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We report the measurement of xp scaling in (e, €' p) cross-section ratios off nuclei relative to deuterium at
large missing momentum of 350 < pmiss < 600 MeV/c. The observed scaling extends over a kinematic range
of 0.7 < xp < 1.8, which is significantly wider than 1.4 < xp < 1.8 previously observed for inclusive (e, ')
cross-section ratios. The xg-integrated cross-section ratios become constant (i.e., scale) beginning at ppiss ~ kr,
the nuclear Fermi momentum. Comparing with theoretical calculations we find good agreement with generalized
contact formalism calculations for high missing momentum (>375 MeV/c), suggesting the observed scaling
results from interacting with nucleons in short-range correlated (SRC) pairs. For low missing momenta, mean-
field calculations show good agreement with the data for p.; < kr, and suggest a potential non-negligible
contribution to the measured cross-section ratios from scattering off single, uncorrelated, nucleons up to ppiss &
350 MeV/c. Therefore, SRCs become dominant in nuclei at py;s & 350 MeV/c, well above the nuclear Fermi
Surface of kr &~ 250 MeV/c.

DOI: 10.1103/PhysRevC.107.L061301

Atomic nuclei are among the fundamental building blocks
of the visible universe. The complexity of the strong nuclear
interaction makes it difficult to use scattering reactions to
experimentally probe the detailed distributions of nucleons
inside nuclei. Experimental nuclear physicists thus work to-
gether with theorists to find measurable reactions that are
sensitive to particular aspects of nuclear dynamics.

By using high-energy electron beams to knock out nucle-
ons from nuclei in nearly elastic kinematics, one can learn
about the behavior of single nucleons in the nucleus [1]. This
behavior can be generally explained by nucleons moving in

nuclear shell-model states (e.g., s, p, d,) where the typical
nucleon momenta in each shell is smaller than the nuclear
Fermi momentum (k). Full shell-model calculations improve
on this by introducing effective long-ranged correlations be-
tween the nucleons [2], which leads to the formation of a
nuclear Fermi surface.

While these models can successfully describe the long-
range structure of nuclei, they do not describe the explicit
high-resolution effects of short-range correlated (SRC) nu-
cleon pairs. Within a high-resolution picture of nuclear
dynamics, SRC pairs arise when two nucleons get so close
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to each other that the short-range nuclear interaction between
them is much stronger than the effective long-ranged nuclear
mean field due to their interactions with all the other nucleons
in the nucleus [3,4].

SRCs have been clearly identified in data using large
momentum-transfer nucleon knockout reactions [5-9]. They
are characterized by a high (greater than kr) relative momen-
tum between the nucleons of the pair and are predominantly
proton-neutron pairs formed due to the action of the spin-
dependent tensor part of the strong nuclear interaction
[10-13]. They thus deplete the occupancy of single-particle
shell-model states (below kr) and populate high-momentum
states [3,4,9,14-16]. While shell structures vary among nu-
clei, SRCs are a universal phenomenon, i.e., they are similar
in all nuclei [4,17-19], varying primarily in their magnitude.

A complete high-resolution microscopic description of
atomic nuclei should thus start with the nucleus-dependent
mean field and long-ranged nuclear shell model parts as well
as explicit nucleus-independent effects of SRC pairs.

Here, we study the onset of SRC dominance in semi-
inclusive high-energy electron scattering reactions, where we
detect the knocked-out proton in addition to the scattered
electron, (e, ¢'p). We observed scaling in the cross-section
ratios of nuclei from carbon to lead relative to deuterium over
a broad range in the Bjorken scaling variable, xg. This scaling
substantially extends the kinematical range where SRCs can
be identified and studied, as compared with previous inclusive
(e, ¢') measurements. Thereby, they provide direct experi-
mental evidence for the dominance SRCs in the scattering
response at high missing momenta, and allow quantifying the
onset of this dominance.

Our experiment ran at the Thomas Jefferson National Ac-
celerator Facility. It used a 5.01 GeV electron beam incident
on a target system consisting of a deuterium cell followed by
an interchangeable solid foil of carbon (C), aluminum (Al),
iron (Fe), or lead (Pb) [20]. Scattered electrons and knocked-
out protons were identified and measured using the CEBAF
Large Acceptance Spectrometer (CLAS) [21] (see [36] for
details).

In high-energy scattering, the electron transfers a single
virtual photon to the nucleus with momentum § and energy
. In the high-resolution quasielastic (QE) reaction picture,
the virtual photon is absorbed by a single nucleon, which gets
knocked-out of the nucleus with momentum j,. By measuring
both the scattered electron and knocked-out proton, i.e., the
(e, €'p) reaction, we can determine the missing momentum
Dmiss = Dp — 4. The reaction is further characterized by the
four-momentum transfer Q> = §> — w” and Bjorken scaling
variable x5 = Q? /2mm, where m is the nucleon mass.

