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Abstract

Short-Range Correlations (SRCs) are the term used to describe pairs of nucleons with large
relative momenta and small center-of-mass momenta compared to the nuclear Fermi momentum
(kF ). Recent studies indicate that SRCs account for 20–25% of the nucleons in medium to heavy
nuclei, make up essentially all nucleons with momentum greater than kF , and contribute most of the
kinetic energy carried by nucleons in nuclei. Based on these and other findings, recent works found
intriguing implications of SRCs for bound nucleon structure functions and the EMC effect, two-
nucleon knockout processes in neutrino-nucleus scattering measurements, the density dependence of
the nuclear symmetry energy and more.

Some of the most intriguing SRC results that have come out of the JLab 6 GeV era have been
related to asymmetric nuclei, specifically that in neutron-rich nuclei, protons can have large average
kinetic energy compared to neutrons, despite being the minority species. The current best data
are limited, however. The myriad of (e, e′) measurements on different nuclear targets do not allow
separation of proton and neutron contributions. The existing semi-inclusive and exclusive measure-
ments only cover a few species—either light symmetric nuclei, or a few heavy elements— preventing
a systematic study of the nuclear mass and proton-neutron asymmetry dependencies.

We propose to systematically study the individual probabilities for finding SRC protons and
neutrons in neutron-rich symmetric and asymmetric nuclei (d, 4He, 9Be, 10,11B, 12C, 28Si, 40Ar,
40,48Ca, 48Ti and 54Fe), complementing the approved 12 GeV inclusive EMC and SRC experiments
on the same nuclei. To this end, we propose measuring the (e, e′p) reaction in kinematics dominated
by scattering off mean-field (k ≤ kF ) and SRC pairs (k ≥ kF ). We will extract absolute and
reduced cross sections (distorted spectral functions) and cross-section ratios as a function of missing
energy and momentum. The measurement results will be used to determine the separate SRC
pairing probabilities for protons and neutrons in order to determine how pairing depends on nuclear
mass and proton-neutron asymmetry. These probabilities will also be directly compared to effective
ab-initio calculations and used to constrain nuclear contact terms.

We will use 25–40 µA of the 11 GeV beam in Hall-C, detecting the scattered electrons in the
SHMS in coincidence with the knocked out protons in the HMS. We request 7 days of beam-time
to significantly improve our quantitative understanding of nucleon pairing in nuclei.
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I. INTRODUCTION AND MOTIVATION

A. Short Range Correlated NN Pairs in Nuclei

The mean field approximation describes bulk properties of nuclei—shell structure, excitation energies, spins and
parities—remarkably well; however, only about 70% of nucleons occupy mean field orbitals [1, 2]. Describing the
dynamics of the remaining long- and short-range correlated nucleons is a major challenge facing nuclear physics
today.

The Jefferson Lab 6 GeV program made tremendous progress in understanding the Short-Range Correlated (SRC)
nucleons. Results from inclusive (e, e′) measurements at x = Q2/2mν > 1 (see Section II B for variable definitions)
indicate that all nuclei have remarkably similar nucleon momentum distributions for k > 275 MeV/c ≈ kF [3–5], and
that in medium and heavy nuclei about 20–25% of nucleons have momenta greater than the typical Fermi momentum
[4, 5].

Exclusive (e, e′pN) measurements show that in the symmetric 4He and 12C nuclei, almost every proton with
momentum 300 < k < 600 MeV/c has a correlated partner nucleon, with neutron-proton (np) pairs outnumbering
proton-proton (pp) and, by inference, neutron-neutron (nn) pairs by a factor of ∼ 20 [6–8]. This preference for np-
SRCs is understood to arise from the dominance of the tensor part of the NN interaction at short distances [9–11]. In
asymmetric, heavy nuclei, with more neutrons than protons, high-momentum neutrons still disproportionately belong
to np-SRC pairs [12]. The observed np-SRC dominance in heavy nuclei is a non-trivial result since, in these heavy
nuclei, nucleons from different shells can create l 6= 0 pp and nn pairs with non-zero spin, which are also sensitive to
the tensor part of the NN -interaction, thereby diminishing the np dominance. Two of these results were published
in Science [6, 12].

FIG. 1: A schematic representation of the main characteristics of the momentum distribution, n(k), of asymmetric nuclei. The

dashed lines show the standard non-interacting Fermi system while the solid lines show the effect of including a short-range

interaction between different Fermions which creates a high-momentum (k > kF ) tail. This is analogous to a dance party with

a majority of girls, where the dominance of heterogenous interactions will make the average boy dance more than the average

girl, and hence the boys will have larger average momentum [12].

The observed np-SRC pair dominance also implies that in heavy neutron-rich nuclei the high-momentum tail
contains the same amount of neutrons and protons, leaving the excess neutrons to occupy low-momentum states (see
Fig. 1). This leads to a possible inversion of kinetic energy sharing between protons and neutrons where protons (i.e.
the minority) have larger average kinetic energy compared to neutrons (i.e. the majority).

Since nearly all high-momentum protons in nuclei are part of NN -SRC pairs, we used the measured number of
high-momentum protons to infer the number of pp and pn-SRC pairs in a given nucleus [12].

A recent CLAS6 data mining analysis by Meytal Duer (currently undergoing CLAS analysis review) extracted the
relative number of low-pmiss and high-pmiss protons and neutrons in C, Al, Fe, and Pb by measuring the A(e, e′p) /
A(e, e′n) reduced cross-section ratio (experimental cross-section relative to the free electron-proton to electron-neutron
cross-section ratio). The results, shown in Fig. 2, indicate that while the relative number of mean-field neutrons to
protons grows like N/Z, the relative number of high-momentum (SRC) neutrons to protons is constant, irrespective



3

of the nuclear neutron excess. The lack of dependence on neutron excess is consistent with the notion that NN -SRC
pairs are predominantly np in character.

The attribution of the above result to np-dominance relies on the assumption that the experiment is mea-
suring nucleons from SRC pairs. If instead, the measurement were dominated by Final State Interactions
(FSIs) or other reaction mechanisms, it would also be possible to observe a flat neutron-to-proton ratio. As
a test to reject this scenario, Fig. 3 shows, for protons and neutrons separately, the relative fraction of high-
momentum nucleons in various asymmetric nuclei relative to the symmetric nucleus 12C. This is defined as
the double cross-section ratio of high-momentum to mean-field nucleons in nucleus A relative to 12C (i.e.
[A(e, e′p)high−P /A(e, e′p)mean−field]/[

12C(e, e′p)high−P /
12C(e, e′p)mean−field]). While the fraction of correlated pro-

tons increases with neutron excess, the fraction of correlated neutrons shows no rise and, in fact, is less than unity
in 208Pb. As these measurements were made at large momentum transfers (〈Q2〉 ∼ 2 GeV2)—where the rescattering
cross sections for protons and neutrons are similar—this difference between the two can not be simply explained by
FSIs.
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FIG. 2: The A(e, e′p)/A(e, e′n) reduced cross-section ratio for low-pmiss (mean-field) [green squares] and high-pmiss [SRC]

(purple circles) events plotted versus neutron excess. The dashed lines are simple model predictions for the N/Z neutron

excess-dependence of the Mean-Field nucleons and the independence of neutron excess of the SRC nucleons.

