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Abstract

We present results from the Jefferson Lab E08-014 experiment, investigating short-range correlations (SRC) through mea-
surements of inclusive quasi-elastic scattering from 2H, 3He, 4He, 12C, 40Ca, and 48Ca. The kinematics were selected to isolate
scattering from SRCs, yielding a plateau in the A/2H cross-section ratios due to the universal two-body structure of the 2N-SRCs
in light and heavy nuclei. We observe approximate plateaus in the A/2H ratios and provide the first extractions of the A/2H ratio
for 40Ca and 48Ca. We also examine the A/3He ratio, aiming to identify three-nucleon SRCs (3N-SRCs). Following the approach
for isolating 2N-SRCs, searching for 3N-SRC dominance involved measuring the A/3He cross section ratio at modest-to-large Q2

values and looking for a plateau ratios for x >∼ 2.5. This was not observed in the data, and in fact increasing Q2 values moved
the data further away from the predicted plateau. We show here that, when analyzed in terms of the struck nucleon’s light-cone
momentum, the data exhibited the expected trend, progressively approaching the predicted 3N-SRC plateau. These observations
suggest that future measurements at higher energies may facilitate a definitive isolation and identification of 3N-SRCs.

1. Introduction

Short-range correlations (SRCs) are transitory configura-
tions of nucleons with large relative momenta and modest total
momentum. They are dominated by two-nucleon SRCs (2N-
SRC) but may have significant contributions from three-nucleon
SRCs (3N-SRC) in specific kinematic regimes. SRCs do not
arise from mean-field potentials derived from models such as
the shell model. Instead, they arise from ephemeral fluctuations
in the nuclear ground state, driven by the strong, short-range
component of the nucleon-nucleon (NN) interaction, which in-
cludes both an attractive tensor force and a deep repulsive core
at sub-fm distances. These short-range components are per-
vasive and consequently all nuclei display SRCs with universal
characteristics. They contribute to the high-momentum tails ob-
served in nucleon momentum distributions and the depletion of
spectral strength seen in exclusive electron scattering experi-
ments [1, 2, 3, 4]. A comprehensive study of SRCs is essen-
tial for a deeper understanding of nuclear forces and the de-
tailed structure of atomic nuclei. Significant progress has been
made in both theoretical and experimental investigations in re-
cent years [2, 5, 6, 7, 8, 9, 10].

SRCs have been studied extensively through quasi-elastic
(QE) electron scattering, where high-energy electron beams knock
high-momentum nucleons out of nuclei at large momentum trans-
fer [2, 10]. Inclusive electron scattering experiments, A(e,e’),
which measure only the scattered electrons, have been con-
ducted at SLAC [11] and Jefferson Lab (JLab) [12, 13, 14,
15, 16, 17, 18, 19, 20], confirming the basic predictions of the
SRC model [5, 11] and quantifying the relative contribution of
SRCs in nuclei [9, 10]. Exclusive measurements of QE reac-
tions, which reconstruct back-to-back high-momentum nucle-
ons from the breakup of 2N-SRC pairs in addition to detect-
ing the scattered electron, have demonstrated a dominance of
proton-neutron (pn) pairs over proton-proton (pp) or neutron-
neutron (nn) pairs [21, 22, 23, 24, 25]. This dominance is a
manifestation of the strong tensor force, which preferentially
binds pn pairs, making them more likely to form SRCs [26,
27, 7, 28]. The observed pn dominance was confirmed in inclu-
sive studies of nuclei with similar mass but different neutron-to-
proton ratios, such as 48Ca/40Ca [18] and 3He/3H [19]. While
this isospin dependence is a universal feature in heavier nuclei,

recent results suggest a weaker preference for pn pairs in light
nuclei [19].

