuSAv2 model separately for the ðe; e0Þ and
ðe; e0pÞ samples. These are applied as multiplicative factors
to each sample (see Table V).
In addition, data in any electron scattering measurement

must be corrected for radiative effects including vertex
corrections and electron bremsstrahlung in the nuclear
Coulomb field. An alternative GENIE SuSAv2 model
[28] calculated the effect of these radiative corrections
for QE events using the Mo and Tsai formalism [48]. This
correction was applied bin-by-bin to both the ðe; e0Þ and
ðe; e0pÞ samples. Radiative effects largely cancel in the
transparency which is a ratio of cross sections. Figures 9
and 10 show the radiatively corrected and nominal samples
as a function of electron and proton momentum respec-
tively for carbon at 2.261 GeV with electrons in sector 1
and protons in sector 4. The ratio of nominal to radiative
sample as a function of electron and proton momentum on a

FIG. 8. Top: number of events (luminosity normalized) as a
function of reconstructed proton momentum for 2.261 GeV
carbon with 28° ≤ θe ≤ 31°. The black points show the data,
the black histogram shows the total GENIE SuSAv2 result, the
solid blue histogram shows the QE contribution for protons that
did not rescatter and the dashed blue histogram shows the QE
contribution for protons that did rescatter. The magenta line
shows the non-QE contribution. Bottom: same for the 2.261 GeV
iron target with 37° ≤ θe ≤ 40°.

TABLE IV. Neutron ðe; e0Þ correction factors calculated using

GENIE G18 and applied to inclusive ðe; e0Þ events.

2.261 GeV 4.461 GeV

Nucleus 21°–23° 28°–31° 37°–40° 21°–23°

He 0.755 0.708 0.690 0.688
C 0.759 0.720 0.685 0.697
Fe 0.725 0.672 0.665 0.629

TABLE V. 2p2h correction factors calculated using SuSAv2
and applied to inclusive ðe; e0Þ and exclusive ðe; e0pÞ data.

2.261 GeV 4.461 GeV

Nucleus 21°–23° 28°–31° 37°–40° 21°–23°

Inclusive ðe; e0Þ

He 0.985 0.985 0.976 0.909
C 0.921 0.895 0.888 0.844
Fe 0.909 0.887 0.871 0.837

Exclusive ðe; e0pÞ

He 0.99 0.99 0.99 0.99

C 0.98 0.97 0.97 0.96
Fe 0.97 0.97 0.96 0.94
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bin-by-bin basis which was used as a correction for
the data.
We also corrected the extracted transparency for the

fraction of events in which an electron scatters from a
nucleon belonging to a short range correlated nucleon-
nucleon pair. At the same time, the correction for “true QE”
scattered protons that were not within the fiducial cuts (see
Sec. III A 2) could be made. The SRC nucleons typically
have high relative momenta. Because these protons can
have a very large initial momentum, they might be
mislabeled as either ðe; e0Þ or ðe; e0pÞ events in the “true
QE” sample. For ðe; e0Þ, some of the events inside the cuts
come from the correlation tail; on the other hand, some of
the SRC scattered protons were either inside the cuts and
some of the “true QE” scattered proton were outside the

acceptance of the detector. We calculated correction factors
for both kinds of event using spectral function simulations
for carbon, which compute the single nucleon knockout
cross section from mean-field and correlated nucleons
separately [30], and are then extrapolated to iron and
helium using experimentally measured ratios of SRC cross
sections to deuterium [49]. Separate correction factors
were determined for ðe; e0Þ and ðe; e0pÞ events. The total
corrections range from 2%–7% and are listed in Table VI.
See Sec. V for more details.