Fig 3 also shows a comparison with a simple phenomenological np-SRC dominance model [12]. The model used one
of several mean-field momentum distributions for k ≤ kF and a scaled deuteron momentum distribution for k ≥ kF .
The deuteron scaling for the proton and neutron distribution ensures the same number of high-momentum protons
and neutrons and a total number of correlated nucleons based on the measured (e, e′) cross sections [3–5], see Ref. [12]
for details. The agreement of the model with the data is impressive. This model also predicts that the ratio of the
neutron to proton average kinetic energies decreases with neutron excess such that protons move faster than neutrons
in neutron-rich nuclei (see Fig. 4).

Thus, the preliminary CLAS results provide direct affirmative evidence for the dominance of np pairs in heavy nuclei
with mininal assumptions. It also supports the ability to calculate FSI in SRC pairs breakup kinematics (used in this
proposal) using Glauber approximation, and the validity of our proposed technique: using the ratio of high-pmiss to
low-pmiss (e, e′p) cross-section ratios to determine the relative fraction of protons belonging to SRC in the different
nuclei.

The new experimental results on the pairing fractions for protons and neutrons in different nuclei, from the above
CLAS analysis and others, can interface with theory in several concrete ways. Firstly, there have been tremendous
recent advances in ab initio calculations of one- and two-body nucleon distributions in light nuclei. Monte-Carlo
techniques can now reach up to 40Ca [13, 14], while coupled-cluster techniques have a predictive scope that extends
to even heavier nuclei [15–17], and the more-effective density-function theory can make predictions in some of the
heaviest nuclei [18]. Recent progress using contact formalism [19], convolution approaches [20, 21], and correlation
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FIG. 3: Red points: The double ratio of the number of (e, e′p) high-pmiss (SRC) proton events to low-pmiss (mean field)

proton events for nucleus A relative to Carbon plotted versus the neutron excess of nucleus A. Red boxes: the prediction of

the phenomenological np-dominance model. Blue points and boxes: the same for neutrons.
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FIG. 4: The ratio of the neutron to proton average kinetic energy, as obtained from the np-SRC dominance model, as a

function of the neutron excess. This indicates that protons move faster than neutrons in neutron rich nuclei.

operators [22] has demonstrated that the high-momentum (or, alternately, short-distance) parts of the many-body
nuclear wave function effectively factorize into a contact parameter, which depends on the nuclear many-body dynamics
and the spin and isospin of the short-range pairs being considered, and a universal two-body distribution, which does
not depend on the nucleus being considered. The contact terms relate directly to both the pairing fractions for protons
and neutrons, and to ab-initio calculations of ground state one and two body densities, providing a bridge between
the measured cross-section and theoretical calculations [19].
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B. Implications of kinetic energy sharing in asymmetric nuclei

The np-dominance of SRC pairs and the resulting inversion of the kinetic energy sharing in heavy neutron-rich nuclei
have potentially wide-ranging implications in astro, nuclear and particle physics. These include the determination of
the density dependence of the nuclear symmetry-energy up to supra-nuclear densities [23–28], analysis of neutrino-
nucleus scattering data for determining the nature of the electro-weak interaction [29, 30], the quark structure of
bound nucleons through the EMC effect [31, 32], the isospin dependence of the EMC effect as a cause of the standard-
model NuTeV anomaly [31, 33–36], double-beta decay matrix elements [37, 38], neutron star equation of state and
cooling rates [39], etc.

Following the PAC-44 report, we focus below on a few quantitative examples for the implications of the SRC
high-momentum tail’s existence and of the inversion of the kinetic energy sharing in nuclei.

1. Symmetry energy

Detailed measurements of the mass number and isospin dependences of SRCs can improve calculations of the
properties of neutron stars. Many of the large-scale properties of neutron stars—their equation of state, their cooling
rate, the behavior of their core-crust transition, to name a few—are largely governed by the nuclear symmetry energy,
a parameter that describes how the energy per nucleon in nuclear matter changes as a function of the proton fraction.
While the symmetry energy is well constrained at the nuclear saturation density [27], its density dependence is not.
This density dependence is a crucial input to calculations of neutron star properties. While it has long been known
that low energy pairing effects have a significant impact on this density dependence (see Ref. [40]), recent works show
that SRCs also play a role.

Recent calculations by Bao-Jun Cai and Bao-An Li show the effect of SRCs on the density-dependence of the
symmetry energy within a modified Gogny-Hartree-Fock energy density functional approach [41]. The results are
shown in Fig. 5. In this figure, the symmetry energy is shown as a function of the density with and without the high
momentum tail produced by 2N -SRCs. With the inclusion of an SRC model, there are large changes in predictions for
the proton fraction in neutron stars as well as in the core-crust transition density and pressure in neutron stars [41].
A similar study found that the addition of a model for np-SRCs significantly improves nuclear incompressibility
isospin-dependence calculations, bringing the results closer to experimentaly extracted values [42].

Since SRCs can make dramatic changes to calculations of neutron stars, better quantitative knowledge of the proton
and neutron pairing probabilities, as functions of mass and proton-neutron asymmetry, can immediately offer better
constraints of various aspects of neutron star properties.

FIG. 5: Density dependence of nuclear symmetry energy Esim(ρ) calculated with and without the SRC high-momentum tail.

Constraints on the symmetry energy from analyzing heavy-ion collisions (HICs) and isobaric analog states (IASs) are also

shown for comparison. The figure was adapted from [41] and modified by us for clarity.
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2. Neutrino-nucleus scattering

A better understanding of SRCs in asymmetric nuclei and constraining the correlated region of the distorted
nuclear spectral function can significantly improve the precision attained by the next generation of neutrino oscillation
experiments. Neutrino oscillation analyses rely on models of the neutrino-nucleus interaction, but until recently, most
analysis used a simplified relativistic Fermi gas model to describe the nucleus, a model which ignores SRCs. Recent
calculations of the effects of SRCs on neutrino-nucleus interactions show their influence on one- and two-nucleon
knockout processes, affecting the expected quasi-elastic signal [43]. This is also seen experimentaly, where high-
precision measurements of charged current quasi-elastic neutrino-nucleus scattering cross-sections [29, 30] show the
need to include the effects of NN -SRC pairs in both their reaction model and detector response. SRCs are expected
to be a crucial ingredient in modeling neutrino and anti-neutrino interactions with asymmetric nuclei, necessary for
facilitating the precision requirements of next generation neutrino experiments [44].

A quantitative example for the effects of correlations on neutrino-oscillation analyses is presented in Figure 6,
which shows a calculation of the expected 1µ1p events rate distribution in the MicroBooNE experiment for muon
and electron neutrinos with and without SRCs. This calculation is part of an ongoing estimation of the expected ‘no
oscillation’ prediction, to be used for sterile neutrino searches. The energy range shown is the one used to search for
low energy oscillations, where the predecessor MiniBooNE experiment observed an unexplained excess of neutrino-
interaction events. The calculation was done using the GENIE Monte Carlo event generator—commonly used by
neutrino experiments at Fermilab and around the world—taking into account the MicroBooNE incident electron and
muon neutrino energy distribution, detection thresholds, event containments cuts, and 1µ−1p event selection criteria.
The 3 lines correspond to different models used to describe the ground state momentum distribution of nucleons. These
include the commonly used Relativistic Fermi-Gas (RFG) model, the recently added Local Fermi-Gas (LFG) model,
and a new Correlated Fermi-Gas (CFG) model which includes high-momentum np-SRC pairs. As seen in the figure,
the addition of correlations can alter the count rate by 10–20% and affect the measured electron-neutrino to muon-
neutrino rates. The later serves as a reduced systematic uncertainty test for such high-precision measurements. It
should be noted that Ref [45] found similar effects in other oscillation analyses.