The first evidence for 2N-SRCs came from inclusive QE
per-nucleon cross-section ratios of nuclei to deuterium, i.e. R =
σA
σ2H

2
A (referred to as simply A/2H ratios in this paper), which

revealed a distinct plateau in the region 1.4 < x < 2.0 [11]
at Q2 >∼ 1.4 GeV2. Here, Q2 is the four-momentum transfer
squared, and x is the Bjorken variable, both of which are de-
termined from the beam energy (E0) and the measured scat-
tered electron momentum (E′) and angle (θe). In this frame-
work, Q2 = 4E0E′ sin2(θe/2) and x = Q2/(2mpν), where mp

is the proton mass and ν = E0 − E′. Following this pioneering
study, extensive measurements at JLab [15, 17, 19, 20] revealed
the predicted 2N-SRC dominance [5, 11] and verified the kine-
matic conditions for which 2N-SRCs dominate over mean-field
contributions. The value of the A/2H ratio in the plateau re-
gion, denoted a2(A), reflects the relative contribution of SRCs
in heavier nuclei compared to the deuteron. However, the mo-
tion of SRCs in nuclei with A > 2 enhances the cross-section
ratio by ∼10–20% above what is predicted by simply count-
ing SRCs [15, 29]. This enhancement increases with nuclear
mass (A), indicating a greater prevalence of nucleons in SRC
pairs in heavier nuclei due to increased nucleon-nucleon inter-
actions in denser nuclear environments, with the trend saturat-
ing at A ≥ 12 [3].

The A/3He per-nucleon cross-section ratios (i.e. R = σA
σ3 He

3
A )

also exhibit the predicted 2N-SRC plateau [13, 14, 15, 16], but
the SRC model also predicts a second plateau corresponding
to the onset of 3N-SRCs above x = 2. For 2N-SRCs, the
model predicts that SRCs dominate for momenta above the typ-
ical mean-field momenta in nuclei, while for 3N-SRCs, it is
less clear when 2N-SRC contributions are small enough that
the 3N-SRC contributions can be isolated. The predicted 3N-
SRC plateau appeared to be observed in the 4He/3He ratio at
x ≥ 2.25 and Q2 ∼ 1.6 GeV2 by CLAS [14], while a Hall C ex-
periment at Q2 ∼ 2.7 GeV2 reported a similar trend, albeit with
large statistical uncertainties [15, 30]. However, the hypothesis
that 3N-SRCs dominated at Q2 ≈ 1.6 GeV2 and large x was
ruled out by the initial publication of the present results [16],
with the limited momentum resolution of the CLAS spectrom-
eter being the apparent cause of the observed plateau [31]. It
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has been argued that further searches for the onset of 3N-SRCs
should focus on high-statistics measurements at large Q2 values
(Q2 >∼ 3 GeV2) [9, 30, 32, 33]. It has also been suggested that
focusing on very light nuclei, in particular 3H and 3He, may
provide easier access to information on 3N-SRCs [20]. At this
time, the existence of 3N-SRCs remains an open question that
warrants further investigation [34, 10, 33] and only limited in-
formation on their structure exists [35, 20].

2. Experimental Overview and Data Analysis

This paper reports the results from the JLab E08-014 ex-
periment, which measured scattered electrons and extracted in-
clusive QE cross sections for 1 <∼ x < 3.0 and moderate Q2

values [36]. The previously published 4He/3He ratio revealed
the absence of the predicted 3N-SRC signal [16], while the
48Ca/40Ca ratio provided the first examination of the isospin
effect in 2N-SRCs using the inclusive scattering [18]. Here,
we present the absolute cross sections for all nuclei measured
in this experiment, including 2H and 12C targets in addition to
4He, 3He, 48Ca, and 40Ca. We also present the A/2H and A/3He
ratios to explore 2N-SRCs and 3N-SRCs.

JLab experiment E08-014 [37] utilized a 3.356 GeV unpo-
larized electron beam with currents ranging from 40 to 120 µA,
provided by the Continuous Electron Beam Accelerator Facility
(CEBAF). The beam was directed onto several cryogenic tar-
gets, including 2H, 3He, and 4He, which were housed in 20 cm
aluminum cells. These cells were mounted on a vertically ad-
justable ladder within a vacuum chamber. Solid foil targets,
including 12C, 40Ca, and 48Ca, were positioned below the cryo-
genic targets. The entire target ladder was cooled to 20 K using
a cryotarget cooling system [38].