D. Systematic uncertainties

This analysis has been designed to isolate samples of true
QE scattering involving both the electron and proton.
Various cuts were employed to isolate that sample and
corrections were applied to account for events that remain
after the cuts and are not true QE. Systematic uncertainties
were calculated using data as much as possible and using
MC calculations otherwise. All systematic and statistical
uncertainties were added in quadrature to give the total
uncertainty and are detailed below.
The first uncertainty is on the acceptance correction. We

calculated the acceptance corrections separately using both
G18 and SuSAv2. We took the average as the acceptance
correction and the difference as the uncertainty on that
correction. This acceptance correction factor varies from
one bin to another.
The most significant uncertainty comes directly from the

uniformity of CLAS. The different CLAS sectors provided
multiple independent transparency measurements at each
scattered electron angle range and electron beam energy.
Following Ref. [14], we determined the systematic uncer-
tainty for each point using the variance of the measured
sector transparencies. The results for separate sectors are
compared in the Supplemental Material [50].
There is also a systematic uncertainty due to the 2p2h

correction. The SuSAv2 model was used and we applied a
25% uncertainty to that correction factor to account for
errors in the model. This uncertainty is small because the
2p2h correction factors are small.

FIG. 9. Number of events (luminosity normalized) vs. electron
momentum for simulated 2.261 GeV ðe; e0Þ events for 21° <
θe < 23° detected in sector 1. Simulations shown are the nominal
SuSAv2 sample (black) without radiative corrections and the

SuSAv2 radiative sample (blue).

FIG. 10. Number of events (luminosity normalized) vs. proton
momentum for simulated 2.261 GeV ðe; e0pÞ events for 21° <
θe < 23° with protons detected in sector 4. Simulations shown are
the nominal SuSAv2 sample (black) without radiative corrections
and the SuSAv2 radiative sample (blue).

TABLE VI. SRC correction factors applied to the final trans-

parencies separated by nucleus, electron scattering angle range,
and electron beam energy. This also includes a correction for
“true QE” scattered protons not within fiducial cuts. The SRC
corrections are applied as a multiplicative factor.

2.261 GeV 4.461 GeV

Nucleus 21°–23° 28°–31° 37°–40° 21°–23°

Transparency

He 1.045 1.023 1.023 1.023
C 1.06 1.03 1.03 1.03
Fe 1.07 1.033 1.033 1.033
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Additional uncertainties from the background subtrac-
tion come from estimations of events that have undetected
particles in the gaps between the sectors and for undetected
photons. These systematics come from variations in the
underlying pion production models and are identical to
those used in Ref. [14]. These uncertainties are ≤ 1%.
We also varied the event selection cuts to determine the

systematic uncertainty due to the cut choice. We varied the
electron momentum cut by �50 MeV. We similarly varied
the proton momentum cut by�25 MeV and the θPQ cut by

�2°. These values were chosen to be somewhat larger than
the CLAS resolutions. The resulting change in the trans-

parency was divided by
ffiffiffiffiffi

12
p

to convert this from a flat
distribution to a standard deviation. Typical cut-variation
systematic uncertainties are 1%–3%.
We estimated the SRC correction factor uncertainty to be

2% on the overall normalization for each transparency
measurement, which is about 30%–100% of the SRC
correction itself.
The resulting statistical and systematic uncertainties are

shown in Table VII. The statistical uncertainty is very small
for forward angle ranges and significant for range 4. The
systematic uncertainties tend to be small for helium and
carbon but significant for iron even for range 1 where the
statistics are excellent. The sector-to-sector variation is
large in iron.

IV. RESULTS

The measured proton transparencies using the ratio of
measured QE ðe; e0pÞ events to QE ðe; e0Þ events for helium,
carbon and iron are shown in Fig. 11 and Table VIII as a
function of the average proton momentum for each of the

four electron energy and angle combinations. All cuts and
corrections described in Sec. III and systematic uncertainties
in Sec. III D have been applied. Typically, systematic
uncertainties are dominant except at the highest proton
momenta. The pp ≈ 1.60 GeV=c iron data point had very

large uncertainties due to the small data sample and is
therefore not shown. As expected, the transparency is largest
for helium and smallest for iron, decreasing with the proton
propagation distance through the nucleus.

A. Comparison with previous data

We compare the data with previous transparency mea-
surements for carbon [15–18,22] and iron [15–17] in
Figs. 12 and 13, respectively. Data are provided from

TABLE VII. Statistical and systematic uncertainties for each nucleus in percent. This includes statistical (Stat) and

systematic uncertainties due to background subtraction (Bkgd. Subt.), 2p2h correction factors (2p2h), acceptance
correction factors (Accept), cut variation (Cut), sector-to-sector variance (Sector), SRC Correction factors (SRC),
and the total uncertainty added in quadrature.

