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We present new data probing short-range correlations (SRCs) in nuclei through the measurement
of electron scattering off high-momentum nucleons in nuclei. The inclusive “He/?He cross section
ratio is observed to be both z and Q? independent for 1.5 < = < 2, confirming the dominance of
two-nucleon short-range correlations. For x > 2, our data support the hypothesis that a previous
claim of three-nucleon correlation dominance was an artifact caused by the limited resolution of
the measurement. While 3N-SRCs appear to have an important contribution, our data show that
isolating 3N-SRCs is significantly more complicated than for 2N-SRCs.

PACS numbers: 13.60.Hb, 25.10.+s, 25.30.Fj

I. INTRODUCTION

Understanding the complex structure of the nucleus
remains one of the major uncompleted tasks in nu-
clear physics, and the high-momentum components of
the nuclear wave-function continue to attract atten-
tion [IH3]. Momenta above the Fermi momentum are
strongly suppressed in shell model and mean field calcula-
tions [4]. Subsequently, these calculations under-predict
(over-predict) the cross section for proton knock-out re-
actions above (below) the Fermi momentum [5H7].

In the dense and energetic environment of the nucleus,
nucleons have a significant probability of interacting at
distances <1 fm, even in light nuclei [8 [9]. Protons and
neutrons interacting through the strong, short-distance
part of the NN interaction give rise to pairs of nucle-
ons with large momenta. These high-momentum pairs,
referred to as short-range correlations (SRCs), generate
high-momentum nucleons in nuclei [TI0HI2]. These are
the primary source of nucleons above the Fermi momen-
tum, kp ~ 250 MeV/c. For momenta below kg, we ob-
serve shell-model behavior which is strongly A depen-
dent, while two-body physics dominates above kp result-
ing in a universal structure for all nuclei that is driven
by the details of the NN interaction [T3HI5].

In the case of inclusive electron-nucleus scattering, it
is possible to select kinematics that isolate scattering
from high-momentum nucleons. The electron transfers
energy, v, and momentum, ¢, to the struck nucleon by ex-
changing a virtual photon with four momentum transfer
® = —Q% = v?—|q)?. Tt is useful to define the kinematic
variable z = Q?/(2M,v), where M, is the mass of the
proton. Elastic scattering from a stationary proton cor-
responds to x = 1, while inelastic scattering must occur
at x < 1 and scattering at > 1 is kinematically for-
bidden. In a nucleus, the momentum of the nucleon pro-
duces a broadened quasielastic peak centered near x = 1.
At values of z slightly greater than unity, scattering
can occur from either low-momentum nucleons or from
the high-momentum nucleons associated with SRCs. As
T increases, larger initial momenta are required until
scattering from nucleons below the Fermi momentum is
kinematically forbidden, isolating scattering from high-
momentum nucleons associated with SRCs [12HI4] [10].

* deceased

Because the momentum distribution of the nucleus is
not a physical observable, one cannot directly extract and
study its high-momentum component. One can, however,
test the idea of a universal structure at high-momenta by
comparing scattering from different nuclei at kinematics
which require that the struck nucleon have a high ini-
tial momentum [I0, II]. Several experiments at SLAC
and Jefferson Lab studied inclusive scattering at « > 1
to compare scattering from high-momentum nucleons in
light and heavy nuclei [T}, 12] 16H20]. These measure-
ments confirmed the picture of a universal form to the
scattering in the region dominated by high-momentum
nucleons The cross section ratios for inclusive scattering
from heavy nuclei to the deuteron were shown to scale,
i.e. be independent of 2 and @Q?, for x = 1.5 and Q? >
1.5 GeV?, corresponding to scattering from nucleons
with momenta above 300 MeV/c. Other measurements
have demonstrated that these high-momentum compo-
nents are dominated by high-momentum np pairs 21+
20], meaning that the high-momentum components in
all nuclei have a predominantly deuteron-like structure.
While final-state interactions (FSI) decrease with increas-
ing Q? in inclusive scattering, FSI between nucleons in
the correlated pair may not disappear. It is typically as-
sumed that the FSI are identical for the deuteron and
the deuteron-like pair in heavier nuclei, and thus cancel
in these ratios [10 [I2], although this is not true for all
attempts to calculate FSI effects [13].