Two high-resolution magnetic spectrometers (HRS-L and
HRS-R) [38] were used to measure the quasi-elastically scat-
tered electrons. Each spectrometer consists of two quadrupoles
(Q1 and Q2), a dipole (D), and a final quadrupole (Q3). The
magnetic fields of these components were set to match the stan-
dard optics tune for the desired central momentum value [38].
However, the Q3 magnet on HRS-R encountered a power sup-
ply issue, resulting in a 15% reduction in the field. This neces-
sitated the acquisition of new optics data and the recalibration
of the optics matrices offline to accurately account for the mis-
match in the Q3 field (see Chapter 4 in Ref. [36]).

The detector setup in each HRS includes two vertical drift
chambers (VDCs), two scintillator hodoscope planes (S1 and
S2), a gas Cherenkov counter (GC), and two layers of electro-
magnetic calorimeters (ECAL). The VDCs track charged parti-
cles exiting from Q3, allowing the determination of their mo-
menta and angles at the reaction points using the HRS magnet
optics. The signals from S1, S2, and GC formed triggers for
the events recorded by the data acquisition (DAQ) system, with
scalers monitoring detection efficiencies and computer dead time.
The GC and ECAL also serve as particle identification (PID)
detectors to differentiate between electrons and pions.

Data were taken with the spectrometers positioned at angles
between 21◦ and 28◦, with one or more momentum settings at

each angle to cover a wide range of x. Detailed kinematic set-
tings can be found in the supplemental materials [39].

2.1. Electron Reconstruction and Selection
The HRS spectrometers detected scattered electrons as well

as other particles, primarily π− mesons. The Hall A standard of-
fline data analysis reconstructed the scattered electron momen-
tum (Pe), in-plane and out-of-plane angles (ϕe, θe), and vertex
position (Zreact) using the VDC track information and optics re-
construction matrices [38]. For the HRS-R, the reconstruction
matrices from previous experiments were updated to correct for
the reduced Q3 magnetic field [36].

To minimize uncertainties associated with the spectrometer
acceptance, in particular for the long targets, strict acceptance
cuts were applied: |δPe| ≤ 4%, |δθe| ≤ 30 mrad, and |δϕe| ≤ 30
mrad. For gas targets, an additional cut of |δZreact | ≤ 7 cm
was implemented to exclude events originating from the target
entrance and exit windows. Residual contamination was eval-
uated using data collected from measurements with two thick
aluminum foils designed to replicate the target windows. These
studies indicate negligible contamination mixing with genuine
gas target events (<0.1%) from window events due to recon-
struction inaccuracies. It is worth noting that in Ref. [18], only
the short targets (40Ca and 48Ca) were included, allowing for
slightly wider acceptance cuts and smaller statistical uncertain-
ties. Calibrated GC and ECAL signals were used to apply PID
cuts, achieving over 99% efficiency for identifying electrons,
with negligible pion contamination (see Sec. 5.5.3 of Ref. [36]).

The target cooling system served to reduce density fluctu-
ations in the cryogenic targets and protect the foil targets from
beam-induced heating. However, since only one end of the
20 cm extended target cells was mounted on the cooled lad-
der, non-uniform density fluctuations, often referred to as boil-
ing effects, were observed across the cryogenic targets. A new
procedure was performed to correct for the non-uniform boiling
effect and obtain in-beam target densities for all three cryogenic
targets (See Section 2 in the supplemental materials [39] for de-
tails).

2.2. Cross Section Extraction
For each setting, we binned the data in x bins and extracted

the Born cross section by applying the ratio of the experimental
to simulated yield as a correction to the model cross section
used in the simulation:

σEX(xi, θ0) = Y i
EX/Y

i
MC · σmodel(xi, θ0), (1)

where the experimental (model) differential cross section in the
ith bin is given as σEX(model)(xi) and xi is the central value of the
bin and θ0 is the central angle of the spectrometer.