FIG. 6: Expected event rate distribution for the MicroBooNE experiment calculated with the GENIE Monte Carlo event

generator using three different models for the nuclear momentum distribution. The difference between the Relativistic and

Local Fermi-Gas calculations (Black and Red) and the Correlated Fermi-Gas reflects the effect of SRCs. See text for details.

The proposed experiment will help us understand which nucleons form SRC pairs, which, in turn, will improve
our understanding of neutrino-nucleus interactions. In this way, these proposed measurements will complement
experiment E12-14-012, which just completed a measurement of Ar(e, e′p) and Ti(e, e′p) cross-sections to extract the
mean-field spectral function (i.e., the single-nucleon properties and spectroscopic factors) of 40Ar and 48Ti. It will
also complement the “Electrons for Neutrinos” proposal to this PAC by measuring the Ar(e, e′p) cross-section at SRC
kinematics as a function of missing momentum and missing energy with far better precision than is possible with
CLAS12. By comparing these data to generator calculations, we will be able to constrain the high momentum region
of the distorted spectral function that is used as input in neutrino interaction event generators.
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3. The EMC effect and the NuTeV anomaly

FIG. 7: The strength of the EMC effect plotted vs. the relative probability for a nucleon to belong to an SRC pair for a variety

of nuclei. See Refs. [31, 32, 46] for details.

The deep inelastic scattering cross section for scattering from bound nucleons differs from that of free nucleons.
This phenomenon, first discovered 30 years ago, is known as the EMC effect, and its origin is still not fully understood
[46–51]. The EMC effect implies modification of bound nucleon structure [46, 51] and its size is found to linearly
correlate with the number of SRC (high momentum) pairs in nuclei (see Fig. 7) [31, 32, 52]. This supports theoretical
models relating the EMC effect to high momentum (i.e., large virtuality) nucleons in the nucleus. The latter are
predominantly part of NN -SRC pairs. Two 12-GeV JLab experiments will measure deep inelastic scattering (DIS) off
one nucleon in the deuteron by detecting (tagging) high-momentum backward-angle spectator protons [53] or neutrons
[54]. By measuring the nucleon-momentum dependence on bound nucleon structure functions, these experiments will
determine whether the EMC effect is due to a small modification of the large number of mean-field nucleons or a large
modification of the smaller number of SRC nucleons.

Calculations of the EMC effect generally have two ingridients: (1) conventional nuclear physics effects and (2) an
in-medium nucleon modification model. As explained below, NN -SRCs affect both parts of the calculation.

The calculations of conventional nuclear physics effects are traditionaly viewed as a ‘base line’ to which the data
should be compared in order to estimate the size of more exotic effects, i.e., bound nucleon modification, still required
to explain the data. Fig. 8 shows the measured EMC ratio for 56Fe compared to two conventional nuclear physics
effects (including Fermi-motion, binding etc., but no medium modification), including and excluding effects of SRCs.
It is clear from the figure that the effects of SRCs are large and enter into the calculation via an increase in the average
nucleon kinetic energy used in a standard convolution formalism [55–59].

When examining the possible isospin dependence of the EMC effect, the effects of SRC are more delicate, and
special care should be given to properly account for the relative correlation probabilities of protons and neutrons. As
the high-x proton structure function is larger than that of the neutron, differences between the proton and neutron
average kinetic energies change the expected effect of conventional nuclear physics effects. Figure 8 also shows an
example for the possible effect of np-SRCs on the 48Ca/40Ca EMC ratio that will be measured as part of approved
experiment E12-10-008. The calculation is done using estimates based on Ref. [12], however detailed knowledge of the
SRC pairing probabilities is needed to fully constrain it. As seen in Fig. 8, the potential effects of np-SRC are large
and should be properly accounted for in order to interpret any possible deviation of the measured EMC ratio from
unity as evidence for isospin dependence. The proposed measurement will constrain the relative proton and neutron
pairing probabilities and hence the nuclear base line effects.

Theoretical calculations show that such an isospin dependent EMC effect in neutron-rich nuclei, and in particular
iron, could explain the NuTeV anomaly [36]. The latter is a three standard deviation difference from the Standard
Model prediction in the measurement of the electroweak-mixing (Weinberg) angle using neutrino scattering from iron
[35].

One original model employed a mean-field model to explain the possible existence of such an isospin dependent
result [60]. The EMC-SRC correlation implies that the EMC nucleon modification instead is dominated by high
momentum nucleons. One attractive model for this [46] describes the nucleon as a superposition of a normal nucleon
with a small admixture of a “Point Like Configuration” (PLC), which experiences much less nuclear attraction than
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the normal nucleon. Nucleons that fluctuate into a high-momentum short-range pair will briefly have much greater
kinetic energy, and hence much greater potential energy. This increased potential energy will suppress the PLC
amplitude, modifying the quark distribution in the nucleon.

Because nucleon modification is very sensitive to nucleon kinetic energy in this model, it will be sensitive to the
details of pairing in asymmetric nuclei. Specifically, if protons have higher average kinetic energy than neutrons in
neutron rich nuclei, then this would provide for an isospin dependent EMC effect which could quantitatively explain
the NuTeV anomaly.

By studying the nuclear asymmetry dependence of the number of correlated protons and neutrons separately, our
proposed measurement will provide input and constraints to calculations of both the conventional nuclear physics
effects and the structure function modifications for the EMC effect in general and the NuTeV anomaly specifically.

FIG. 8: Baseline calculations (Fermi motion and binding, no nucleon modification) for the 56Fe/d EMC measurement (right)

and the 48Ca/40Ca EMC ratio (left), with (red) and without (black) np-SRC pairs.
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II. SHORT RANGE NUCLEON PAIRING

We propose to measure the relative proportion of high-momentum protons in d, 4He, 9Be, 10,11B, 12C, 28Si, 40Ar,
40,48Ca, 48Ti and 54Fe to test short range pairing mechanisms.

Deuterium, as the simplest nuclear system, will serve as a benchmark. d, 4He, 10B, 12C, 28Si and 40Ca will be used
to establish the nuclear mass dependence in symmetric nuclei and constrain nuclear transparency corrections. The
rest will be used to study the effect of isospin asymmetry, comparing 40Ar vs. 40Ca, 40Ca vs. 48Ca, 48Ca vs. 48Ti etc.

The 40Ca-48Ca-54Fe triplet is of particular interest. 40Ca and 48Ca are both doubly magic nuclei. 40Ca has filled
proton and neutron in the 1s, 1p, and 2s/1d shells. 48Ca has, in addition, eight more neutrons in the 1f7/2 outer
shell. The exact way in which these extra 1f7/2 neutrons form SRC pairs with the 40 nucleons in the inner core is
non-trivial.