Helium % uncertainty Stat. Bkgd subt. 2p2h Accept Cut Sector SRC Total

2.261 GeV Range 1 0.1 0.34 0.07 0.11 0.65 0.1 2.0 2.14
2.261 GeV Range 2 0.26 0.36 0.07 0.15 1.36 1.8 2.0 3.1
2.261 GeV Range 3 0.66 0.42 0.12 0.50 0.88 0.1 2.0 2.4
4.461 GeV Range 4 1.1 0.84 0.11 0.56 1.8 4.4 2.0 5.4

Carbon % uncertainty Stat. Bkgd subt. 2p2h Accept Cut Sector SRC Total

2.261 GeV Range 1 0.23 0.54 0.56 0.37 2.76 0.77 2.0 3.6
2.261 GeV Range 2 0.30 0.37 0.53 0.31 2.03 1.7 2.0 3.5
2.261 GeV Range 3 1.1 0.49 0.89 0.56 2.79 0.1 2.0 3.8
4.461 GeV Range 4 4.0 1.0 1.1 0.5 0.83 7.1 2.0 8.6

Iron % uncertainty Stat. Bkgd subt. 2p2h Accept Cut Sector SRC Total

2.261 GeV Range 1 1.4 0.62 0.74 0.58 2.83 4.1 2.0 5.7
2.261 GeV Range 2 2.3 0.64 1.0 0.41 3.79 8.03 2.0 9.4
2.261 GeV Range 3 4.4 0.56 1.1 0.64 3.36 18.0 2.0 19.0

FIG. 11. Transparency data as a function of proton momentum
for helium (red), carbon (blue), and iron (black) from this
analysis. The horizontal error bars for carbon show the range
of proton momenta included in the analysis and are applicable to
all three nuclei.
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SLAC, Jefferson Lab, and MIT-Bates. Previous measure-
ments typically determined the number of QE ðe; e0pÞ
events (the numerator of the transparency ratio) by cutting
on Emiss ≤ 80 MeV and pmiss ≤ 300 MeV=c and deter-
mined the denominator of the ratio using a PWIA calcu-
lation of the expected number of ðe; e0pÞ events integrated
over the experimental acceptance corrections, see Eq. (2).
Our measurement differed in two ways. We used cuts on
θPQ and pp to select the QE ðe; e0pÞ events of the

numerator and we used ðe; e0Þ data (corrected for the
non-QE fraction) for the denominator, see Eq. (3). In
addition, our SRC transparency correction factors are much
smaller than used previously.
Our carbon transparencies are consistent with the pre-

vious results except for the point at the lowest momentum,
where the previous data [18] appears to trend upward. Our
iron measurements are consistent with the average of the
previous measurements at a transparency value of ≈0.4.
However, the previously measured transparencies increase
at lower proton momentum, reaching 0.5 at pp ∼ 1 GeV=c,

differing significantly from our measured transparencies.
This increase at low momentum was also seen in other
heavier nuclei [16,18].

B. Comparisons with MC

We also compare our measured transparencies with the
results of MC models. When comparing models with
transparency measurements, care must be taken to match
the cuts exactly [24]. We therefore applied the same cuts to
data and GENIE predictions. Because of this, no horizontal
widths in proton momentum for data or simulations need to
be applied. Figures 14–16 compare our data with GENIE
simulations using SuSAv2 and G18 interaction models with
different ingredients by varying FSI models and struck
nucleon momentum distributions, as detailed below.
The calculations differ from the data both in shape and

normalization for all targets. Data at pp ∼ 1.65 GeV=c
have good agreement with the calculations although these
data points tend to have larger uncertainties than for lower
momenta. The discrepancy grows as the proton momentum
decreases. At the lowest pp, the difference between MC

and data is largest for iron, and G18 tends to be closer to the
data than SuSAv2. This is expected because both nuclear
structure and FSI effects are expected to grow for larger
nuclei and smaller proton momenta.
There are larger theoretical uncertainties for helium since

the codes are often based on Fermi gas models which often
do not apply to very light nuclei. None of these models

TABLE VIII. Data transparency and average proton momentum values for all nuclei and electron scattering angle ranges.