The experimental yield, Y i
EX , is defined as:

Y i
EX =

N i
EX

Neηtgϵe f f
, (2)

where N i
EX is the number of scattered electrons in the x bin after

applying acceptance and PID cuts, and has also been corrected
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for computer dead time. Ne = Qe/e represents the total num-
ber of incoming electrons, derived from the accumulated beam
charge used to acquire the data. The areal density of scatter-
ing centers is given as: ηtg = ρ · ∆Ltg · Na/A, where ρ is the
target density, ∆Ltg is the target length, Na is Avogadro’s num-
ber, and A is the atomic mass number. For cryogenic targets,
ρ ·∆Ltg has been corrected for the non-uniform boiling effect as
described in Section 2 of the supplemental materials. The de-
tection efficiency, ϵe f f , includes the efficiencies for triggering,
tracking, and PID. The analysis shows that these efficiencies are
consistently above 99%, allowing us to set ϵe f f = 1 with a 1%
systematic uncertainty.

The Monte Carlo yield, Y i
MC , is defined as:

Y i
MC =

∆E′MC∆ΩMC

Ngen
MC

·
∑
j∈i

σrad
model(x j), (3)

where ∆E′MC and ∆ΩMC are the ranges of scattered electron en-
ergies and solid angles defined by the same acceptance cuts ap-
plied to the real data, and Ngen

MC is the total number of gener-
ated Monte Carlo (MC) events. The differential cross section,
σrad

model(x j), where j refers to the jth simulated event in the ith
x bin, is calculated using the XEMC model (Appendix B of
Ref. [36]) and includes the radiative effects [40, 41]. These
effects account for random energy losses of the incoming and
scattered electrons as they pass through the target and detector
materials. See Ref. [41] for a comparison of these radiative cor-
rection procedures to other approaches. The summation runs
over all simulated events in the ith x bin, applying the same
selection criteria as in the experimental data.

The yield-ratio method uses the simulation to account for
HRS and detector acceptance, bin centering, and radiative ef-
fects. This relies on having a reliable cross-section model, and
so after the cross section is extracted using a starting cross-
section model [15], the model is adjusted to match the data so
that the cross-section weighting used to evaluate acceptance, ra-
diative corrections, etc. in the simulation is more realistic. This
process is repeated until the simulated yield from the updated
cross-section model is in good agreement with the data.

3. Results

3.1. Absolute Cross Sections

Figure 1 shows the absolute differential cross sections as a
function of x for all targets measured in this experiment at scat-
tering angles of 21◦, 23◦, and 25◦. The quasi-elastic cross sec-
tion for 2H should drop rapidly as x approaches the kinematic
limit (x ≈ 2) but the total cross section rises due to contributions
from e-d elastic scattering. Similarly, 3He shows an excess near
x = 3, again indicative of nuclear elastic scattering. The lines
are the XEMC cross-section model [36], showing good agree-
ment with the data over the full kinematic range, except for
x ≈ A, as the model does not include nuclear elastic scatter-
ing. The extracted cross sections and fractional uncertainties
for all targets at all angles are provided in the supplemental ma-
terials [39]. To explicitly visualize the angular dependence, an

Figure 1: Differential cross sections for all nuclear targets for different scatter-
ing angles. Scale uncertainties are not shown.

additional plot in the supplemental material [39] compares the
absolute differential cross sections of 3He and 12C measured at
21◦, 23◦, 25◦, and 28◦.

δσ/σ (scale) δσ/σ (p2p)
δtrack 1% 0.3%
δPID 0.3% 0.1%
δcharge 0.7% -
δdt 0.7% -
δtarget 5% (1%) 1.5-3.0% (0%)
δkin 1% 1.5-6% (1.5-3)%
δrad 1.5% (1%) 1.0% (0.5%)
δacc 2% 1.5%
δext - 2.0-5.0%
δmodel - 1.0%

Table 1: Systematic uncertainties for absolute cross sections. Where two values
are given, the first is for the long targets (2H, 3He, and 4He), and second (in
parentheses) is for the short targets. See text for details of entries that quote a
range of values that depend on x.