If the knocked-out nucleon does not re-interact as it leaves
the nucleus, then pn;s is equal to the initial momentum of
that nucleon. Thus we expect the reaction to be sensitive to
mean-field nucleons at low-py,;ss and to SRCs at high-pp;ss
[22]. In the SRC dominated region, the cross section ratio
for any two nuclei should be constant (i.e., independent of
Pmiss) and equal to the relative number of high-momentum
nucleons in the two nuclei [4,9,14,23-26]. Thus, by measuring
the (e, €' p) cross section ratio for nuclei relative to deuterium
for different minimum pp,;ss, we can establish the onset of

scaling that corresponds to SRC pair dominance in the nuclear
momentum distribution.

To study this, we measured the (e, ¢/p) reaction in condi-
tions sensitive to the knockout of protons from SRC pairs. We
required Q% > 1.5 (GeV/c)? and 350 < pmiss < 600 MeV /¢
to ensure a high-resolution reaction that can resolve single
nucleons in SRC pairs. We further required that the proton be
emitted within 25° of the momentum transfer, to ensure that
the measured proton was the nucleon that absorbed the virtual
photon [7,27].

We suppressed inelastic (non-QE) scattering events by re-
quiring M55, the missing mass for (e, ¢ p) scattering from
a two-nucleon pair at rest, to be smaller than the nucleon
mass (m) plus pion mass (m;), 0.8 < Mpyiss < m+m, =
1.08 GeV/c?. In non-QE reactions the momentum transferred
to undetected particles (e.g., pions) shifts the direction of
Pmiss- Therefore such events will have a larger 65 . 7, the
angle between pns and §. We thus further suppressed the
small non-QE tail below M, = 1.08 GeV /c? by observing
that the measured 05 s distribution has two maxima, corre-
sponding to QE and non-QE scattering, and selecting events
in the 05, 7 QE peak. This small angle selection also allows
suppression of final state interactions (FSI) that, at these large
Q?, primarily scatter the protons into perpendicular kinemat-
ics [11,28,29]. See Figs. S1 and S2 and the Supplemental
Material for details [36].

We tested our identification of scattering from protons in
SRC pairs by comparing the measured width of the Mp;
peak with that calculated using the generalized contact for-
malism (GCF) model for SRC pairs (see Fig. 1) [8,19,27,30—
32]. This width depends on the CLAS resolution and on the
SRC pair center of mass (c.m.) motion. We corrected for the
effects of the CLAS resolution by subtracting the deuterium
M piss peak width from that of '2C to get the intrinsic width:

o = Vo — (0l

The measured xz dependence of 0,/2¢ agrees well with a
GCF calculation that assumes electron scattering from nucle-
ons in SRC pairs with a realistic Gaussian c.m. momentum
distribution [33], as was done in Refs. [8,27,30]. The calcula-
tion accounts for the CLAS detector acceptance and resolution
and our event selection cuts. The width of the c.m. momentum
distributions, o, ., and the excitation energy of the residual
nuclear system after the SRC breakup, E*, were the only two
free parameters used in the calculation and were determined
from a fit of the calculation to the data (see inset of Fig. 1).
For o, the fitted values of 160-210 MeV/c (125-220) at
68% (90%) confidence agree well with previous direct mea-
surements [8,33]. For E*, while not previously measured, the
fitted values of 20-55 MeV (0-70 MeV) at 68% (90%) con-
fidence are consistent with those used by previous analyses
[27]. The sensible values of the resulting fit parameters and the
agreement between the xz dependence of the GCF calculation
and the data further support our interpretation of the data as
dominated by scattering off SRC pairs and that the effects
of FSI (which would broaden the distribution) are relatively
small.

Using the selected event samples, we extracted the (e, €'p)
cross section ratios for scattering off the solid targets
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FIG. 1. The intrinsic width of the '2C missing mass (M) distri-
bution, plotted vs xg. Black points show the data. The red curve and
uncertainty band shows an SRC based generalized contact formalism
(GCF) calculation [19,30]. The two main model parameters of the
calculation, namely SRC pair c.m. momentum distribution width
o.m. and the residual A — 2 system excitation energy E*, are fit to
the data. Data error bars and calculation error band show the total
uncertainty (statistical 4 systematical) at the 1o or 68% confidence
level. Inset: The resulting confidence intervals of the correlation
between the fitted values of o.,, and E*. The inner region (red)
shows the 1o (68%) confidence region with each region increas-
ing the confidence by an additional 1o. The observed agreement
between the data and GCF calculation, and the agreement of the fit-
ted model parameters with previous extractions, show the measured
(e, €' p) events are consistent with resulting from the hard breakup of
SRC pairs.