Uncertainties include contributions from both systematic and statistical sources.

2.261 GeV 4.461 GeV

21°–23° 28°–31° 37°–40° 21°–23°

Nucleus Pp (GeV/c) T Pp (GeV/c) T Pp (GeV/c) T Pp (GeV/c) T

He 0.81� 0.10 0.752� 0.016 1.00� 0.08 0.706� 0.024 1.32� 0.08 0.685� 0.024 1.65� 0.07 0.706� 0.052

C 0.71� 0.12 0.614� 0.019 0.99� 0.08 0.635� 0.017 1.3� 0.08 0.591� 0.014 1.64� 0.08 0.600� 0.050

Fe 0.70� 0.12 0.439� 0.021 0.99� 0.08 0.406� 0.034 1.3� 0.08 0.452� 0.083

FIG. 12. Transparency of carbon for data presented in this work
(black filled circles) compared to world data (blue open points).
Previous data are from from Jefferson Lab [15,16,51], SLAC
[17], and MIT-Bates [18]. The horizontal error bars show the
range of proton momenta included in the analysis.

FIG. 13. Transparency of iron for data presented in this work
(black full circles) compared to world data (blue open points).
Previous data are from Jefferson Lab [15,16] and SLAC [17]. The
horizontal error bars show the range of proton momenta included
in the analysis.
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were designed for use in very light nuclei and there are no
existing comparisons to helium data. The helium nucleon
momentum distribution was approximated as a Fermi gas
using a Fermi Momentum of kF ¼ 115 MeV=c.

2
The

Fermi gas model is less accurate for lighter nuclei.
Despite this, GENIE describes the helium transparency
data about the same as for the heavier nuclei.
We varied the ingredients of the GENIE calculations to

see the effect of different cross section models (G18 vs.
SuSAv2), different nuclear models (CFG vs. LFG) and
different FSI models (hAvs. hN), as shown in Fig. 15. Both
FSI models use the same stepping method within the INC
framework. Thus, both models predict the same proton
transparency and differed only in the distribution of out-
going rescattered hadrons [26]. Therefore, differences
between the G18 and SuSAv2 models should be due to
different QE models. The G18-based transparencies were
slightly lower than the SuSAv2-based ones. The correlated
Fermi gas (CFG) model gave slightly lower transparencies
than the local Fermi gas model, due to the effect of nucleon-
nucleon (NN) correlations that reduced the number of
mean-field QE ðe; e0pÞ events. Because SuSAv2 was
implemented in GENIE as amplitudes, changing the under-
lying nucleon momentum distribution has no effect on the
inclusive cross section, except for effects related to Pauli
blocking. The data were corrected for the effect of
correlations, but the calculation was not.
The large discrepancy in magnitude between the base

simulations and the data is surprising because the NuWro
[24] and Isaacson et al. [25] simulations had qualitative
agreement with the previous data for carbon and iron. Both
calculations had different assumptions for both FSI, QE
model, and nuclear structure. The GENIE calculations can
have problems with either nuclear structure or FSI, as
shown in Sec. V.

C. A dependence of transparency

The A dependence of proton transparency is typically
characterized by the power of an exponential [16–18,47]

TðAÞ ∝ Aα:

Although this simple formula describes the data well, the
parameter cannot be derived from theory. Previous studies
found different values for α. O’Neill et al. [17] found

−0.18 ≤ α ≤ −0.29, depending on Q2. Previous CLAS
measurements of transparency ratios found α ¼ −0.289�
0.007 [47] and α ¼ −0.34� 0.02 [49]. The larger value
was consistent with Glauber calculations.
In this work, we did a similar analysis for the three

combined proton momentum ranges at 2.2 GeV beam
energy. Additional fits for a single proton momentum data

FIG. 14. Proton transparency measurement for 4He with CLAS
data (black) compared to predictions from G18þ LFGþ
hA2018 models (red) and SuSAv2þ LFGþ hN2018 models
(blue).