E08-014 measured the per-nucleon ratio of (e, e′) cross sections for 48Ca to 40Ca at 1.25 ≤ Q2 ≤ 2 GeV2 [61]. The
preliminary results are shown in Fig. 9, and suggest a cross section ratio of 0.97. Using the formalism described below
to compare with calculations, we find this ratio to be generally consistent with but slightly smaller than coupled-
cluster calculations using the N2LOsat interaction (also described below). However, the quantitative interpretation of
this measurement in terms of pair isospin structure is non-trivial. Simple combinatorical counting considering either
only np pairs or all possible pairs both give very similar predictions. This is primarily because the (e, e′) reaction is
sensitive to both protons and neutrons, preventing a detailed understanding of the pairing mechanisms. As will be
discussed below, the addition of (e, e′p) measurements will allow the separation of the different pairing probabilities
in protons and neutrons, facilitating a detailed comparison to calculations.

FIG. 9: The per-nucleon (e, e′) cross section ratio of 48Ca to 40Ca. The ratio in the scaling region (1.7 < x < 2 for
Q2 ≈ 1.3 GeV2 and 1.5 < x < 2 for Q2 ≈ 2 GeV2) is about 0.97. The figure is taken from [61].

By extracting the relative number of high-momentum protons in 40Ca and 48Ca nuclei, we can directly measure
the extra number of cross-shell np pairs caused by adding eight 1f7/2 neutrons. Similarly, by adding six 1f7/2 protons

to 48Ca, we get 54Fe. These extra protons can pair with any of the 40 nucleons in the inner shells or with the eight
neutrons in the 1f7/2 shell. Thus, measuring the difference between 40Ca and 48Ca will teach us about the pairing of

protons and neutrons from different shells and measuring the difference between 48Ca and 54Fe will teach us about
the pairing of protons and neutrons from both different shells and the same shell.

As ab-initio calculations for light nuclei are readily available using various NN interaction models and calculation
schemes, we will also study the effect of single proton and neutron addition to light nuclei by measuring the 9Be-10B-
11B chain and compare all nuclei to Deuterium as the basic np systems.

Based on the new asymmetric nuclei measurements shown in Fig. 2, we expect that the number of protons and
neutrons in all asymmetric nuclei to be the same. Fig. 10 shows the ratio of the neutron-to-proton momentum
distribution in 48Ca, as obtained from a recent state-of-the-art ab-initio calculations using the Coupled-Clusters (CC)
method and the N2LOSAT NN interaction [17]. For momentum above approximately 400 MeV/c, np

48Ca(k)/np
40Ca(k)

is greater than 1.2. This calculation therefore stands in contrast with the phenomenological expectation based on the
measurements shown in Fig. 2.

Medium mass nuclei calculations using other NN interactions just became available for symmetric nuclei (ranging
up to 40Ca) [13], but are not yet available for asymmetric nuclei. Fig. 11 shows a comparison of 40Ca momentum
distributions obtained from a recent Variational Monte-Carlo (VMC) calculation using the AV18+UIX NN interaction
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and CC using N2LOSAT NN interaction. As seen in the figure, due to the soft nature of the N2LOSAT NN
interaction and the lower cutoff used in the calculation, the resulting momentum distributions differ significantly at
high-momentum. While calculations based on the AV18+UIX interactions are not yet available for medium mass
asymmetric nuclei, they are expected to become available soon [62].

For light nuclei, Fig. 12 shows VMC calculations of the ratio of the average proton momentum distribution in 10B
relative to 9Be (left plot) and in 11B relative to 10B (right plot). These calculations show that the addition of a
neutron to 10B leads to more correlated protons, consistent with the np-SRC domiance described above. Comparing
10B and 9Be (same number of neutrons, one proton difference) we see that the average proton in 9Be is more correlated
than in 10B. These calculated quantities can be directly compared to the measured differential cross-sections, after
corrections for FSI. An alternative is to compare integrals over the calculated momentum distirbutions (e.g. shaded
regions in Fig. 10) that are sensitive to the pairing dynamics but less sensitive to detailed FSI corrections.

These different predictions can be tested by the proposed 40Ca and 48Ca(e, e′p) measurements com-
bined with the existing 40Ca and 48Ca(e, e′) data, see details below.

FIG. 10: The ratio of neutron to proton single-particle momentum distributions in 48Ca as calculated using the CC method
and the N2LOSAT NN interaction [17]. This can be extracted from the measured cross-section ratios after FSI corrections and
can also be compared to integrals over the shaded regions that have reduced sensitivity to detailed FSI corrections.

FIG. 11: The single-particle momentum distributions in 40Ca as calculated using the CC method and the N2LOSAT NN
interaction [17] and the VMC method and the AV18+UIX interaction [13].
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FIG. 12: Ratios of proton momentum distributions [10B / 9Be] (left plot) and [10B / 11B] (right plot) calculated using the
VMC method and the AV18+UIX interaction. See text for details.

A. Contact formalism

Here we present a simplified version of the Contact formalism that can be used to relate the (e, e′) and (e, e′p)
cross-section ratios to ab-initio calculations of one and two body momentum densities such as the once presented
above. The formalism is given for 40,48Ca but can be applied to all nuclei.

We begin by defining the fraction of correlated nucleons in a nucleus (A) as χN−ASRC , where N = n, p stands for
protons or neutrons. Using these fractions, the number of SRC nucleons in 40Ca is given by:

# SRC nucleon = 20 · χp−40CaSRC + 20 · χn−40CaSRC = 40 · χN−40CaSRC (1)

Similarly, for 48Ca:

# SRC pairs = 20 · χp−48CaSRC + 28 · χn−48CaSRC . (2)

The inclusive (e, e′) cross-section ratio,

R
48/40
(e,e′) ≡

[
σ48Ca(e,e′)

σ40Ca(e,e′)

]
xB&1.4

, (3)

is sensitive to both correlated protons and neutrons and can be expressed as:

σp · 20 · χp−48CaSRC + σn · 28 · χn−48CaSRC

[σp + σn] · 20 · χN−40CaSRC

=
χp−48CaSRC + σn

σp
· 1.4 · χn−48CaSRC[

1 + σn

σp

]
· 2 · χN−40CaSRC

= R
48/40
(e,e′) , (4)

where σp (σn) are the electron - off-shell proton (neutron) cross-sections.
Similarly, the measured (e, e′p) cross-section ratio,

R
48/40
(e,e′p) ≡

[
σ48Ca(e,e′p)

σ40Ca(e,e′p)

]
pmiss>300 MeV/c

(5)

can be expressed as:

T48/40 ·
20 · σp · χp−48CaSRC

20 · σp · χN−40CaSRC

= T48/40 ·
χp−48CaSRC

χN−40CaSRC

= R
48/40
(e,e′p), (6)

where T48/40 is the transparency ratio for proton knockout off 48Ca relative to 40Ca.
Combining Eq. 4 and 6 one can extract the ratio of the fraction of correlated neutrons to correlated protons in

48Ca, χn−48CaSRC /χp−48CaSRC , in terms of the measured cross-section ratios:

χn−48CaSRC

χp−48CaSRC

=
1

1.4

σp
σn
·

2 ·
(

1 +
σn
σp

)
· T48/40 ·

R
48/40
(e,e′)

R
48/40
(e,e′p)

− 1

 (7)

Both the ratios of Eq. 6 and 7 can be compared to ab-initio calculations. As stated above, we expect that the ratio
in Eq. 7 (after N/Z normalization) to be equal to unity, in contrast to the coupled-cluster prediction shown in Fig. 10.