The uncertainties presented in Figures 1 include the com-
bined statistical and uncorrelated (point-to-point, p2p) system-
atic uncertainties. Additionally, each data subset (angle-target
combination) has an associated scale uncertainty, which allows
for the rescaling of all data points. The scale and p2p uncertain-
ties are summarized in Table 1, where the entries correspond
to the uncertainty associated with various sources: spectrome-
ter acceptance (δacc), extended target acceptance (δext), track-
ing efficiency (δtrack), PID cuts (δPID), model dependence of
the cross-section extraction (δmodel), target thickness (δtarget),
beam charge measurement (δcharge), electronic and computer
dead time (δdt), and radiative corrections (δrad).
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Most of these uncertainties are largely independent of kine-
matics and target, but directly related to the performance of the
HRS spectrometer and detectors. Standard HRS analysis proce-
dures were used to study and evaluate the values of δtrack, δPID,
δcharge, and δdt which all are small. For δtarget, the extended
targets have larger uncertainties associated with the beam heat-
ing effects discussed in the previous section, and an additional
p2p uncertainty associated with the combination of a Zreact-
dependent density and uncertainty in the extended-target accep-
tance. The p2p uncertainty of δtarget for long targets increases
linearly from 1.5% to 3% as x increases from 1.4 to 2, and con-
tinues this linear increase beyond x = 2. The δkin term ac-
counts for the variation of cross section within the uncertainties
of the beam and scattered electron energies and angles. These
are similar for all targets and all x values, but increase at larger
x where the cross section drops rapidly, especially for the 2H
data approaching x = 2. The p2p uncertainty of δkin for short
targets has a linear increase from 1.5% to 3% as the value of x
increases from 1.5 to 1.8. For long targets, the p2p uncertainty
of δkin also increases linearly, ranging from 1.5% to 6.0%, ex-
cept for 2H whose uncertainty reaches 10% when x = 1.8. In
both cases, the δkin uncertainty continues to increase linearly
beyond x = 1.8 at the rate described above. The extracted cross
sections and fractional uncertainties are provided in the supple-
mental materials [39].

The acceptance of the spectrometers is generally well un-
derstood for short targets, in particular because our cuts on the
electron momentum and solid angle are tighter than used by
many experiments. However, it is not as well known for the
20 cm targets as it is for the thin targets. By examining the vari-
ation of the extended-target cross section with the momentum
and solid angle cut, we find that going from the nominal HRS
acceptance cuts to our tighter cuts systematically increases the
cross section by about 2% up to x ≈ 1.4 and by roughly 5%
above x ≈ 1.8. As such, we apply an additional systematic
uncertainty on the long target cross sections (and ratio of short
targets to long targets) of 2% for x < 1.4, 5% for x > 1.8,
with a linear increase between x = 1.4 and 1.8. Because this
effect is correlated with x and at different angles, we shift the
extended-target cross section up by half that amount. This al-
lows for the possibility that the cross section would continue
to increase with tighter cuts, but also allows for the possibility
that our current cuts are sufficient, with only a modest increase
in the total chi-squared value.

The extended target correction is not relevant for the ratio of
short targets, and should cancel almost completely in the ratio
of long targets. As expected, we find no systematic trend when
we vary the cuts on the target ratios in these cases. For the
A/3He ratios for A≥12, we find a systematic decrease in the
ratio, consistent with the increase in the extended target cross
section. As such, we apply the same 2-5% uncertainty to the
short-to-long target ratios.

Imperfections in the model can impact the simulated accep-
tance, radiative effects, and bin-centering corrections. We esti-
mate the uncertainties of the model dependence (δmodel) in the
analysis by taking our optimized model and applying an addi-
tional factor (e.g. σmodel/x or σmodel/Q2) that worsens the x

or Q2 dependence of the model compared to the data. These
‘de-tuned’ models were then applied to the same procedure of
cross-section extraction as discussed in Section 2.2. Cross sec-
tions extracted using these ‘de-tuned’ models give visibly worse
agreement with the real results, and the typical 1% impact on
the analysis is taken as a conservative estimate of the model
dependence of the analysis.