relative to deuterium. We first divided the ratio of the
measured numbers of events for a given target to deu-
terium with the ratio of the experimentally determined
integrated luminosities to obtain the normalized-yield ratios.
We then determined the cross section ratios by correcting
the normalized-yield ratios for attenuation of the outgoing
protons as they traverse the different nuclei [34], electron
radiation effects, and the small difference in the CLAS ac-
ceptance for detecting particles emitted from the deuterium
and the solid targets. At the large Q? of this measurement, the
attenuation correction is less sensitive to the initial nucleon
momenta and therefore both mean-field and SRC breakup
reactions have the same attenuation [34]. Acceptance effects
were calculated using the CLAS detector simulation [35] and
an electron scattering reaction event generator based on the
GCF as applied in previous studies [27,30] (see [36] for de-
tails).

Figure 2 shows the per nucleon (e, ¢'p) cross section ra-
tios for 350 < pmiss < 600 MeV/c for carbon, aluminum,
iron, and lead relative to deuterium as a function of xz. The
(e, €'p) ratios scale (i.e., are constant) for all four nuclei over
the entire measured xz range. This implies that the reaction
is probing similar nuclear configurations in the measured
nuclei and in deuterium. As the deuteron is a simple proton-
neutron correlated two-body system, we interpret this high
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FIG. 2. Measured (e, ¢'p) per nucleon cross-section ratios for
350 < Pmiss < 600 MeV/c for carbon, aluminum, iron, and lead
relative to deuterium as function of xz. Open squares are the inclusive
(e, €') per nucleon cross section ratios of Ref. [26]. The horizontal
lines show the average (e, ') cross section ratio for 1.45 < xz < 1.8
[26]. Error bars show the data uncertainty (statistical plus point-
to-point systematical) at the 1o or 68% confidence level. Overall
(e, €' p) systematic uncertainties of 10% (C) to 15% (Pb) are not
shown.

missing-momentum scaling as observation of deuteron-like
proton-neutron SRC pairs in nuclei. The cross-section ratio
is thus a measure of their relative abundance.

This interpretation is supported by the consistency between
our measured (e, ¢'p) cross section ratios and previously
measured inclusive (e, ¢’) scattering cross section ratios at
similar Q% and at xg > 1.5 [14,23-26] (see open symbols in
Fig. 2). As the inclusive scaling onset at xg &~ 1.5 has been at-
tributed to scattering off nucleons with momenta greater than
~275 MeV /c [14,37], it is also associated with scattering off
nucleons in deuteron-like proton-neutron SRC pairs, formed
by the strong tensor interaction [23,26] (see [36] for details).
Proton detection extends the cross-section ratio plateau down
to xp = 0.7, providing a new experimental tool to study the
transition to SRC dominance in nuclei over a broad range in
XB.

We next examined how this scaling depends on the min-
imum ppis range of the data. Figure 3 (left) shows the per
nucleon (e, €'p) cross section ratios for carbon relative to
deuterium as a function of xp for different minimum pp;gs.
Results for the other measured nuclei are shown in Fig. 4. For
all nuclei, the curve for pﬁ‘f{s‘s = 0 are similar to the inclusive
data of Schmookler ez al. [26], with a plateau for xz > 1.5 and
a minimum at xg ~ 1. As pmi-“ increases, this minimum fills

miss

in. For p‘n‘fifs‘s 2 200-250 MeV /¢, it is completely filled in and
the (e, €' p) cross section ratio scales over the full measured xp
range of 0.7 to 1.8. This indicates that short-range interactions
become dominant at around kr =~ 220-260 MeV/c [38], as
expected.

To better quantify this transition, Fig. 3 (right) shows the
Pmiss dependence of the (e, ¢'p) cross section ratio for carbon
relative to deuterium, integrated over the scaling regions of
0.7 < xg < 1.8 (see Fig. 4 for the same results for the other
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FIG. 3. The per-nucleon cross-section ratios for carbon relative to deuterium as a function of xp (left) and pys (right). In the left panel full
symbols with different colors indicate different lower limits of the p,,;ss integration. The upper py,ss limit is fixed at 600 MeV /c. The colored
bands mark the statistical plus point-to-point systematical uncertainty of the data at the 10 or 68% confidence level. Open black squares
show the inclusive (e, ¢') per nucleon cross-section ratios of Ref. [26]. The horizontal line shows the average (e, ¢') cross section ratio for
1.45 < xp < 1.8 [26]. In the right panel the cross-section ratios are integrated over 0.7 < xz < 1.8. Filled circles show the data. The brown
line shows calculated cross sections for scattering off SRC nucleons in carbon using the GCF model while the other lines show calculations
for one-body mean-field nucleons obtained using QMC (teal), IPSM (black), and Skryme (azure) models. Data error bars and the widths of
the bands around the calculation lines show their uncertainties (statistical plus point-to-point systematical) at the 1o or 68§% confidence level.
In both panels overall data systematic data uncertainties of 1015 % are not shown.

measured nuclei). The measured cross section ratio for carbon
(krp = 220 MeV/c), aluminum (kg ~ 235 MeV/c), and iron
(krp =~ 260 MeV/c) all become flat starting around the Fermi
momentum at pu;ss ~ 250. The lead ratio shows a similar
transition but does not fully plateau, possibly owing to its
much larger neutron-to-proton ratio or to increased final state
interactions due to its larger size. Improved reaction calcula-
tions and future (e, ¢'n) cross-section ratio measurements will
allow disentangling the size and asymmetry effects to better
understand the observed behavior in lead.