12

B. Formalism for A(e, e′p) measurement

The cross section for electron-induced proton knockout from nuclei A(e, e′p) can be written (assuming factorization)
as:

d6σ

dνdEmissdΩedΩp
= KσepS

D(Emiss, pmiss)

where σep is the cross section for scattering an electron from a bound proton. The missing energy and missing
momentum are

Emiss = ν − Tp − TA−1 (8)

~pmiss = ~q − ~pp (9)

where Tp and TA−1 are the kinetic energies of the outgoing proton and residual nucleus, the momentum transfer
~q = ~pe − ~p′e, SD(Emiss, pmiss) is the distorted spectral function and the kinematical factor K

K =
Eppp
(2π)3

.

In the absence of final state interactions (FSI), S is the probability to find a nucleon in the nucleus with separation
energy Emiss and momentum pmiss [63]. The energy transfer ν = E − E′, E and E′ are the initial and scattered
electron energies, ~pe and ~p′e are the initial and scattered electron momenta, ~pp is the outgoing proton momentum,
and Ωe and Ωp are the electron and proton solid angles respectively. The angle between the recoil momentum
(~precoil = ~pmiss) and ~q is called θrq. We will restrict θrq to minimize final state interactions (see Section II C for
details).

We plan to extract the distorted spectral function, as a function of missing momentum and energy, from the
measured cross sections:

SD(Emiss, pmiss) =

(
1

Kσep

)
d6σ

dνdEmissdΩedΩp
, (10)

and then correct it for the effects of FSI.
For each nucleus we plan to measure at one low-pmiss kinematics and one high-pmiss kinematics. We will correct

the distorted spectral function for FSI. For each value of missing momentum we will only detect protons covering
a fraction f(pmiss) of the 4π solid angle available to ~pmiss. We will further correct our measurement by 1/f to
account for this. We will then integrate the corrected distorted spectral functions over missing energy and missing
momentum. The relative amount of high-momentum protons in each nucleus will equal the ratio of the integrated
distorted spectral functions at high-pmiss and low-pmiss.

The double ratio of the integrated distorted spectral functions at high-pmiss and low-pmiss for different nuclei should
correspond to the ratios of ab initio one-body momentum densities at high momentum.

The correction, 1/f , for the undetected protons is mostly geometrical. It is easy to calculate and will also cancel
in the double ratio of high-pmiss and low-pmiss for different nuclei.

There are a number of uncertainties in the extraction of the distorted spectral function, including the validity of
factorization, the off-shell extrapolation of the electron-proton cross section, and the effects of FSI. Over the limited
acceptance of the spectrometers, factorization should be accurate to about 10% and the effects of factorization should
cancel almost completely when calculating cross section ratios. Similarly, while there are several different off-shell
prescriptions for the electron-proton cross section [64], the effects of these will also cancel when calculating ratios at
similar pmiss. The effect of FSI is discussed in section II C.

C. Final State Interactions

We want to extract absolute and reduced cross sections for the A(e, e′p) reaction for a variety of nuclei, which will
allow us to extract the following ratios:

• ratios of high to low momentum protons in each of the measured nuclei,

• ratios of high-momentum protons in heavier nuclei to deuterium and to the closest symmetric nucleus,

• double ratios of high to low momentum protons in heavier nuclei and to the closest symmetric nucleus.
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We will need to correct each of these ratios for the effects of final state interactions (FSI).
There are two general effects from rescattering of the outgoing proton: a shift in momentum due to the real part

of the proton-nucleus potential, and rescattering of the proton that changes its momentum and potentially knocks
out a second nucleon. Loss of protons from a particular kinematic bin can be calculated accurately in the Glauber
approximation for high momentum protons. Rescattering of protons into a particular kinematic bin is harder to
calculate.

We will measure the (e, e′p) reaction at small angles between the momentum transfer and the recoil momentum,
θrq ≤ 40◦, to significantly reduce contributions from nucleon rescattering.

FIG. 13: The calculated 3He(e, e′p) ratio of the cross section which includes rescattering of the struck nucleon (FSI) to the

PWIA cross section for pmiss = 0.2 (blue), 0.4 (green), and 0.5 (red) GeV/c as a function of θrq, the angle between the recoil

momentum and ~q in the laboratory frame [65].

This rescattering of protons into a particular kinematic bin is maximum at perpendicular kinematics, where the
angle between the recoil momentum and the momentum transfer, θrq ≈ 70◦. This happens because most collisions
between high-momentum protons and other nucleons in the nucleus deflect the high-momentum only slightly, kicking
the struck nucleon out at about 70◦ (non-relativistically it would be about 90◦). This can be seen clearly in calculations
of the data of [66], where the cross section at pmiss > 250 MeV/c and Emiss ≈ p2miss/2m is due almost entirely to
rescattering. Calculations by Sargsian [65] for 3He(e, e′p) show very large contributions due to proton rescattering
peaked at θrq ≈ 70◦. In order to avoid these regions where rescattering is much larger than the SRC signal, we will
choose θrq ≤ 40◦.

We will calculate the rescattering of protons out of our kinematic bins using the Glauber approximation. Glauber
calculations have been shown to reproduce nucleon transparency measurements in nuclei [67]. In addition, since we
are primarily interested in the relative proportions of high- and low-initial-momentum protons in the different nuclei,
we are primarily sensitive to the difference in the transparency.

We consider here, for example, 40Ca and 54Fe(same considerations hold for the other nuclei). The measured
transparency in 56Fe at Q2 = 3.3 GeV2 is T = 0.4 [68]. The calculated transparency for knocked-out protons at
Q2 = 2.4 GeV2 and 50 ≤ pmiss ≤ 150 MeV/c (i.e., for kinematics similar to our proposed kinematics) is about
T = 0.43, 0.37, and 0.36 for 40Ca, 48Ca, and 54Fe, respectively. This difference is consistent with the expected
variation of the opacity (equals one minus the transparency) as A1/3.

For a given nucleus, protons with large and small pmiss have the same measured transparency [67]. Therefore the
ratio of the large pmiss to small pmiss cross sections for a given nucleus should be independent of FSI.

The ratios of high-momentum protons in 40Ca to 48Ca and in 54Fe to 48Ca will need to be corrected for FSI. We
will calculate the small change in the transparency from 54Fe to 48Ca and from 48Ca to 40Ca and compensate the
data for it. In addition, we will construct an artificial, approximately N = Z nucleus by averaging the results for 40Ca
and 54Fe. Since the transparency of (40Ca + 54Fe)/2 and 48Ca should be very similar, the ratio of high momentum
protons in (40Ca + 54Fe)/2 to 48Ca should be almost independent of FSI.
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D. Impact on the 12 GeV JLab program

The results of this proposed measurement will complement other 12 GeV JLab experiments, particularly measure-
ments of the spectral function of 40Ar, inclusive quasielastic (e, e′) measurements of nuclei at x > 1, and inclusive
deep inelastic (e, e′) measurements of nuclei at x < 1 (EMC effect).

