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Abstract

Probing the Isospin Composition of Short-Range Correlated Pairs at Jefferson Lab
Hall B

Nucleons in short-range correlated (SRC) pairs, due to their close proximity and high
relative momentum, can provide insight into the short-range part of the strong nuclear in-
teraction. In particular, the prevalencergf pairs is due to the dominance of a tensor term
for correlated nucleons with momenta of approximately 400—600 MeMis dissertation
comprises two studies advancing the community's understanding of the isospin composi-
tion of SRC pairs.

First, | performed a study of proton and neutron knockout from initially low-momentum
and high-momentum states {hle. Previous work has shown that protons are dispropor-
tionately represented in high-momentum states in neutron-rich nuclei. | demonstrate that
spectral functions for the proton-rich nucletlde predict, in agreement with data, that
neutrons are disproportionately represented in high-momentum states, btt¢hdbes
not display the same strong prevalence&ppairs that is observed in larger nuclei.

Second, Generalized Contact Formalism (GCF), a well-supported theory for predicting
SRC behavior, predicts the transition from an isospin-dependent, tensor-dominant interac-
tion at intermediate distances to a scalar-dominant, isospin-independent interaction at very
short distances. This dissertation uses data from the CLAS12 Nuclear Targets Experiments
in Hall B at Jefferson Lab to measure the relative abundanggsaridpn pairs for increas-
ing relative momentum and decreasing separation. | provide an independent con rmation
of the previously-observed increasepp pairs at increasing momentum of the struck nu-
cleon. | also contribute to the application of the new CLAS12 Central Neutron Detector
by precisely measuring the neutron detection ef ciency and developing a machine learning

model for rejecting charged particle background.
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1 Introduction

1.1 Introduction to Short-Range Correlations

The nucleus is a quantum many-body system, making the behavior of individual nucleons
impossible to predict analytically. The problem is even harder since the emergence of
the effective nuclear forces from quantum chromodynamics is nhot completely understood.
Most nuclear properties can be modeled with a high degree of accuracy by treating nucleons
as moving in a mean eld (MF) created from the sum of the interactions with the other
nucleons in the system, assuming some nucleon-nuclddh) (interaction model. This
picture does not completely describe the range of interactions in the nucleus; for example,
it omits long-range and short-range correlations between nucleons. When these interactions
are neglected, certain nuclear properties are poorly reproduced.

Experiments andb initio calculations in recent years have shown that, in nuclei heav-
ier than carbon, about 20% of nucleons occupy high-momentum states above the Fermi
momentunke (see, for example, Refs. [1-6]). These nucleons consist almost entirely of
pairs of strongly interacting nucleons in close proximity, with inter-particle separation on
the order of the size of the nucleon. These short-range correlated (SRC) pairs move through
the nucleus with a small center-of-mass momentum, typically bkjgwhat is comparable
to the momenta of slower, uncorrelated nucleons [7]. Due to their proximity to each other
and resulting strong mutual interactions, these pairs also have high relative momentum.

Short-range correlated pairs play an integral role in a diverse set of nuclear properties.
For example, SRC pairs are thought to contribute to the modi cation of the quark structure
of a bound nucleon through strong interactions with a correlated partner [2]. The relative
prevalence of proton-neutron pairs compared to proton-proton or neutron-neutron pairs can
elucidate the isospin structure of the effectN®l interaction, speci cally, the dominance
of the tensor force, at short inter-nucleon distance [8-13]. The isospin composition at

even shorter distances may demonstrate the scalar repulsive coreMNthateraction



[11, 13, 14]. The repulsive core, which dictates some properties of SRCs [15], is likely
to be the reason for the near-constant density of atomic nuclei [16-18]. SRC pairs are
also relevant to many ongoing areas of research in nuclear and particle physics, including
the symmetry energy of the equation of state of neutron star matter [19], neutrino-nucleus
scattering relevant for oscillation measurements [20], nuclear charge radii [21], the nuclear
matrix elements in neutrinoless double beta decay [22—-24], and the EMC effect [2, 25,
26]. Because of the wide variety of phenomena which are suspected or demonstrated to
be affected by SRCs, it is important to continue exploring the fundamental properties of
correlated nucleon pairs.

One of the striking features of short-range correlations is the strong prevalence of
neutron-proton r{p) pairs, i.e., a deuteron-like isospin-0 and spin-1 con guration, over
isospin-1 proton-protonpf) or neutron-neutronn) pairs. This property, referred to as
np-dominance, has been observed through a wide-range of techniques, including proton
scattering [8], exclusive electron scattering [9-14, 27], and most recently through inclu-
sive electron scattering on isospin mirror nuclei [28]. Studies have even shownpthat
dominance persists in asymmetric nuclei [12,27,28] (Mth Z), which has implications
for understanding the structure of neutron-rich matter like that found in the cores of neutron
stars [29, 30].