This approach can be extended to look for universal
behavior arising from 3N-SRCs by examining scattering
at x > 2 (beyond the kinematic limit for scattering from
a deuteron). Within the simple SRC model [I0], the
cross section is composed of scattering from one-body,
two-body, etc... configurations, with the one-body (shell-
model) contributions dominating at « & 1, while 2N(3N)-
SRCs dominate as  — 2(3). Taking ratios of heavier
nuclei to *He allows a similar examination of the target
ratios for z > 2, where the simple SRC model predicts
a universal behavior associated with three-nucleon SRCs
(3N-SRCs) - configurations where three nucleons have
large relative momenta but little total momentum. 3N-
SRCs could come from either three-nucleon forces or mul-
tiple hard two-nucleon interactions. The first such mea-
surement [17] observed z-independent ratios for z > 2.25.
This was interpreted as a result of 3N-SRCs dominance
in this region. However, the ratios were extracted at
relatively small Q2 values and the Q? dependence was
not measured. In the experiment of Ref. [18], at higher



Q?, the *He/?He ratios were significantly larger. Conse-
quently, the question of whether 3N-SRC contributions
have been cleanly identified and observed to dominate at
some large momentum scale is as yet unanswered.

II. EXPERIMENTAL DETAILS

The results reported here are from JLab experiment
E08-014 [27], which focused on precise measurements of
the 2 and Q? dependence of the *He/?He cross section ra-
tios at large z. A 3.356 GeV electron beam with currents
ranging from 40 to 120 pA impinged on nuclear targets,
and scattered electrons were detected in two nearly iden-
tical High-Resolution Spectrometers (HRSs) [28]. Data
were taken on three 20-cm cryogenic targets (liquid 2H
and gaseous 3He and *He) and on thin foils of 12C and
40,48 (1.

Each HRS consists of a pair of vertical drift chambers
(VDCs) for particle tracking, two scintillator planes for
triggering and timing measurements, and a gas Cerenkov
counter and two layers of lead-glass calorimeters for par-
ticle identification [28]. Scattering was measured at
6 = 21°, 23°, 25°, and 28°, covering a Q) range of 1.3—
2.2 GeV2. A detailed description of the experiment and
data analysis can be found in Ref. [29].

The data analysis is relatively straightforward, as in-
clusive scattering at z > 1 yields modest rates and a
small pion background. The trigger and tracking inef-
ficiencies are small and applied as a correction to the
measured yield. Electrons are identified by applying cuts
on the signals from both the Cerenkov detector and the
calorimeters. The cuts give > 99% electron efficiency
with negligible pion contamination. The overall dead-
time of the data acquisition system (DAQ) was evalu-
ated on a run-by-run basis. To ensure a well-understood
acceptance, the solid angle and momentum were limited
to high-acceptance regions and a model of the HRSs was
used to apply residual corrections [29].

The scattered electron momentum, in-plane and out-
of-plane angles, and vertex position at the target can be
reconstructed from the VDC tracking information. The
transformation from focal plane to target quantities has
been obtained from previous experiments, but for the
right HRS, the third quadrupole could not achieve its
nominal operating current, so data were taken with a
15% reduction in its field. New optics data were taken
to correct for the modified tune. Many of the systematic
uncertainties in the spectrometers are correlated, and so
when merging data from the two spectrometers, we add
the statistics and then apply the systematic uncertainties
to the combined result.