FIG. 15. Proton transparency measurements for carbon with
CLAS data (black) compared to various GENIE Monte Carlo
predictions. These include G18þ LFGþ hA2018 (filled red
circles) and SuSAv2þ LFGþ hA2018 (open blue triangles),
SuSAv2þ CFGþ hA2018 (open blue squares), and
SuSAv2þ LFGþ hN2018 (filled blue circles). Note
SuSAv2þ LFGþ hN and SuSAv2þ LFGþ hA overlap each
other so not all points are visible.

FIG. 16. Proton transparency measurement for iron with CLAS
data (black) compared to predictions from G18þ LFGþ
hA2018 models (red) and SuSAv2þ LFGþ hN2018 models
(blue).

2
E. Christy, private communication.
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showed little dependence on the data used. The results were
an exponent of α ¼ −0.225� 0.005 for data and α ¼
−0.17� 0.003 for Monte Carlo. Even though 4He was
not well described by a Fermi gas, it still fits in with the
same power law. However, inclusion of helium in our fits
makes the exponent somewhat bigger. The discrepancy
between our data and the GENIE simulations is the most
interesting result. All these calculations use a mean free
path based on the free total nucleon-nucleon reaction cross
section with modifications for NN correlations by
Pandharipande and Pieper [43] that were developed in
response to the MIT-Bates data [18].

V. DISCUSSION

As shown in Refs. [21,26,43], transparency calculations
are sensitive to both nuclear structure and FSI components
of each model. We therefore varied the ingredients of the
GENIE calculations in Figs. 14–16 to see the effect of
different cross section models (G18 vs. SuSAv2), different
nuclear models (CFG vs. LFG) and different FSI models
(hA vs. hN). In this section, we discuss the role of each
effect in our results.
Previous articles have studied transparency with models

similar to those described above. For example, Ref. [24]
shows NuWro results for transparency in carbon and iron.
The simulations used an LFG nuclear model and an FSI
model similar to the GENIE hN2018 model. They carefully
matched the conditions of each measurement and got
results that are somewhat above most of the data.
Reference [26] shows the effect of various QE, nuclear

structure and FSI model choices that are in GENIE,
NuWro, and NEUT event generators. They found that
transparency at proton momentum greater than about
500 MeV=c is largely insensitive to these choices.
However, almost all models involved used the LFG nucleon
momentum distribution.

A. FSI effects

The FSI model will directly affect the transparency
results. All models used in this analysis predict higher
transparency than the data, but almost no difference was
shown when changing only the FSI model. In this section,
sensitivities to a variety of choices is made.
The FSI models used in this analysis are often used in

accelerator-based neutrino experiments. Like most models
in use, they are based on the semiclassical INC approxi-
mation in which the hadron-nucleon interaction in the
nuclear medium is the free cross section with nuclear
corrections. Most INC codes model the struck nucleon
kinematics with a momentum distribution and a binding
energy correction that is derived from electron scattering
measurements. NuWro [8] and GENIE hN2018 models are
very similar. Both have added the same nuclear medium
corrections [43] to the hadron-nucleon interaction; this was

shown to be a few percent increase to transparency [26] and
a similar decrease in σreac.
The calculations presented here use FSI codes that have

been largely validated against proton total reaction cross
section (σreac) data [12] rather than transparency measure-
ments. Typically, agreement for σreac at nucleon momenta
larger than roughly 400 MeV=c can be obtained with free
pN interactions [40].
GENIE has three FSI models that can be used inter-

changeably due to its modular structure. The GENIE hA
and hN models shown in Sec. IVare not the most complete
models available and alternative FSI models have been
added [10]. The INCL model [52,53] has an improved
nuclear treatment that is based on a mean field model with
quantum corrections. It also includes a model where the
recoiling protons pick up nucleons to form multinucleon
clusters [54] that decreases the proton yields. The resulting
values using INCL for σreac and transparencies are quite
different than hA and hN at low proton energies but in very
good agreement at the energies relevant to this measure-
ment [26].
Reference [26] also studied the effects of various nuclear