This dissertation contributes to the ongoing research in SRC physics by investigating
the isospin composition of correlated pairs in two different experiments at Jefferson Lab, a
US Department of Energy National Laboratory in Newport News, Virginia. First, | present
results in Chapter 3 on the isospin composition of SRC paitsl@) the only stable proton-
rich nucleus. Previous work on asymmetric nuclei has been restricted to a limited set of
heavy neutron-rich nuclei. | nd thanp dominance is comparatively weak in tAele
system, but that this result matches theoretical expectations. Second, in Chapters 4-9, |
have helped conduct a new experiment to study SRCs, and have performed an analysis

of how the prevalence aip andpp pairs changes with the momentum of the correlated



nucleons.

The following subsections provide an introduction to the properties, kinematics, and
methods that are relevant to my work. Next, in Section 1.2, | describe a pertinent theoretical
tool for modeling SRCs. Then, in Sections 1.3 and 1.4, | provide the context and objectives

of the two studies presented in this dissertation.

1.1.1 Experimental Approaches to Studying Short-Range Correlations

The properties and behavior of SRC pairs are being explored using a wide variety of exper-
imental techniques at laboratory facilities around the world. Experiments at Brookhaven
National Laboratory used a proton beam to sttf&ym; ppg and2Cpp; pprg events' ob-
serving a strong back-to-back correlation of the initial momenta of the proton and neu-
tron [31] and showing the rst evidence for the dominancenpfpairs overpp and nn

pairs [8]. A low-energy experiment at the Research Center for Nuclear Physics (RCNP)
in Japan used a neutron pickup reactté@mp; pdyto observepn pairs [32]. The GlueX
experiment at Jefferson Lab recently conducted the rst study of SRCs with a real photon
beam [33]. Reactions in inverse kinematics, in which nuclei in a beam scatter from sta-
tionary protons, have been shown to be a feasible way to study SRCs at the Joint Institute
for Nuclear Research (JINR) in Dubna, Russia [34]. Inverse kinematics may also be a pro-
ductive venue for the study of SRCs in unstable nuclei at sites such as the Facility for Rare
Isotope Beams (FRIB) at Michigan State University.

The most common experimental approach to date, and the one with which we will
be concerned, is quasielastic electron scattering from a nucleon in an SRC pair, result-
ing in the hard breakup of the pair and the expulsion of the struck nucleon and its cor-
related partner from the nucleus. Electron scattering experiments range from those with

high resolution and low acceptance [9-11] to those with high acceptance and low reso-

1The notatiorapb; ad is used to indicate a physics reaction channel in which a pabéncident on a
targeta. c refers to the detected particle(s), atdefers to the undetected particle(s). A detected pariitle
conventionally refers to the outgoing scattered probe particle.



lution [7, 13, 14, 35, 36]. When detecting only the scattered electron, i.e., measuring the
pe; égreaction, resolution is far more important than acceptance. The reverse is true when
measuring reactions with multiple detected particles in the nal state. Many of the leading
open questions in SRC physics require the detection of at least one of the correlated nucle-
ons, which has motivated recent experiments at Jefferson Lab that use the large-acceptance
CLAS12 and GlueX spectrometers. The studies presented in this dissertation use data from

the CLAS and CLAS12 spectrometers, detailed in Chapter 2.

1.1.2 Probing SRCs with Electron Scattering

Both analyses presented in this dissertation make use of quasielastic electron scattering to
probe nucleons in SRC pairs. At the GeV-energy scale at Jefferson Lab, the plane-wave
impulse approximation (PWIA) is a useful way of understanding the results of electron-
induced nucleon knockout. Figure 1 schematically depicts the knockout of an SRC pair
from the nucleus in the PWIA. The probe electron interacts with a nucleon via a virtual
photon with energy and momentung which is equal to the difference between the
electron's initial and nal moment& k% The fundamental assumptions of the PWIA are
that (1) only one nucleon absorbs the virtual photon and (2) that the struck nucleon does
not interact further.

Additional electron scattering variables can serve to indicate the resolution of the nu-
cleus probed by the scattering eve@? qq | §> ?is the negative squared
four-momentum transferred to the nucleon by the virtual photon, and Bjotkswle ned
asxg  Q*p2m, g wherem, is the proton mass. Conventionally, in deep inelastic scat-
tering,Xxg intherange o xg 1 measures the fraction of nucleon momentum carried
by a struck quark. However, in electron-nucleus scattering, high valu€¥ @nd xg
(greater than unity) tend to be dominated by quasielastic scattering, and the assumptions of

the PWIA are better met [15].

2] use the label , but in the literature, and! are both commonly used as conventions for the virtual
photon energy.



Figu_re 1: lllustration of 2-nucleon SRC knockout under the assumptions of the Plane Wave Impulse Approx-
imation.

| use the term “lead” or “leading” to refer to the nucleon that interacts with the electron
via the virtual photon, labeling its momentum prior to the interactioma$Experiments
have shown that fop, larger than the typical nuclear Fermi momentkgm nearly all
nucleons have a correlated partner with momengethat is nearly antiparallel tp, [8,31].