E12-14-012 recently measured electro-induced proton knockout from 40Ar and 48Ti, to extract its mean-field spec-
tral function (i.e., its single-nucleon properties and spectroscopic factors). They measured the missing momentum
distribution of the cross section for the different mean-field orbitals (e.g. for Argon 1s1/2, 2s1/2, 1p1/2, 1p3/2, 1d3/2 and
1d5/2). Our measurement will focus instead on the knockout of high-momentum protons belonging to short range
correlated pairs. We will measure the absolute cross-section as a function of missing momentum and energy and
extract the distorted spectral function in kinematics where FSI are minimal. We will also studying how the number
of SRC pairs changes when we change the number of neutrons and then the number of protons in the nucleus. Our
measurement of SRC protons will thus complement E12-14-012’s measurement of primarily mean-field protons.

E12-06-105 will measure inclusive electron scattering (e, e′) on a wide variety of nuclei at 1.4 < x and Q2 ≤ 5
GeV2 to extend previous studies of short range correlations in few-body and heavy nuclei. As shown in section ??,
inclusive cross section measurements alone cannot distinguish between electron scattering from a proton or from a
neutron and thus cannot provide detailed information on the isospin assymetry dependence of SRCs. By studying
how the number of high-momentum protons changes when we change the number of neutrons and then the number
of protons in the nucleus, our experiment will provide complementary information that, together with the inclusice
(e, e′) measurements can be compared to detailed ab-inito calculations.

E12-10-108 will measure the EMC effect in inclusive deep inelastic (e, e′) measurements of nuclei at x < 1. By
comparing their measurements of the EMC effect to the SRC ratios measured at x > 1.4 in E12-06-105, they will
extend our understanding of the EMC-SRC correlation. Their measurements off asymmetric nuclei also set to provide
initial indications on the isospin dependence of the EMC effect. By studying the details of proton-neutron pairing, our
experiment will provide complementary information needed to constrain both the standard nuclear effects contributing
to the EMC ratios and the contribution of high-momentum (high-virtuality) nucleons to calculations of the average
bound nucleon modification.

Along the same lines, Proposal PR12-14-007, ”Constraints on Isovector-Dependent Nuclear Modification Effects
Using Parity-Violating Deep Inelastic Scattering, seeks to measure the flavor-dependent nuclear medium modification
(i.e., the EMC effect) in 48Ca. The 48Ca nucleus is chosen to maximize isospin asymmetry effects in a relatively well
controlled nuclear environment. As mentioned, many models of the EMC effect relate medium modification of the
bound nucleon structure to the virtuality of the nucleons in the nucleus, which is dominated by SRC nucleons. As
shown in this propsoal, if in 48Ca SRC pairs are dominated by np-SRC pairs, protons will have larger probabality
than neutrons to have high momentum which will naturally lead to an isospin dependent EMC effect. Observing the
latter is the goal of PR12-14-007. This proposal and ours are complementary measurements that will shed light on
the origin of the recent correlations between EMC and SRC pairs in nuclei and the isospin dependent EMC effect as
an explanation to the NuTeV anomaly.

E. Previous Measurements

While there have been a number of (e, e′p) experiments at Jefferson Lab [66, 68–79], they have almost all focused
on measuring nuclear transparencies or single nucleon properties of nuclei (i.e., nucleon knockout from valence shells).
Very few have measured (e, e′p) at SRC kinematics. Some experiments focused on measuring the correlated partner
of the knocked-out proton [6, 8, 80]. However, these experiments measured nucleon knockout from symmetric nuclei
(He and C) and were thus insensitive to the effects on the proton momentum distribution of adding neutrons.

Both Rohe et al [77] and Benmokhtar et al [66] measured (e, e′p) over a wide range of missing energy and missing
momentum to look for the effects of correlations. Benmokhtar measured the 3He(e, e′p) cross section in perpendicular
kinematics (where the missing momentum and hence the undetected nucleon is perpendicular to the momentum
transfer) and thus their cross sections in the correlations region are dominated by nucleon rescattering. Rohe et al.
extracted the nuclear spectral function as a function of Emiss for three different values of pmiss in parallel kinematics
[77]. They compared the measured spectral function to calculations, finding reasonable agreement only at pmiss ≈ 250
MeV/c. They were interested in observing the existence of the correlated part of the spectral function. Our experiment
will study in detail how the correlated part changes from 40Ca to 48Ca to 54Fe.

The overall proportion of high momentum nucleons in various nuclei has been extracted from per-nucleon ratios
of A(e, e′) to d(e, e′) cross sections. This has been measured for nuclei from 3He to Au. Our measurement will
complement the inclusive (e, e′) measurement, shown in figure 9, since it is only sensitive to protons.
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This will be the first (e, e′p) measurement at Jefferson Lab to investigate the effects on nucleon SRC pairing of
adding neutrons and protons in medium to heavy nuclei.



16

TABLE I: Proposed kinematics of the beam time for the measurement.

EBeam E′e θe |pp| θp pmiss Q2

GeV GeV GeV/c GeV/c GeV2

11 9.85 8.0◦ 1.43 63.0◦ 0.40 2.1

11 9.85 8.0◦ 2.01 44.5◦ 0.15 1.8

III. THE PROPOSED MEASUREMENT

We will measure the absolute and reduced (e, e′p) cross section on d, 4He, 9Be, 10B, 11B, 12C, 28Si, 40Ar, 48Ti, 40Ca,
48Ca, and 54Fe at high and low missing momentum at large Q2 and non-perpendicular kinematics. For the high pmiss
kinematics we chose Q2 ≈ 2 GeV2 to minimize the effects of Meson Exchange Currents and Isobar Configurations (∆
production). We chose θrq < 40◦ to minimize the effects of Final State Interactions at large missing momentum. This
reduces the energy transfer and thus gives x = Q2/2mν > 1, also reducing the effects of MEC and IC. Furthermore,
we will measure (e, e′p) on hydrogen for calibration purposes.

We will extract the relative probability for a proton to be at high-pmiss (pmiss > pFermi ≈ 250 MeV/c) by
calculating the ratio of the integrated cross section for high-pmiss to low-pmiss in each of the nuclei. The following
ratios will be constructed:

• single ratios of high to low momentum protons in each of the nuclei,

• single ratios of high-momentum protons in heavier nuclei to deuterium,

• double ratios of high to low momentum protons in heavy nuclei relative to deuterium, C and, especially, 40Ca
relative to 48Ca, and in 54Fe relative to 48Ca.

The first and third ratios will be independent of FSI. The second will be corrected for the change in transparency
among the various nuclei. Note that there is only a small change in transparency between 40Ca and 54Fe.

We will use an 11 GeV beam and measure the scattered electron in the SHMS and the knocked out proton in the
HMS. The SHMS will operate at a scattering angle of 8◦.