phenomena. Pauli blocking is important for proton
momenta less than roughly 300 MeV=c. Proton formation
zones are not needed to get agreement with previous
transparency data [13] and are not in use in the codes
studied. Dytman et al. [26] also showed that NN correla-
tions in NuWro [43] produce a significant change to
transparency, but much less to σreac. The authors suggest
that σreac is less sensitive to NN correlations than trans-
parency because FSI is much less affected by character-
istics of the second nucleon than in the eN vertex for QE
scattering. Hadron beams only require interaction with a
single target nucleon to contribute to σreac but the second
nucleon is essential to determine whether the event is true
QE or not.
Other recent articles have studied effects beyond the

typical INC model. Ershova et al. [54] compares NuWro
results with the default FSI model with a spectral function
nuclear model to one with INCL FSI. Since the NuWro QE
model is used to produce protons, this is a test that focuses
on FSI. Differences in transparency are 5%–10% at the
larger proton momenta. Their main conclusion notes the
effects of multinucleon clusters. A new INC model by
Isaacson et al. [25] studied different stepping mechanisms.
These alternative treatments vary the definition of the space
around a nucleon where the interaction can occur. Both
σreac and transparency change in the same direction.
Results differ by a few percent for proton momenta
0.8–1.2 GeV=c. For both studies, the effects are larger at
proton energies below those studied here.
Conclusions from these studies can tentatively be made.

Both σreac and transparency depend on the NN interaction
in very similar ways [26] with the main difference coming
from variation in path lengths in the residual nucleus.
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Effects tend to be of opposite sign in the two observables.
Therefore, any significant change to this basic ingredient
that decreases the predicted transparency to get agreement
with data will also increase σreac by a similar amount.
Thus, any change affecting only the NN cross sections to
fit our transparency results will worsen the existing
agreement with σreac data. Some other effect would then
be needed to regain agreement with the σreac data.
Nevertheless, FSI models have a number of ingredients
that are not known well, e.g., the nuclear effects within
FSI models and the detailed stepping strategy. Although
more studies are definitely needed, there is no obvious
problem in the FSI models used here in the energy range
of this measurement.

B. Nuclear structure effects

1. Nuclear models

Various theoretical papers discuss the role of nuclear
structure effects in transparency calculations. Pandharipande
and Pieper [43] found nuclear effects due to Pauli blocking
and NN correlations to be important. They calculated both
the spatial effects of correlations on the rescattering of the
outgoing protons and the momentum effects on the ratio of
Eq. (2). The momentum effect correction was the basis for
the SRC corrections used in many previous measurements
[15]. The size of these corrections was questioned by
Frankfurt, Strikman, and Zhalov [21] as discussed above.
A notable result of Ref. [26] is to show that the spatial
effects of NN correlations (i.e., the reduced probability
of finding a second nucleon within a short distance of
the struck nucleon) in NuWro [43] increase the proton
transparency by roughly 10% at all momenta. Since the
effect on σreac was much smaller, this suggests that the
dominant sensitivity is in the ep vertex. Isaacson et al.

[25] used a nuclear model based on a Green’s function
Monte Carlo wave function [55]. They emphasized the
role of NN correlations in effectively keeping nucleons
apart. This effect is in both initial and final states in their
simulation.
As noted in Sec. VA, there is a 5%–10% difference

between the G18 and SuSAv2 transparencies (SuSAv2
LFG hA vs. G18 LFG hA) and a similar difference
between the SuSAv2 LFG and CFG model transparencies.
Differences between G18 and SuSAv2 transparencies show
the importance of the lepton-nucleon vertex in the medium
[35]. Since the SuSAv2 model was implemented in GENIE
with the lepton-nucleon matrix elements, Fermi momentum
and binding energy effects cannot be applied properly to
individual events. The CFG/LFG difference verifies that the
nucleon momentum distribution affects the calculated
transparency values and the need for SRC corrections to
nuclear structure models. Detailed agreement with data is
not expected because the kinematics of the emitted nucleon
are unchanged from calculations with LFG.