Prior to the interaction, this correlated pair of nucleons has a relative momeapum

pp.  £0{2 and center-of-mass momentygy, 1 . After the interaction, the leading
nucleon is ejected from the nucleus with momentgm The lead nucleon's correlated
partner, which | call the “spectator” or “recoil” nucleon, may also be expelled from the
nucleus with momentumk 1, which is also typically above the Fermi momentum.

The presence of nal state interactions (FSIs) and other non-plane wave mechanisms
complicate this simple picture. Therefore, analyses of electron scattering data use variables
that attempt to estimate the initial state quantities, since they are technically inaccessible.
For example, the missing momentum, denedfass B € £, IS used to estimate
the initial momentum of the struck nucleon.

The PWIA assumes that the cross section for nucleon knoclometN q takes the

factorized form
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wherep, is the struck nucleon's nal momentunk, is the struck nucleon's nal energy,

E. is the nal electron energy, «n is the electron-nucleon scattering cross sectin,

andd | are the solid angles of the scattered electron and struck nucleon, respectively, and
Sppy; E1qis a spectral function, which describes the probability of nding a nucleon in the
nucleus with momenturp, and energye; [37].

The number of nal state particles detected varies depending on the experimental de-
sign. In inclusive studies, such as that described in Ref. [38], only the scattered electron
is detected, and SRC kinematics are demonstrated by observing a characteristic scaling of
cross sections of nuclei to the deuteron at high Inclusive measurements result in bet-
ter statistical precision than those detecting multiple nal-state particles, and they are less
vulnerable to FSI than experiments detecting nal-state nucleons. However, SRC events
must be isolated with no knowledge of the lead momentum, and inclusive measurements
are a poor modality for studyingp dominance because one cannot know the isospin com-
position of the correlated pair or even the isospin projection of the struck nucleon. By
contrast, in exclusive reactions, such as measured in Refs. [13] and [14], enough parti-
cles are detected to isolate a single reaction channel. In this context, both the lead and
recoil are detected. Finally, in semi-inclusive studies, more than one patrticle is detected,
and more than one nal state is included in the event sample. An example of this is the
pe; €pg channel studied in Ref. [39], where the undetected recoil particle may be either a
proton or a neutron, coming from eitheppor pn pair, respectively. Chapter 3 studies the
semi-inclusivepe; €pg andpe; €ngreactions, while Chapters 4-9 use exclusive SRC pair

breakup, detecting both leading and recoil nucleons.



1.1.3 Isolating Short-Range Correlations

Analyses seeking to study short-range correlations face the challenge of isolating the de-
sired reaction, namely, quasielastic scattering from a correlated nucleon, from all other
possible reactions. A common approach has been developed and used in many CLAS
analyses at Jefferson Lab [7,11, 13, 14,27, 35, 36], and we follow in the footsteps of these
analyses, adapting them as necessatry.

To start, past studies have shown that the struck nucleon becomes more likely to orig-
inate from an SRC pair gs,iss (@ proxy forp,) surpasse&r [10, 38], which is approxi-
mately 250 MeV¢, depending on the nucleus. A tighter criterion is often applied, consid-
ering only events withpniss i 300MeV/c, in order to gain a high degree of con dence
that a detected nucleon originated from an SRC pair.

Additionally, with electron scattering experiments, choosing events in so-called “an-
tiparallel kinematics” has been shown to reduce background processes [40, 41]. In this
regime,phiss IS nearly antiparallel te, with the lead momentum having a similar direction

to, though slightly smaller magnitude thas,This con guration is shown in Figure 2.

Figure 2: lllustration of antiparallel kinematics. Background processes are reduced when the missing mo-
mentumpniss IS nearly antiparallel ta and when the lead momentum is similar tog Vector quantities
are shown in bold.

Even after these kinematic selections, reaction mechanisms not accounted for in the



PWIA can still occur. For example, the probe may interact with more than one nucleon
at once, or the struck nucleon may exchange momentum with other nucleons during its
expulsion from the nucleus. This mechanisms allow scattering from non-correlated nu-
cleons in low-momentum states to result in events that can mimic the break-up of an
SRC pair [42—-44]. These effects may include single charge exchange (SCX), in which
charged pion exchange between the struck nucleon and another nucleon causes them to
switch isospin projections; elastic and inelastic nal state interactions (FSIs), recoil events
in which a knocked-out neutron interacts with other nucleons before leaving the nucleus;
meson-exchange currents (MEC), in which the virtual photon interacts with a meson ex-
changed between two mean eld nucleons, imparting momentum to them such that they
appear to be an SRC pair; and isobar currents (IC), in which the struck nucleon goes into
an excited state that decays via meson exchange, leading to a second ejected nucleon [13].