3.2. A/2H Cross-Section Ratios
We next form the cross-section ratios of heavier nuclei to

2H to investigate the 2N-SRC plateau across different nuclei.
To focus on the previously observed 2N-SRC scaling region
(Q2 ≥ 1.4 GeV2, x ≥ 1.4) [10, 20], we excluded the 21◦ data,
as it falls within the low-Q2 range. Since there was no 23◦ data
for 2H, the A/2H ratios come entirely from the 25◦ data. In
constructing the target ratios, several systematic uncertainties
common to all targets partially or completely cancel out in the
A/2H ratios. In particular, scale uncertainties associated with
the experimental setup and data analysis -— such as δacc, δtrack,
δPID, and δmodel -— almost entirely cancel in the ratios. A sum-
mary of the scale and point-to-point (p2p) uncertainties in the
target ratios is provided in Table 2.

δR/R (scale) δR/R (p2p)
δacc(s/l) 2% 0.5%
δtrack 0.2% 0.2%
δPID - 0.1%
δmodel - 1.0%
δcharge 1.0% -
δdt 0.5% -

δtarget(s/l) 5% 1.5-3.0%
δtarget(l/l) 4% 1.0-2.0%
δtarget(s/s) 1.4% 0%
δrad(s/l, s/s) 1.5% 1%
δrad(l/l) 0.5% 0.3%

δkin(3,4He/D) 0.6% 2.0-4.0%
δkin(A/D) 0.6% 1.5-6.0%
δkin(A/He) 0.6% 1.5-3.0%
δkin(s/s) 0.6% 0.7-1.4%

Table 2: Systematic uncertainties for the cross-section ratios. In some cases,
the uncertainty depends on the target ratios being taken: s/s, l/l, and s/l refer
to the ratio of two short targets, two long targets, or the ratio of a short to long
target, respectively, while A/D refer to the ratio of any target to deuterium. The
entries that quote a range of values refer to a linear increase in uncertainty with
respect to x, as in Table 1. For δkin, A/D refers to the solid targets (A≥12).

While we have thus far used x as a surrogate for the initial
struck nucleon’s momentum, the light-cone momentum frac-
tion, α, provides a more accurate estimate of the initial momen-
tum [5, 11, 10]. The light-cone momentum α cannot be recon-
structed from inclusive scattering without making an assump-
tion about the unmeasured final state, but α2N [11] is typically
used as the experimental estimate of α in the mean-field and
2N-SRC regimes, based on the assumption that the momentum
of the struck nucleon is balanced by one other nucleon:

α2N = 2 −
qmin + 2M

2M

1 + √W2 − 4M2

W

 (4)
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where qmin = ν − |q⃗|, W2 =
√
−q2 + 4Mv + 4M2.

Figure 2: The A/2H ratio of the cross section per nucleon as a function of x
(top axis label) and α2N (bottom) for the 25◦ data. Scale uncertainties are not
shown. The points for 12C (40Ca) are shifted slightly to the right (left) so they
can be more easily distinguished.

Fig. 2 shows the A/2H cross-section ratios as functions of x
(top) and α2N (bottom), with a gap in coverage for 1.2 < x < 1.4
(1.12 < α2N < 1.18). Above x ≈ 1.7 (α2N ≈ 1.33), the ratios
show a slight increase, reflecting an enhanced cross section for
A > 2 targets due to smearing from the center-of-mass motion
of the 2N-SRC pairs, as seen in previous studies [15]. As x
approaches 2, the ratio begins to drop due to the contribution of
the deuteron elastic peak. This effect is more pronounced than
in higher-Q2 data [15] due to the larger elastic contribution at
these Q2 values.