To more accurately include the effect of correlations, a
new GENIE QE simulation for 12C based on a correlated
basis function spectral function (SF) calculation was made
[29]. To focus on nuclear structure, the same hN2018 FSI
model as the SuSAv2 calculation was used. This spectral
function includes NN correlations based on the local
density approximation and a depleted mean field region
fit to ðe; e0pÞ data [30,45]. The influence is best seen in the
missing energy (Emiss) and missing momentum (Pmiss)
distributions

Emiss ¼ ν − Tp0 − TA−1 ð4Þ

P⃗miss ¼ p⃗p0 − q⃗; ð5Þ

where ν and q⃗ are the virtual photon energy and 3-
momentum, respectively, and Tp0 and p⃗p0 are the kinetic

energy and momentum of the scattered proton. In the SF

FIG. 17. Number of events (luminosity normalized) as a
function of reconstructed missing energy (top) and missing
momentum (bottom) for 2.261 GeV Cðe; e0pÞ for 21° ≤ θe ≤

23° after all event selection cuts. Comparison with SuSAv2
broken into different interaction components is shown (solid
lines), as well as a prediction from the QE spectral function model
(dashed line). Data has radiative corrections applied.
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model, most nucleons have low momentum in the ground
state, often called the mean field region. QE scattering off
these nucleons populates the region Pmiss < 300 MeV=c
[15]. However, about 20% of the nucleons have Pmiss >
300 MeV=c due to the effect of NN correlations. This has
immediate consequences for the final transparency results.
First, the data must be corrected to take out events within
the detector acceptance that come from these events; this is
discussed in Sec. III C. More subtly, our selection cuts
remove many of the Pmiss > 300 MeV=c events. Since the
LFG momentum distribution has no high-Pmiss NN corre-
lation tail to remove, there will be an excess of events
coming from the mean field region. Therefore, simulations
using it have a larger normalization than in the data.
Figures 17 and 18 present the Emiss and Pmiss data

distributions for the ðe; e0pÞ interaction with all experi-
mental cuts and corrections compared to the SuSAv2 model
using LFG and a separate QE calculation with the SF
model. For carbon we present range 1 (21° ≤ θe ≤ 23°) and

iron range 2 (28° ≤ θe ≤ 31°). We ignore the small kinetic
energy of the recoiling nucleus, TA−1. The SuSAv2 model
overpredicts both the carbon and iron data while the carbon
SF calculation describes the shape and magnitude of the
Emiss and Pmiss distributions remarkably well. While we do
not have SF calculations for iron (Fig. 18), measurements
of the spectroscopic factors in ðe; e0pÞ experiments on
nuclei with 7 < A < 208 show that the depletion of the
low-momentum (mean field) region is essentially A-inde-
pendent [56]. We therefore conclude that a large portion of
the discrepancy between GENIE results and the data come
from mismodeling of the nuclear ground state in the
calculations.

VI. CONCLUSION

Interest in hadron transparency is increasing because it
can be a better technique than hadron-nucleus scattering to
validate FSI models in MC simulations of neutrino experi-
ments [24–26]. This is important because FSI is a major
component of the estimated systematic uncertainties for
both neutrino oscillation and neutrino cross section
measurements.
To that end, we analyzed the CLAS e2a dataset to extract

the nuclear transparency using a new method. We selected
narrow bins in θe to examine bins of proton momentum

from 0.8 to 1.65 GeV=c for 4He, carbon, and iron targets.
The large acceptance of CLAS was important to establish
the validity of the measurement.
This analysis used true QE events to sample recoil

protons whose kinematics can be anticipated based on
the kinematics of ðe; e0pÞ scattering. The range of momenta
considered overlaps that of previous results from Jefferson
Lab [16,22], SLAC [17], and MIT-Bates [18]. The present
analysis largely confirms previous results for carbon and
iron, except for possible discrepancies at the lowest proton
momenta. The data for helium are new and interesting
because its nuclear structure is treated differently in
theoretical models than for the heavier nuclei.
In this work, we used a different method to extract

transparency than in previous measurements [15,17]. We
defined the transparency as the ratio of ðe; e0pÞ quasielastic
events with a proton detected to ðe; e0Þ QE events that
should have a detected proton. We reduced the effects of
non-QE reactions by requiring that the ðe; e0Þ events were
from the low-energy-loss side of the QE peak and then we
corrected for the small fraction of non-QE (e.g., MEC or
2p2h) events remaining. Most previous measurements [15–
17] defined transparency as the ratio of ðe; e0pÞ quasielastic
events to the expected number of calculated PWIA events.
The two methods differ in their model dependence.
However, both methods require corrections for protons
knocked out from SRC pairs which increase the trans-
parency. The correction used in many previous experiments
came from Ref. [43]. For our method, calculations with the
spectral function model found correction factors for both