There are ways of signi cantly reducing the impact of non-PWIA mechanisms in SRC
event samples. For example, observables formed from cross section ratios are more ro-
bust to FSIs than absolute cross sections [38, 45, 46]. Additionally, theoretical calculations
have identi ed regions of kinematic phase space in which background processes are min-
imized [40,41,47]. We can thus apply event selection criteria (informally called “cuts”)
to identify events in which the scattering kinematics make it very likely that the observed
nucleons originated from SRC pairs.

Event selection criteria may be chosen by examining the reaction kinematics in an
Eikonal approximation, which assumes large incoming probe momentum and a small re-
scattering angle, in a Glauber framework [15, 30, 38,40, 41, 46,48]. The Eikonal approx-
imation is applicable at higp?, high Bjorkenx, and high lead momentum. In these re-
stricted kinematics, the impact of FSIs is greatly reduced. Additionally, requiring high
Q? decreases the contribution from MEC [49, 50], and isobar currents are suppressed by
choosing events with highkg, where energy transfer is reduced relative to momentum

transfer [40,41].



One additional tool to identify and reduce contributions from isobar con gurations is

to consider the two-nucleon missing mass, which is de ned by

b
M miss mmN EL CF przniss ; (2)

wheremy is the nucleon mass. Becaudk,ss represents the mass of all particles in the
event besides the scattered electron and leading nucleon, it will peak at the nucleon mass
for hard breakup of an SRC pair. This indicates that the missing momentum is balanced
by a single recoil nucleon. Events with missing mass signi cantly higher or lower than the
nucleon mass may therefore be eliminated.

These kinematic selection criteria do not completely eliminate the impact of FSI. One
particular challenge is single charge exchange, in which the struck nucleon and another
nucleon ip isospin projections through exchange of a charged pion, an effect which will
be addressed in Chapter 4.

In summary, the kinematic event selection procedures described above have been care-
fully developed in collaboration between theorists and experimentalists, and they have been
used in several Jefferson Lab analyses [7, 11,13, 14,27, 35,36]. While nal state effects
are not eliminated by this procedure, they are suppressed to a suf cient degree to learn
about the properties of SRCs through a number of different observables. These include
their center-of-mass momentum distribution, their isospin structure, and their universality

across different nuclei.

1.1.4 np Dominance

One of the salient characteristics of SRCapsdominance [51], the strong preference for
pairs to form between a proton and a neutron rather than between two protons or two neu-
trons, more than would be expected from simple pair combinatorics. In a non-relativistic
view of nucleon-nucleon pairs, the origin op-dominance lies in the tensor part of the

NN interaction, which favors a spin-1 con guration. More detail about the tensor term

9



is given in Appendix A. At distance scales where the central part oNtNeinteraction
transitions from long-range attraction to short-range repulsion—comparable to the separa-
tion distance of nucleons in SRC pairs—the tensor component plays a signi cantly larger
role than the scalar component [52]. Due to Pauli exclusion, SRCs are mostly composed
of spin-1pn pairs in an isospin singlet con guration, or spin-0 pairs in an isospin triplet.
Theory calculations with varioud N potentials such as AV18 [53] and?NO [54] show

that, for two nucleons in a spin-0, isospin-1 con guration, includipgairs, the two-body
momentum distribution has a node at a momentum of approximately 400dsNile the
spin-1, isospin-0 con guration does not [15, 52, 55-57] pggpairs are most suppressed
relative topn pairs at momenta of 300-600 MedA#

It should be noted, however, that recent developments have added nuance to the concept
of making predictions about SRC behavior basetldh interaction models. Using unitary
freedom, one can shift the physics of SRC physics from the nuclear wavefunctions to in-
teraction operators by changing the resolution of the renormalization group (RG) [58, 59].
On the one hand, at high RG resolution, the nuclear wavefunctions include a complicated
ground state with a high-momentum tail and are acted on by a simple one-body operator.
In this picture, a “hard” Hamiltonian mixes high-momentum components into low-energy
ground states. On the other hand, at low RG resolution, complicated many-body operators
act on a simple ground state with a reduced or absent high-momentum tail. In this picture,
a “soft” Hamiltonian has a ground state wavefunction with the largest momentum approx-
imately equal to the Fermi momentum. These two pictures are extremes on a spectrum of
RG resolution. The measured cross sections are the same, regardless of RG resolution, and
can be used to constrain theoretical calculations in either picture.

Noteworthy experimental observations of the dominanagpgbairs included work by

the EVA Collaboration [8] at Brookhaven National Laboratory, usmgppgandpp; pprg

3In symmetric nuclei, isospin symmetry suggests tiatpairing should be similar tpp pairing. Very
few experiments examinen pairs due to the extreme technical dif culties of detecting both neutrons, and
we choose not to study them in this dissertation.

10



reactions in carbon to show that, in the vast majority of cases, high-momentum protons
are accompanied by a correlated neutron with equal and opposite momentum. Shortly
after, Subedi et al. [9] published results from a high-resolution experiment at Jefferson Lab
studying the*?Cpe; €ppgand*?Cpe; €pngchannels. They found thap pairs were nearly

20 times as abundant pp pairs in?C.