We will use the existing Jefferson Lab 0.5-cm thick, 0.775 g/cm2 48Ca target, along with similar 40Ca, 54Fe and
other solid targets. Most of the solid targets can take at least 40 µA of beam; the B, C, 48Ti and d targets can take
up to 80µA. [81]. For the cyro targets we will use the standard cells which are available. In case of 40Ar the beam
current is limited to 25µA and the 40Ar target can not be used in parallel to d and He due to the different cooling
configurations [81].

The proposed kinematics are shown in Table I. The settings for the proton arm are determined by means of
optimizing simulations with open acceptance and constraints on pmiss.

A. From cross section to ratios

As described in Section II B, we will measure the (e, e′p) cross section at high- and low-pmiss on d and the other
nuclei. We will extract the distorted spectral function using Eq. 10, correct it for the effects of FSI using the Glauber
approximation [82], and correct it for the limited pmiss-dependent geometrical acceptance. We will then integrate the
cross section over missing energy (up to π-emission threshold) and missing momentum. The low-pmiss bin will be
integrated from 0 to 250 MeV/c and the high-pmiss bin will be integrated from about 350 to 550 MeV/c.

We will then construct the ratio of high-pmiss to the sum of low- and high-pmiss protons for each nucleus. These
ratios will give the fraction of high momentum protons, and hence the protons belonging to SRC-pairs in each nucleus.
We will compare these single-ratios to calculations of the proportions of high-momentum protons in the different nuclei.
The effects of FSI should largely cancel in these ratios.

We will then construct the double ratios of high-pmiss to the sum of low- and high-pmiss protons for pairs of nuclei.
The effects of FSI, ambiguities in the off-shell electron-proton cross section, and the geometrical extrapolation should
all cancel in this double ratio.

B. Rate Estimates

To calculate the expected rates for this experiment at low-pmiss we used SIMC with spectral functions for the
appropriate nuclei, scaled by their calculated transparencies. In the absence of realistic high-pmiss nuclear spectral
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kinematics SHMS acceptance cuts HMS acceptance cuts pmiss xB θrq

θ (in-plane) φ δ(pe)/pe θ φ δ(pp)/pp [MeV/c] [◦]

high-pmiss ±24mrad ±4mrad −0.1/+ 0.22 ±28mrad ±6mrad ±0.09
> 350 > 1.2 < 40◦

low-pmiss < 250 - -

TABLE II: Selection cuts for the rate estimations from the simulated data. The cuts for both kinematical settings are given.

functions for heavy nuclei, we estimated the high-pmiss rates for this experiment in two ways: First, we extrapolated
the rates from the (e, e′p) measurement in Hall-A on a C-target (experiment E01-015) with similar momentum transfer
[79, 80]. Second, we are using the deuterium momentum distribution as a proxy for the high-pmiss distribution in
SIMC since they have the same shape, and the per-nucleon magnitude was measured by Refs. [5, 61]. We ran
simulations of E01-015 and this experiment and scaled the E01-015 yield by the simulation ratio after correction of
nuclear transparency and a2 since the deuterium momentum distribution is used in the simulation.

For both kinematics we ran SIMC in the following configuration:

1. electrons detected at the SHMS, protons at the HMS.

2. Beam dimensions 89× 42µm2.

3. Collimator in place.

4. Total beam charge 1.152 C, equivalent to a single 8-hour shift with a beam current of 40 µA.

5. The proposed kinematical settings with EBeam = 11 GeV (see Table I).

6. liquid “deuterium” target characteristics:

(a) 40Ca density 1.55 g/cm3.

(b) Target length 0.5 cm - areal density of 0.775 g/cm2).

For the rate estimations we applied additional cuts on the simulation results to account for spectrometer acceptances
and kinematical cuts which will be used in the experimental analysis. The overview of the applied cuts for the two
kinematical settings is shown in Table II.

1. Low missing momentum kinematics

For low missing momentum, the spectral functions for heavy nuclei exist, allowing SIMC to make reasonable rate
estimates. Therefore, the simulation was performed using the standard SIMC 56Fe mean-field spectral function with
the same luminosity conditions, HMS and SHMS fiducial cuts as for the high-pmiss setting. After taking into account
transparency and inefficiency, we estimate 40,000 events/hour for this kinematics (see Figs. 14 and 15 for the predicted
kinematic variables distributions.). The estimations for the other targets have been obtained by scaling with their
transparency and available beam current compared to Fe.

2. High missing momentum kinematics

The JLab experiment E01-015 ran in Hall-A and measured the 12C(e, e′p) reaction at Q2 = 2 and xB = 1.2,
covering the same high missing momentum range of 350 – 550 MeV/c [79, 80]. First, we approximately extrapolated
that measurement to this one as follows: We scaled their event rate to the luminosity of this proposal, to get an event
rate of 1250 events per shift. Due to the smaller electron angle the Mott cross-section times the proton form factor
squared increased the rate by about a factor of five. The considerably larger momentum acceptance of the Hall C
spectrometers increase the effective acceptance by about a factor of two, leading to a total of about 12000 events per
shift.

We quantified this acceptance increase by performing SIMC simulations using the AV18 deuteron momentum
distribution for the kinematics of E01-015 for the spectrometers in Hall A and Hall C. The simulations for E01-015
result in kinematical distributions which matched the experimental ones, thus demonstrating the applicability of using
the deuteron momentum distribution for heavier nuclei.
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FIG. 14: The angle versus the momentum for the electron detected in the SHMS (left) and the proton detected in the HMS

(right) for low missing momentum kinematics with cuts as described in Table II.
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FIG. 15: On the left the xB scaling variable versus the momentum transfer, Q2 is shown. On the right, the expected missing

momentum distribution is shown for the low-pmiss kinematics.
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FIG. 16: The angle versus the momentum for the electrons detected in the SHMS (left) and the protons detected in the HMS

(right) with cuts as described in Table II for the high-pmiss kinematics.
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FIG. 17: On the left, the xB scaling variable versus the momentum transfer, Q2 is shown. On the right, the expected

missing momentum for the high-pmiss kinematics is shown with the cuts from Table II. The inlay shows the missing momentum

distribution without the cut on pmiss > 350 MeV/c.

We ran SIMC for the kinematics and acceptances of this experiment. To get the expected number of high-pmiss
events in this experiment, we scaled the measured number of events for E01-015 by the ratio of the number of simulated
events for this experiment and E01-015. This scaling give an event rate consistent with the ballpark estimate described
above. The expected kinematical distributions after scaling and all cuts are shown in Figs. 16 and 17.

To determine the event rate for each target, we scaled the rate for 40Ca by the transparencies, a2 values, available
beam currents and target areal densities of the other nuclei. In the end, we adjusted the beam time hours to get
about 12000 events per target at the high-pmiss kinematics.

This event rate will allow us to make very precise (≈ 2%) measurements of the high-pmiss to low-pmiss ratio and
to study the behavior of the ratio as a function of pmiss.

The expected statistical uncertainties for the reduced cross sections integrated over missing energy as a funtion of
missing momentum are shown in Figure 18. The plot was obtained by combining the scaled simulation results from
the low and high-pmiss kinematics divided by the single nucleon off-shell cross sections σcc2 [64].
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FIG. 18: The reduced cross section integrated over missing energy as a function of missing momentum with the expected

statistical uncertainty determined from the above mentioned SIMC simulations for both kinematical settings.
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kinematics Target Data-Taking Current Expected Number a

[Hours] [uA] of Events

high pmiss

d, 4He, 9Be, 10B, 11B, 12C, 42 40
12,000/target40Ar 18 25

28Si, 48Ti, 40Ca, 48Ca, 54Fe 45 40

low pmiss All Targets 18 25–40 >45,000/target

Commissioning and calibrations 15 20–60

Target and spectrometer changes 30 N/A

Total beam time 168 (7 days)
aDead time and detector efficiencies have been taking into account.