For the light nuclei (A=3,4), a clear plateau is observed for
α2N > 1.18, with minimal deviations until the effects discussed
above begin to modify the ratio above α2N ≈ 1.33. In contrast,
for the heavier nuclei (A≥12), there is an approximate plateau,
but the increase at larger α2N values is more pronounced com-
pared to previous measurements. We attribute this difference to
variations in the acceptance between the thin (<1 cm) foil tar-
gets for the heavier nuclei and the 20 cm deuterium cryotarget.
Modeling the latter is more challenging in this measurement
due to the large, strongly position-dependent target heating ef-
fects. We therefore add an additional 1.5% uncertainty to the a2
values for the carbon and calcium targets to account for the fact
that the data do not reproduce the plateau seen in previous mea-
surements. This is based on the cut dependence observed when
reducing the x range used in the fit. We take this as a common
1.5% uncertainty for all three targets.

As discussed in the introduction, the A/2H ratio in the plateau
region, denoted as a2(A), represents the relative contribution of
2N-SRCs in nucleus A compared to that in 2H. This is dom-
inantly due to the increase of the relative probability for nu-
cleons to be in SRCs in heavier nuclei, but also includes cor-
rections related to binding differences as well as the center-of-
mass motion of the 2N-SRC pairs in the A > 2 nucleus [15, 29].
In addition, any inelastic contribution to the cross section in the
SRC regime would modify the cross-section ratio from the pure
quasielastic contribution. We do not apply a correction for the

Nuclei 3He 4He 12C 40Ca 48Ca
a2 2.103 3.455 4.785 4.483 4.096

δa2 (fit) 0.021 0.036 0.073 0.070 0.064
δa2 (scale) 0.089 0.146 0.274 0.257 0.235

Table 3: The extracted values of a2 and uncertainties from the present data.
a2 were fitted with a flat distribution in the region of 1.18 ≤ α2N ≤ 1.33.
Only statistical and point-to-point uncertainties were included in the fit; the
scale uncertainty on the cross section ratios is applied directly to a2. For the
solid targets (A≥12), there is an additional 1.5% uncertainty, associated with
the model dependence in extracting a2 when the data do not yield a perfect
plateau (see text above).

Figure 3: a2 vs. A where new results (red stars) are from Table 3, and the a2
values from the previous experiments [15, 11, 17] are taken from the updated
values in Ref. [10]. Different a2 values for the same A were shifted slightly for
better visualization. For the solid targets (A≥12), there is an additional 1.5%
uncertainty (not shown) that affects all three of these targets together, associated
with the model dependence in extracting a2 when the data do not yield a perfect
plateau (see text above). A table of a2 values from all experiments is included
in the supplemental material [39].

small inelastic contribution, as we estimate that this contribu-
tion is at the 1% for x = 1.4, and the inelastic contributions
for the two targets will yield partial cancellation in the ratios,
reducing the impact even further.

Table 3 shows the extracted values of a2, obtained by fitting
the plateau region for 1.4 ≤ x ≤ 1.75 (1.18 ≤ α2N ≤ 1.33). As
shown in Fig. 3, a2(3He), a2(4He), and a2(12C) are consistent
with previous measurements within their errors. Because the
2N-SRC region does not show as clear of a plateau as previous
data for A≥12 as previous measurements did, we apply an ad-
ditional uncertainty to the extracted a2 values. We look at the
variation of the extracted a2 value if we remove the lowest x
points, the two highest x points, or all three, and use the scatter
as an estimate of the additional uncertainty. This yields an ad-
ditional uncertainty that is expected to be correlated for the a2
values of these three nuclei.

The values of a2(40Ca) and a2(48Ca) are newly available in
this work, and their similar values confirm that the nucleons
in the minority (protons) primarily determine the probabilities
for forming SRC pairs. For the direct comparison of calcium
isotopes, the result of Ref. [18] yields the more precise result,
yielding 48Ca/40Ca = 0.971 ± 0.012. As noted above, the in-
clusion of longer targets for the light nuclei in this work re-
quired tighter cuts, reducing the statistical precision compared
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to Ref. [18]. In addition, the previous work performed a more
detailed examination of the correlated uncertainties in the cal-
cium target ratio.