The 3*He targets have a large background from scat-
tering in the cell walls. We apply a £7 cm cut around the
center of the target, removing > 99.9% of the events from
target endcap scattering, as determined from measure-
ments on empty target cells. One of the largest contri-
butions to the systematic uncertainty comes from target

density reduction due to heating of the 2H, 3He, and *He
targets by the high-current electron beam. We made ded-
icated measurements over a range of beam currents and
used the variation of the yield to determine the current
dependence of the target density. We observed a large
effect that varied with the position along the target, and
the extrapolation to zero current did not yield a uniform
density. This indicates a non-linear current dependence
that is not uniform over the length of the target, mak-
ing it difficult to determine the absolute target thickness.
However, the size of the effect is similar for 3He and *He,
and the *He/?He ratios are consistent with previous data
near the quasielastic peak and in the 2N-SRC region. We
therefore assume that the error in extrapolating to zero
current largely cancels in the ratio and apply a 5% scale
uncertainty for the *He/3He ratios. For the absolute un-
certainty, the >*He targets have a large normalization
uncertainty, potentially 10% or larger. This does not im-
pact our study of 3N-SRCs, and so we do not attempt to
normalize the data to existing measurements.

The measured yields, corrected for inefficiencies and
normalized to the integrated luminosity, were binned in
x and compared to the simulated yield. The simulation
uses a y-scaling cross section model [19}[30] with radiative
corrections applied using the peaking approximation [31].
Coulomb corrections are applied within an improved ef-
fective momentum approximation [Il, 32], and are 2% or
smaller for all data presented here. The uncertainty in
the target thicknesses dominates the total scale uncer-
tainty (5.1%) of the ratios, while density fluctuations
and dummy subtraction (used to remove the contribution
from the Aluminum endcaps of the target) dominate the
point-to-point systematic uncertainty of 1.3%.

III. RESULTS
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FIG. 1. (Color online) The *He/*He cross section ratio for
Q?* > 1.4 GeV?, along with results from CLAS [17] and Hall
C (E02-019) [18]. The error bars include statistical and sys-
tematic uncertainties; the 5.1% scale uncertainty is not shown.



Figure [1] presents the He/?He cross section ratio for
measurements with Q2 > 1.4 GeV?, obtained by com-
bining the ratios from 23° and 25° scattering. In the
2N-SRC region, our data are in good agreement with the
CLAS [17] and Hall C [I8] results, revealing a plateau
for 1.5 < z < 2. At = > 2, our ratios are significantly
larger than the CLAS data, but consistent with the Hall
C results. This supports the explanation provided in a
recent comment [33] which concluded that the observed
plateau was likely the result of large bin-migration effects
resulting from the limited CLAS momentum resolution.

While the rise in the ratio above x = 2 indicates contri-
butions beyond 2N-SRCs, we do not observe the 3N-SRC
plateau expected in the naive SRC model [I0, IT]. In this
model, the prediction of scaling as an indication of SRC
dominance is a simple and robust way to test for 2N-
SRCs. It is much less clear how well it can indicate the
presence of 3N-SRCs. For 2N-SRCs, one can predict a
priori where the plateau should be observed: for a given
Q? value, = can be chosen to require a minimum nucleon
momentum above the Fermi momentum, strongly sup-
pressing single-particle contributions. It is not clear what
values of z and Q? are required to suppress 2N-SRC con-
tributions well enough to isolate 3N-SRCs. Much larger
Q? values may be required to isolate 3N-SRCs and see
analogous plateaus at « > 2.5 [2].
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FIG. 2. (Color online) The *He/*He (top) cross section ratios
for all angles. The solid lines are ratios from our y-scaling
cross section model based on a parameterized longitudinal
momentum distribution F'(y). The 5.1% normalization un-
certainty is not shown.