Studies ohp in dominance in asymmetric nuclei were made possible by the availability
of old data from the CLAS Collaboration at Jefferson Lab, the analysis of which was sup-
ported by a data mining initiative [60]. There were a limited number of experiments, with
limited statistics and a limited choice of targets. One of the most productive was the eg2
run period in 2004, which used a 5.014 GeV electron beam incident on liquid D and solid
Al, Sn, C, Fe, and Pb targetsFor example, Hen et al. [27] used data from eg?2 to study
pe; €pgandpe; €ppgin nuclei with varying degrees of neutron exc&s&Z from symmet-
ric carbon to asymmetrié®®Pb withN{Z  1:54. They showed that the percentage of
high-momentum protons with a correlated proton remains approximately constant across
the selected nuclei, independent of neutron excess.

Using the same data set, Duer et al. demonstnagpedbminance in asymmetric nuclei
by explicit detection of neutrons [35]. More speci cally, this study of quasielastic single-
nucleon knockout from electron scattering experiments on nuclear target# fieegpq
and Ape; €ng demonstrated that protons in neutron-rich nuclei are over-represented com-
pared to neutrons in initially high-momentum states, which are typically due to short-range
correlated pairs [8, 31]. The study also examined nucleons in initially low-momentum
states, which can be treated as uncorrelated and moving in a mean eld created by the
other nucleons in the system. The results of Duer et al.'s study are depicted in Figure 3.
The goal of the study described in Chapter 3 is to explore the continuation of the trends in
this gure to a light, proton-rich nucleus.

Duer's study [35] made use of two observables, both of which use ratios of the yields

4The original purpose of the experiment was to study hadronization and color transparency. To date, the
analyses using eg2 to study non-SRC physics have been published in Refs. [61-65].
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Figure 3: Results of data mining study, showing gures from Ref. [35]. Left: The ratio of leading neutrons to
protons in low- (green circles) and high-momentum (magenta triangles) states. Right: The ratio of nucleons in
high-momentum (SRC) states to low-momentum states for protons (red circles) and neutrons (blue squares).
The solid rectangles show the range of predictions by a phenomenologidaiminance model for proton
(red) and neutron (blue) ratios [27, 66]. (Although thaxis is labeled as “high-momentum fraction” as in
Ref. [35], the quantity shown in the right-hand subplot of this gure is indeed the ratio of high-momentum to
low-momentum nucleons, not the ratio of high-momentum nucleons to all nucleons.)
Ape; eng and Ape; €pg as estimators of the ratios of cross sections describing the mo-
mentum states of protons and neutrons in the nucleus. The rst observable, shown in the
left-hand subplot of Figure 3, is the ratio of the yieldsqe; enqandApe; énqgfor various
nuclei of mass numbek, normalized to the electron-neutron and electron-proton scattering
cross sections, and ,. This quantity describes the relative abundance of neutrons and
protons counted in either high-momentum or low-momentum states. The analysis demon-
strated, as expected, that the abundance of low-momentum nucleons increases roughly with
N{Z, whereN is the number of neutrons amtlis the number of protons. On the other
hand, the ratio of high-momentum neutrons to protons stays approximately constant even
with increasing neutron excess. This indicates that protons become more likely to appear
in high-momentum states as the nucleus becomes more neutron-rich.

The second observable, depicted in the right-hand subplot of Figure 3, is the ratio of the
number of nucleons in high-momentum states to those in low-momentum states, normal-
ized to the same ratio in carbon. The study found that, while neutrons do not become more

or less likely to be found in high-momentum states for different valués{&, higher neu-

tron excess counter-intuitively increases the fraction of initially high-momentum protons.
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The over-representation of minority nucleons in asymmetric nuclei is sometimes called
momentum-sharing inversion and is supported by theory [55].

Duer's results can be understood in the context of the dominanue [dirs [9] among
short-range correlated nucleons. As the nucleus becomes more neutron-rich, there is greater
competition for protons in SRC pair formation, so a higher percentage of protons is found
in SRC pairs.

Experiments to continue mapping this trend of SRCs are underway in the CaFe exper-
iment (E12-17-005) at Jefferson Lab [67] and at the SRC experiment at JINR in Dubna,
Russia. They aim to extend Figure 3 to higher neutron excess, and to add more nuclei

betweerN{Z 1landN{Z 1.6, for examplel®C.

1.1.5 The Tensor-to-Scalar Transition

While pn pairs signi cantly outnumbepp pairs in aggregate, the ratio ph to pp pairs is
expected to change as a function of the momentum region being investigated. At shorter
and shorter nucleon separation distances, the tensor part bfNhéenteraction becomes
overwhelmed by the central force, which becomes strongly repulsive and begins to domi-
nate [15,51]. This is expected to lead to a “tensor-to-scalar transition” from an isospin-
dependent tensor-dominant interaction for nucleons with initial momentum of approxi-
matelypmiss 400MeV/c to an isospin-independent scalar-dominant interaction for nu-
cleons with momentum of approximatelpOOMeV/c. As a result, with increasingyiss ,
the relative number gin pairs for a given nucleus should decrease, and the relative number
of pp pairs should increase. In the high-momentum limit, where the scalar part Nfithe
interaction dominates over the tensor part, the abundance of pairs is expected to be equal
for all Pauli-allowed spin-isospin projections, leading topapn ratio of 1{2.