3.3. A/3He Cross-Section Ratios
For three-nucleon SRCs, a different estimate of the light

cone momentum, α must be used. We use α3N from ref. [32],
which is based on the expectation that linear configurations
dominate. For the kinematics of this experiment, other con-
figurations are strongly suppressed and due to the increased ex-
citation of the 3N system [20]. The expression for α3N used in
this paper is included in the supplemental material [39].

Figure 4: The 4He/3He ratio of the cross section per nucleon as a function of x
(top) α3N (bottom) for all data sets from this work and from the lowest Q2 data
set of Ref. [15]. Scale uncertainties are not shown. Lines are the ratios of cross
sections calculated using the XEMC model, included to allow for comparison
of the Q2 dependence of the y-scaling model.

Figure 4 shows the 4He/3He ratios at all scattering angles as
a function of x and α3N , including the E02-019 results at higher
Q2 for comparison [15]. As reported in Ref. [16] which shows
the 4He/3He ratio with combined 23◦ and 25◦ data, there is no
indication of the onset of a 3N-SRC plateau. Instead, a rapid
increase is observed for x > 2 (α3N > 1.41) as Q2 increases,
moving the ratios away from the existing higher-Q2 data [15].
This was unexpected as nearly all of the scaling violating ef-
fects - FSI, CM motion, and binding of the 2N-SRC - have
been seen to decrease with Q2 in detailed scaling studies for
2N-SRCs [11, 13, 20]. In addition, the data are moving away
from the predicted plateau expected if 3N-SRCs dominate.

However, the situation is qualitatively different when the ra-
tios are plotted against α3N . At these Q2 values, the difference

Figure 5: The 12C/3He ratio of the cross section per nucleon as a function of x
(top) α3N (bottom) for all angles. Data are from this work and Ref. [15]. Scale
uncertainties are not shown. Lines are the ratios of cross sections calculated
using the XEMC model.

between x and α3N is strongly Q2 dependent, and with the rapid
rise of the 4He/3He ratios with increasing x, even a modest shift
between data sets going from x to α3N has a significant impact
on the ratios. When examined as a function of α3N , the ratios
in the 3N-SRC region decrease as Q2 increases, consistent with
the expectation of a plateau at large Q2 values and bringing the
data into better agreement with the higher-Q2 measurements
(except for x ≈ 3, where nuclear elastic contributions enhance
the denominator). This can be seen even more clearly in the
12C/3He ratios shown in Fig. 5, where there is an additional
data set at higher Q2. This new examination of the Q2 depen-
dence for the large-α3N data supports the argument that larger
Q2 values are needed to try and isolate 3N-SRCs [9, 30, 32, 33].

A plot showing the A/3He ratios for all targets is included
in the supplemental materials [39], but the solid targets are all
very similar to the carbon ratios shown in Fig. 5. The cross-
section ratios of A to 2H (3He) as functions of x and α2N (α3N)
are also given in the supplemental materials [39] for all of the
targets measured in this experiment.

4. Conclusion

In this work, we presented the complete set of cross sections
and ratios from inclusive quasi-elastic scattering data obtained
in Jefferson Lab experiment E08-014, examining nuclei rang-
ing from 2H to 48Ca. We find a plateau in the A/2H ratios for
x > 1.4 (α2N > 1.18), consistent with previous data and predic-
tions based on the dominance of 2N-SRCs. No 3N-SRC plateau
was observed in the 4He/3He and 12C/3He ratios at x > 2, where
the coverage in α2N was limited to α2N <∼ 1.6, slightly below the
region where recent predictions suggest 3N-SRCs may domi-
nate [32, 30]. While the 4He/3He ratios taken vs x appear to be
moving away from the predicted plateau as Q2 increases [34],
the A/3He ratios decrease with increasing Q2, especially for 12C
where the Q2 range is larger, consistent with an approach to the
predicted 3N-SRC dominance. The fact that the data are ap-
proaching the high-Q2, but limited precision Hall C data [15]
suggests that high-precision measurements at larger Q2 values,
such as those taken by JLab experiment E12-06-105 [42] may
be able to isolate the presence of 3N-SRCs.
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