TABLE III: Requested beam time for each kinematic setting, target and spectrometer changes, calibrations and commissioning.
In the high-pmiss kinematics the times are equally distributed for each target.

IV. BEAM TIME REQUEST AND EXPECTED RESULTS

This experiment requires 30 hours for target and spectrometer changes, 15 hours for commissioning and calibrations,
18 hours for the low-pmiss measurements on the eleven targets, and 105 hours for the high-pmiss measurements on
the targets (as shown in Table III). The request for the target and spectrometer changes is more than one day since
we expect a target swap during our beam time due to the different cryotargets. This swap usually needs one full day.
We will also take elastic hydrogen data for calibration.

In total, we request 7 days of beamtime in Hall-C using the HMS and SHMS in their standard configurations with
11 GeV beam and 40 µA on all targets beside 40Ar which can only be measured with 25 µA. We will require a short
period during the calibration time with a higher current, approximately 60 µA, for current calibrations and boiling
tests.

Based on similar experiments [83], we expect a ≈ 5% systematic uncertainty in the total cross section, including
effects from acceptance corrections, radiative corrections, PID efficiency, charge measurement, target thickness, nuclear
transparency etc. Most of these uncertainties will cancel when we construct ratios of cross sections. We conservatively
expect that the remaining systematic uncertainties in the single ratios will be about 2–3% and the remaining systematic
uncertainties in the double ratios (the ratio of high-pmiss to low-pmiss on one nucleus to that for a second nucleus)
will be 1–2%.

The primary results of this measurement will be absolute cross sections and cross section ratios. We will construct
the ratios of high-pmiss to the sum of low- and high-pmiss protons for each nucleus to determine the relative probability
of high-pmiss protons in each nucleus. We will then construct the ratio of the relative probability of high-pmiss protons
in each nucleus relative to the other nuclei. The effects of FSI, ambiguities in the off-shell electron-proton cross section,
and the geometrical extrapolation should all cancel in this double ratio. These double ratios should correspond to the
relative amounts of high-momentum protons in the different nuclei.

We expect to measure the ratios of the relative amounts of high-momentum protons in the different nuclei to 2–3%.
This will let us distinguish precisely among the different pairing models.
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V. SUMMARY

We propose to measure the A(e, e′p) reaction for a series of specifically chosen target nuclei in both mean field
and SRC kinematics, with the goal of significantly increasing our understanding of how protons and neutrons form
short-range correlated pairs in nuclei. Our proposed targets can be divided into two groups:

1. 2H, 4He, 10B, 12C, 28Si, 40Ar are chosen to study the dependence of SRC pairing on nuclear mass,

2. 9Be-10B-11B and 40Ca-48Ca-48Ti-54Fe are chosen to study the dependence on proton-neutron asymmetry.

Data will be collected for each target in both high-pmiss and low-pmiss kinematics to select mean field and SRC
protons respectively. From this data, we will extract absolute and reduced cross-sections as a function of missing
momentum and energy, constraining the distorted nuclear spectral function. We will also form the following ratios:

• the ratio of high-momentum protons to low-momentum protons in each of the target nuclei,

• the ratio of high-momentum protons in each nucleus to high-momentum protons in a reference nucleus (i.e., 2H,
12C, etc.)

• the double ratio of the above two.

Results from a recent Hall B data-mining analysis show the effectiveness of the above mentioned ratio method in
minimizing FSI effects.

These ratios have a number of important implications. First and foremost, from these ratios, we can infer the
fraction of protons that form SRC pairs in the different target nuclei. The targets chosen will allow unprecedented
study of the mass and isospin dependence of the SRC pairs fractions. Second, the range of different nuclear masses can
test theories of final state interactions and transparency corrections. Third, the study of the 9Be-10B-11B triplet and
40Ca-48Ca-48Ti-54Fe quartet will give insight to the formation mechanism of SRC pairs, especially between protons
in different angular momentum orbitals.

This comprehensive data-set, combined with results from inclusive (e, e′) ratios, will be used to extract high-
momentum pairing probabilities that can be compared to ab-initio calculations of one body momentum densities,
and to constrain nuclear contacts that can be compared to ab-initio based extractions from two-body momentum and
coordinate space densities.

This measurement has the potential to make definitive impacts in many different areas, and we highlight three:

1. the origin of the EMC effect and, specifically, its isospin-dependence which is relevant to the NuTeV anomaly.

2. the effect of SRC pairing on the nuclear symmetry energy, especially at supra-nuclear density

3. cross sections and distributions in multi-nucleon knock-out in neutrino-nucleus scattering

We therefore request 7 days of 11 GeV beam time in Hall C for this measurement.
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VI. APPENDIX I: RESPOND TO THE REPORT OF THE 44TH PROGRAM ADVISORY COMMITTEE
(PAC44)

Issues: While the area of induced correlations due to short range part of the nucleon-nucleon interaction is of
interest, the PAC found the proposal lacking in details. For example, a future proposal should give concrete theoretical
calculations of how SRC affect physics. Rather than state that SRC pairs will affect neutrino-nucleus interactions,
how does the counting of pairs discriminate among modern theories of the nuclear interactions?

The revised proposal now refers to three concrete quantitative examples that show how SRC affect physics (for
details see pages 5 – 8). These include:

• The value of the nuclear symmetry energy at supra-nuclear densities,

• Cross sections, multi-nucleon knockout, and distorted spectral functions in quasi-elastic neutrino-nucleus scat-
tering.

• The EMC effect and its isospin dependence.

It should be noted that the proposed measurements will provide valuable information needed to better constrain
the above mentioned and other calculations. Specifically, in the case of the EMC effect, the proposed extraction
of proton and neutron pairing probabilities will constrain not only the contribution of ‘traditional’ nuclear physics
effects on the measured DIS cross-section ratios, but also the relative strength that SRC-inspired models can assign
to medium-modification when fitting world EMC data.

What are the quantities that theorists could calculate using modern nucleon interactions (e.g., AV18 plus three
nucleon potentials and others) and experimentalists could measure that would distinguish among the interactions on
the market?

The amount of protons and neutrons in the high momentum tail of asymmetric nuclei such as 11B and 48Ca are
quantities that can both be calculated using state-of-the-art theoretical techniques, and be extracted in the proposed
measurement. Different calculations of the one-body momentum density vary significantly at high momenta (see
for example the difference between CC and VMC calculation based on the N2LOSAT and AV18+UIX interactions
respectively, shown in Fig. 11). Details are given on page 10 and 11.

Recent advances in effective theories such as the Contact formalism were shown to provide a bridge between exper-
imentaly measured cross-sections and cross-section ratios and ab-initio two-body densities [19]. Both experimental
data and theretical calculations are sensitive to the same contacts, allowing for a detailed comparison.
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