We thus conclude that the data indicate the existence of
a clear transition in the nuclear response around the nuclear
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FIG. 4. Same as Fig. 3, for the cross-section ratio of aluminum,
iron, and lead relative to deuterium and shown as a function of xp
(left) and pyy;s (right).

Fermi momentum, caused by the onset of SRC dominance at
high momenta.

Focusing on the carbon nucleus, where theoretical calcula-
tions are readily available, we find that the high-pp data are
in excellent agreement with an asymptotic GCF calculation
of the cross-section ratio (brown band in Fig. 3, right panel).
The calculation was done using a factorized plane-wave im-
pulse approximation (PWIA) for the scattering reaction, with
SRC-pair spectral functions calculated using the GCF [39]
and transparency and single-charge exchange corrections as
done in Refs. [27,30,40] (see [36] for details). The SRC-pair
abundance parameters used by the GCF calculation were all
previously determined by ab initio many-body theoretical cal-
culations [19], offering additional support to our identification
of QE scattering events and the dominance of interacting with
nucleons in SRC pairs at high-pp;ss.

Lastly, we estimate the possible contribution of single-
nucleon (one-body) states to the measured cross-section ratio
at or below kr. We examined three calculations using dif-
ferent single-nucleon spectral functions: (1) Independent
particle shell-model with a Woods-Saxon potential [41,42],
(2) Skyrme model using five different functionals [43,44], and
(3) new quantum Monte Carlo (QMC) many-body calcula-
tions of the overlap between the '>C and ''B + proton wave
functions (see [36] for details). For the latter, we summed the
contributions from both the !'B ground state and a range of
excited states to include a wide range of mean-field, single-
nucleon states. These models each assume very different
underlying single-body nuclear dynamics, and thus the spread
in their results offers a general measure for the model depen-
dence of the single-body mean-field contribution.

These mean-field contributions to the carbon to deuterium
(e, €'p) cross-section ratio are shown in Fig. 3 (right). The
calculations were done using the same factorized PWIA
scheme as for the GCF calculation, only using mean-field
spectral functions. The IPSM and Skryme calculations are
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renormalized (quenched) to agree with the data at 10W-ppyiss
(< 150 MeV/c). This quenching effectively accounts for the
depletion of single-nucleon strength due to long- and short-
ranged correlations and/or few-body reaction operators [45].
In contrast, the QMC calculation extracts the underlying
single-nucleon states from the fully correlated high-resolution
wave function. It thus has fewer than six protons in its mean-
field orbitals and does not require additional quenching. The
agreement of the QMC calculation with the low-ppnss data
thus confirms the completeness of the calculation.

The different single-nucleon calculations are similar, well
reproducing the data below kr and indicating the possible ex-
istence of residual single nucleon contributions above kg. As
the transition region between the pure mean-field to the pure
SRC regions includes contributions from both single-nucleon
and two-nucleon knockout mechanisms, its theoretical de-
scription can be more complex and require a more detailed
treatment than the one employed here. Future theoretical cal-
culations will therefore be able to use our data to map in
detail the transition from the mean-field to SRC regime, which
seems to occur above kr at about ~350-400 MeV /c.

To conclude, the new nuclear scaling measurements pre-
sented herein allow isolating interactions with SRC pairs in
a substantially extended kinematical regime. By examining
the scaling onset in missing momentum, we observe a tran-
sition in the scattering response above the nuclear Fermi
momentum. This transition leads to a level plateau in carbon,
aluminum and iron and a significant slope change in lead.
Using model dependent estimates for the individual SRC and

mean field contributions, we see an indication for the onset
of full SRC dominance above ~350-400 MeV/c. Detailed
theoretical calculations will be able to use our data to fully
quantify this mean-field to SRC transition region and to obtain
an effective high-resolution description of a wide range of
heavy nuclei.

The ability to establish SRC scaling at low-xg with the
(e, €'p) reaction allows for high counting-rate SRC measure-
ments using both (e, ¢'p) and (e, ¢'n) reactions. Such future
studies will provide a new method for high-precision probes
of SRC dynamics in neutron-rich nuclei.
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