Experimental efforts to map this transition have looked for changpg{imandpn{p as
a function of missing momentum. As shorthand, we deppgp andpn{p to be the yield

ratiospe; €ppa{e; epgandpe; e€pnag{pe; €pg respectively, after corrections for detector ef-
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Figure 4: Experimental measurements of the predicted ratiaspdp pairs andpp{p pairs in a'?C target
compared to theoretical predictions using the Generalized Contact Formalism (introduced in Section 1.2),
assuming either the AV18IN interaction [53] or arNN interaction derived from chiral effective eld
theory at the NNLO level [54]. Figure taken from Ref. [14].

ciencies, background, and other effects.

Previous measurements of these two quantities are shown in Figure $p{heea-
surement from Ref. [13] is shown along with the{p measurement from Ref. [14]. For
intermediate momentap pairs strongly dominate oveap pairs, but in the limit of high
Pmiss » the abundance of each isospin composition reduces to that expected by simple pair
counting: 1/3 fompp{p and 2/3 fomp{p.

The evolution opp{p shown in Figure 4 was obtained by measurdq®; €ppg{Are; €pq
for C, Al, Fe, and Pb in Ref. [13]. However, measurementgmére susceptible to back-
ground from single charge exchange reactiongprobr np pairs. Events categorized as
pp may have originated gm pairs in which the neutron swapped isospin projections with
another proton through the exchange of a charged pion. This is especially concerning since
pn pairs are an order of magnitude more abundant th@apairs at momenta near 400

MeV/c. This effect brings th@p{p measurement's reliability into question particularly at

large pmiss , Where few SRC pairs occur. It is possible that the increagpfip is simply
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due to SCX and not to a true transition in tN&l interaction.

pn{p is a complementary measuremenipigp, which, although more ambitious due
to the experimental challenges of neutron detection, is crucial because it is signi cantly
less sensitive to contamination from SCX reactions. Becapgaairs are so much less
abundant thapn pairs, thepn channel is less likely to be contaminatedgyyN pn SCX
interactions than thep channel is to be contaminated by N pp interactions [14, 46].
(See also Ref. [36] and Chapter 4 for more information about the probabilities of SCX for
the different types of SRC pairs.) A measurement of decregsifig would demonstrate
that the previous measurementpf p was made without signi cant contamination from
SCX and other FSis.

Two previous studies extracted{ p from quasielastic electron scattering data. Ref. [11]
studied theee; €pg, pe; €ppg andpe; Epnqreactions to measure bopip{p andpn{p in *“He
in Hall A at Jefferson Lab. Unfortunately, the study suffered from large statistical uncer-
tainties due to limited spectrometer acceptance. Another study [14], the results of which
are shown in Figure 4 along with theoretical predictions, used CLAS data with improved
results, although the measurement is still consistent with a constant vadogoofFor both
studies, the large uncertainties preclude any de nite conclusions about the onset of the re-
pulsive core. To date, no analysis has reported simultaneous measuremgep(ts and
pn{p with a statistically signi cant change in both quantities across the momentum range,
and the possibility that the observed increasepfp is simply a result of SCX remains.
This is the problem that | will address in Chapters 4— 9 by countimgndpn pairs in a

recent Jefferson Lab experiment.

1.1.6 Signi cant Open Questions

Though short-range correlated pairs have long been theorized, experimental observations
of their characteristics are a fairly new development, and much remains to be learned about

the formation, behavior, and characteristics of correlated pairs. At Jefferson Lab, the CLAS
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data mining initiative for SRC research [60] has yielded many signi cant results [7,13, 14,
35, 68] and also sparked more questions. New experiments, such as the Nuclear Targets
Experiment at Jefferson Lab [69], seek to bring SRC research into a new era by (1) making
high-precision measurements of previous ndings, (2) choosing targets to answer questions
which the data from previous targets could not answer, and (3) searching for predicted
phenomena which were unable to be observed in the statistically limited SRC samples in
CLAS experiments. For example, the search of correlations between three nucleons and a
study of howpp{p depends oi®Q? are underway at the time of this writing.

Data mining studies in the eg2 experiment revealed clear trends in SRC properties for
different nuclei, but it is not clear whether these trends are a function of nuclear mass
number or neutron excess. BecaédsandN {Z are positively correlated for C, Al, Fe, and
Pb, the likelihood of protons to appear in high-momentum states may increase either with
A or with N{Z; the data is not suf cient to distinguish between these two possibilities.
The recent CaFe experiment at Jefferson Lab and the Nuclear Targets Experiment have
both chosen targets speci cally to decouple these quantities. For exaffipke,*¢Ca,
and“Ar in the Nuclear Targets Experiment are all of similar size but vary substantially in
N{Z. Additionally, until now, the behavior of the trend fok{Z 1, that is, for proton-
rich nuclei, has not been known. Another experimental push has been to stuthyethe
system [28, 39, 70], the only stable nucleus WwitfZ 1. My work in Chapter 3 extends
Duer et al's trend tdHe and compares it to the symmetric nucléds.