For A/?H ratios, the plateau must eventually dis-
appear as the deuteron cross section falls to zero for
x — Mp/M, =~ 2, causing the ratio to rise sharply to
infinity. Both the previous high-Q? deuterium data and
our simple cross section model, based on a parameteri-
zation of the longitudinal momentum distribution, show
that the sharp drop of the deuteron cross section does
not occur until z ~ 1.9, resulting in a clear plateau for
1.5 < 2 < 1.9. For *He, our model shows a similar falloff
of the ®He cross section starting near = ~ 2.5, produc-
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ing a rise in the A/?He ratio that sets in well below the
kinematic limit = ~ 3. This rapid rise in the A />He ratio
as one approaches the 3He kinematic threshold shifts to
lower = as Q2 increases, as seen in both the data and
model in Fig[2] So while the plateau is expected to set in
at lower = values as Q? increases, as seen in the 2N-SRC
region [111 [T7], the large-z breakdown also shifts to lower
x values, potentially limiting the z range over which a
plateau could be observed, even in the case of 3N-SRC
dominance.
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FIG. 3. (Color online) Cross sections of H, *He, *He and **C
at 25°. Only statistical uncertainties are shown. The dashed
lines show our cross section model.

The inclusive cross sections for 2H 3He, “He and '2C
at a scattering angle of 25° are shown in Fig. [B] The
3He cross section falls more rapidly than the other nuclei
for x > 2.5, generating the rise in the *He/>He ratios
discussed above. In the naive SRC model, it is assumed
that the high-x cross section comes from the contribu-
tions of stationary 2N- and 3N-SRCs. The prediction of
scaling in this model breaks down due to the difference
between stationary SRC in ?H (or 3He) and moving SRCs
in heavier nuclei. For the most recent extraction of 2N-
SRCs from the A /2H ratios [18], the effect of the 2N-SRC
motion in heavier nuclei was estimated and found to give
a small enhancement of the ratio in the plateau region,
with little distortion of the shape until > 1.9 [I8] where
the ratio increases rapidly to infinity.

IV. CONCLUSIONS

We have performed high-statistics measurements of the
4He/3He cross section ratio over a range of 2, confirm-
ing the results of the low-statistics measurements from
Hall C [I§] and showing a clear disagreement with the
CLAS data [I7] for = > 2. This supports the idea that
the large-x CLAS data were limited by bin-migration ef-
fects due to the spectrometer’s modest momentum res-
olution [33]. We do not observe the plateau predicted
by the naive SRC model, but explain why the prediction



for the ratios in the 3N-SRC regime are not as robust as
those for 2N-SRC. While we do not observe the predicted
plateau, this does not mean that 3N-SRCs are unimpor-
tant in this region. Even if the cross section is dominated
by 3N-SRCs, the inclusive scattering ratios may not show
a clean plateau due to the motion of 3N-SRCs in A > 3
nuclei.

While our A/?He ratios do not provide indication of
3N-SRCs, they do provide important new measurements
of the cross section ratios at = > 1 that can be used to
test models of 2N and 3N-SRCs. Further insight into the
high-momentum components can be obtained by com-
paring the *He cross section at large x with a model
including one-body and 2N-SRC contributions, after ac-
counting for the center-of-mass motion of 2N-SRCs in
3He. A significant 3N-SRC contribution would increase
the cross section relative to a model without explicit 3N-
SRC contributions. However, because this is a compari-
son to theory, rather than a direct comparison of SRCs
within two nuclei, one can no longer rely on final-state
interactions canceling, and these effects would have to be
modeled.

Further measurements of this kind should provide im-

proved sensitivity to 3N configurations in nuclei. The
biggest obstacle appears the modest Q2 values of our
new data and the limited region in x where the correc-
tion for the motion of 3N-SRCs in heavy nuclei is small.
Additional JLab experiments are planned which will sig-
nificantly extend the Q? range for a variety of light and
heavy nuclei [34], and make high-precision comparisons
of scattering from *He and 3H [35] to examine the isospin
structure at larger momenta in nuclei with very similar
structure.
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