FIG. 18. Number of events (luminosity normalized) as a
function of reconstructed missing energy (top) and missing
momentum (bottom) for 2.261 GeV Feðe; e0pÞ at 28° ≤ θe ≤

31° after all event selection cuts. Comparison with SuSAv2
broken into different interaction components is shown (solid
lines). Data has radiative corrections applied.
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numerator and denominator that have moderate Q2

dependence. This important effect could be examined
further. The MIT-Bates measurement did not correct for
NN correlations. Previous measurements did not explic-
itly correct for the 2p2h background because it was
expected to be small and calculations such as were
employed in this analysis were not yet available. A full
understanding of the 2p2h contamination in the signal
region is an important ingredient in our analysis to obtain
a true QE sample.
Although both MC calculations approximately agree

with the transparency data at high proton momentum, the
deviation between data and calculations grows as the
proton momentum decreases so that the calculations are
above the data in a statistically significant way for all three
targets at the lowest momenta. Although poorer agreement
with helium is expected due to the Fermi gas approximation
for the momentum distribution, discrepancies seen for
helium are similar to those found for heavier nuclei. The
MC-data discrepancy for carbon is examined in some detail
in Sec. V.
Problems with MC in describing transparency can come

from either nuclear structure or FSI treatments. Although

transparency calculations with various FSI models quali-

tatively agree with previous data [24], significant depend-

ence on nuclear structure is noted [25,26]. The MC

calculations available for this measurement used an LFG

nucleon momentum distribution; these are commonly used

in comparisons with neutrino cross section data [57,58].

Further calculations that examine nuclear structure were

made for the carbon target. The spectral function model

[29] has about 20% of the nucleons populating a high-Pmiss

tail due to NN correlations and a different model for the QE

interaction inside the nucleus. The spectral function model

calculation describes Pmiss and Emiss distributions much

better than the LFG model. SF calculations of transparency

were not attempted because they are only available for the

QE process.
Although two FSI models were used for comparison, this

does not cover all the possibilities. A review of relevant
literature on FSI in Sec. V shows that nuclear corrections in
FSI contributions to transparency can be significant.
Studies show that Pauli blocking, nucleon pickup effects
and most nuclear effects are largely important at proton
momenta below those studied in this article. However,
other effects such as the stepping mechanism and SRC
correlations have been shown to be important at higher
momenta. Although the stepping mechanism affects both
σreac (the proton total reaction cross section) and trans-
parency, SRC correlations have a larger effect on trans-
parency. It should also be noted that both σreac and
transparency are primarily sensitive to the initial interaction
of the recoiling proton. Therefore, transparency is not
sensitive to the full FSI model.

To decrease the calculated transparencies and bring them
into agreement with the data would require significantly
increasing the nucleon-nucleon scattering cross section,
likely causing a conflict with proton-nucleus scattering
measurements [26]. However, it is possible that other
effects such as those discussed in Sec. V could also resolve
the discrepancy. NN correlations and the details of the
lepton-nucleon vertex in the nuclear medium are clearly
important for this observable. More studies are needed to
establish the importance of these effects.
Thus, while the SuSAv2 and G18 calculations agree well

with inclusive data [28,32], there are discrepancies in the
transparency calculations and in comparisons to ðe; e0pÞ
data. Spectral function calculations for quasielastic
electron scattering agree much better with the ðe; e0pÞ
data. Evaluations of the SF nuclear model with neutrino
cross sections are more complicated than what was shown
here. Studies with the SF model show mixed agreement
with neutrino cross section data [58–60].
The surprising conclusion of this work is that nuclear

structure in event generator codes can significantly affect
transparency calculations. We look forward to improved
calculations including modern information on nuclear
structure (e.g., spectral function calculations) that can
better test FSI models in proton transparency. Although
less detailed studies of FSI were made, no obvious
problems were observed. A comparison of σreac with
transparency is very profitable as they have different
dependencies on nuclear effects. The transparency meas-
urement presented here provides a new and important test
of these models.
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