As described in Section 1.1.5, theory predicts that the degree to whighirs outnum-
berpppairs should change as a function of missing momentum, which is often referred to as
the tensor-to-scalar transition. However, observations of the changing dominance are com-
plicated by the presence of nal state interactions (FSI), particularly SCX, as described in
Section 1.1.5, and limited by the statistical uncertainties of previous experiments. The sec-
ond major goal of this dissertation, therefore, is to demonstrate the wanmpgoiminance

for high initial nucleon momentum. This work is described in Chapters 4-9.

16



Additionally, because most SRC experiments have used electron probes, it is possible
that some observed qualities of SRCs are probe-dependent. To rule out this possibility,
or to explore how the probe selects for particular SRC qualities, experiments are under-
way to con rm and expand upon past ndings using other probes. For example, a recent
experiment at Jefferson Lab used a photon beam [33] for the rst time in an experiment
designed to observe SRCs. The results of the photon beam experiment will explore alter-
native reaction mechanisms and test the limits of factorized models. This is an important
open question, but it is beyond the scope of this dissertation.

Finally, theorists have long predicted the existence of 3N SRCs, composed of three
nucleons rather than two [71, 72]. They are expected to occur even more rarely than 2N
SRCs, and experimental evidence of their existence remains elusive [73]. The Nuclear
Targets experiment at Jefferson Lab produced roughly an order of magnitude more SRC
events than previous experiments analyzed in the data mining initiative, so it is possible that
the quest for 3N SRCs may soon yield results. The detection of 3N SRCs requires reliable
neutron detection, which is experimentally challenging, and work described in Chapters 6

and 7 contributes considerably to neutron detection in the Nuclear Targets Experiment.

1.2 The Generalized Contact Formalism

A powerful tool aiding in the interpretation of SRC experiments is the Generalized Contact
Formalism (GCF) [57, 74, 75], a theoretical model for short-range correlations, inspired
by a contact formalism used to analyze the properties of another strongly-interacting sys-
tem: ultracold Fermi gases [76—78] [76—78]. In Chapter 4, | will use the GCF to create
simulations predicting homp dominance changes with increasing nucleon momentum.
Therefore, | present a brief summary of it here, including its two forms: the non-relativistic
instant form and semi-relativistic light cone form. More details on the GCF can be found

in Ref. [79].
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1.2.1 Summary

The Generalized Contact Formalism (GCF) is a factorized, scale-separated model of short-
range correlations among nucleons. Theoretical studies have long predicted that the be-
havior of high-momentum correlated nucleon pairs can be described using a factorized
wave function based on the relative and center-of-mass momentum distributions of the
pairs [80, 81].

Despite its drastic simpli cation of the problem of describing correlations in a quantum
many-body system, the GCF is surprisingly effective at reproducing the results of one- and
two-nucleon knockout reactions in the SRC regime [13,14,79,82,83]. These include exper-
iments using both high-resolution, low-acceptance spectrometers [79] and large-acceptance
detectors [13, 14,82, 83]. It has even performed well in describing proton scattering in in-
verse kinematics [34], and preliminary results in photo-production from SRC nucleons are
encouraging [84].

The GCF predicts that, at high missing momentum,gepN g scattering cross sec-
tion approximately factorizes according to three distinct momentum scales: (1) the high-
momentum scale, typically greater than 1 Ge\de ned by the momentum transferred to
the nucleus by the probe; (2) the medium-momentum scal@)G-1000MeV/c, describ-
ing the relative momentum between the correlated nucleons; and (3) the low-momentum
scale, on the order of 100—-150 Me&ydescribing the center-of-mass momentum of the pair

with respect to the rest of the nucleus. The differential cross section then takes the form

d ep K ) Ca P&.pRed P&upPRmG (3

a

where ¢, is the cross section for an electron to scatter from an off-shell proton in the
nucleus,K is a kinematic factora represents the possible quantum numbers for an SRC
pair being struckC, is the contact term, i.e., the abundance of pairs with quantum numbers

ain the nucleusPZ,.pae qis a distribution of the relative motion of the nucleons in a pair
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of typea, andP&,, prmqis a distribution of the center-of-mass motion of a pair of tgpe

The relevant kinematic quantities for this cross section are shown in Figure 5.

Figure 5: lllustration of the quantities involved in the GCF, including the scattered electron, virtual photon,
initial and residual nuclei, and correlated nucleons. Vector quantities are shown in bold. The blue dashed
lines indicate the separation into three momentum scales. Adapted from gure by Axel Schmidt.

This model of the probe-nucleon interactions, abundance of paired nucleons, relative
motion between nucleons, and motion of nucleons relative to the rest of the nucleus allows
us to predict the behavior of SRC pairs in an experiment. In the following discussion, we
will address the terms in this cross section in more detail.

For thepe; €ppg reaction, in which the struck nucleon is a proton, and the correlated
spectator is also a proton, the sum osawnly has one termpp pairs with spin-0 (Pauli
exclusion suppresses spin-1 pairs). Forpiepngreaction, the sum ovex includespn
pairs with spins 0 and 1.

There are multiple approaches to specifyifgy. andP§,,, depending on assumptions
made [79]. Both the center-of-mass and relative momentum distributions depend on the
initial momentum (prior to the scattering reaction) of the struck nuclegrgnd the initial
momentum of the spectator nucleg®, Two principal approaches, instant form and light
cone form, are detailed in the subsections below.

The GCF requires several model inputs, including the contact for each set of nucleon
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pair quantum numbers, a speci cation of the center-of-mass momentum distrilR&jpn
a speci cation of the residual excitation energy of th®  2q system, and, critically,
a speci cation of the two-body relative momentum distributiBf,.. Typically, P2,. is
determined from the zero-energy solution to the two-body &tihger Equation, assuming

a model for theNN potential.

1.2.2 Instant Form

For a proton with initial momenturp, larger than the Fermi momentukg, initial en-
ergyEq, and a correlated partner, the spectral funcépp; ; E1qis a weighted sum of the

spectral function§, of the possible spin-isospin con gurations of the SRC pair [75],

Spi;E1q  CaSapi;Eig (4)

a

where the sum over quantum numbaiacludes the spin singlet, isospin triplet statgpf
pn, andnn pairs as well as the spin triplet, isospin singlet statpropairs. The spectral

function for each con guration is de ned as

»
17 dn
4 @

Samp1; E1q | °pRedfPEuPRMOPE1 E2 Ea 2 MaG (5)

where 2ppe qare universal asymptotic two-body wavefunctions de ning the relative mo-
mentum distributiorP 3. pge qOf pairs in the nucleus? &, paemqis the pair center-of-mass
distribution, E; 2 g2 m? is the energy of the spectator nucleon in the paj, »

is the excitation energy of the residy#l  2qsystem, anan, is the mass of the target
nucleus. The proton spectral functiBris normalized to the total number of protons in the
nucleus.

If one considers two-nucleon knockout, then the GCF predicts an eightfold-differential

pe; €pN gcross section
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whered ¢ is the solid angle opre;, en IS the off-shell electron-nucleon cross section
(for example, the ccl expression of Ref. [37]), ahd.:, K, andE} are the solid angle,

momentum, and energy of the scattered electron, respectively.

1.2.3 Light Cone

In Chapter 4, | adopt the “light cone” GCF speci cation of Ref. [79] to simulate the tensor-
to-scalar transition, since it attempts to handle relativistic effects, which are important for
nucleons moving with momenta approaching 1 &eVin light cone coordinates, four-
momentum vectorgd®; pt; p?; pgare represented in terms of transverse compongats,

m'; p?q as well as plus-momentum and minus-momentum compopentsp®  p3. We

use p {m, wherem ma{A, to represent the fractional minus-momentum; for
example, we usecy to represent the fractional minus-momentum of the center-of-mass
of the pair. In the light cone GCF speci cation, the 8-fold differential cross section for the

pe; €pNqreaction can be written as

d® 1 . LCia plLC;
C. P pLia. 7
d adPpndpa 4 g1 opmRp o, )
k

where 1 is the initial minus-momentum fraction of the struck nucleon prior to the collision.

Ref. [79] gives a light cone expression 18} as

s
LC;a 1 . my k? |~ap(q[2
I:)reI: E2 2 el FQ qg ' (8)

where| kqf is the universal relative momentum distribution for nucleons in an SRC pair

with quantum numbers, calculated by solving the two-nucleon Sgtiinger equation for
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zero-energy with a given nucleon—nucleon potential [75], largdgiven by

2 2
mN preI;K 2

k2 m2 : 9
rel pz reld N ( )

Following Ref. [79], we assume that the center-of-mass distribution of Eq. (3) is well-

modelled by a Gaussian distribution in light cone coordinates,

*

2 2
PLC;a M A 2 m pz CMCf ‘pcm;K

exp ; (20)
TR e 28

with a single parameterd,, governing the width of the distribution [7]. Herex 2, cm,
and ¢ represents the minus-momentum fractions offhe 2gqnucleons, the pair center-
of-mass momentum, and the pair relative momentum, respectively.

For the simulation work in Chapter 4, | use the light cone formulation of the GCF, a
semi-relativistic version of the GCF based on the light cone formulation of Refs. [80, 85,
86]. Despite the use of relativistic light cone wavefunctions, many aspects of the light cone
formulation of the GCF remain non-relativistic, particularly the constructid®gf* from
a non-relativistic two-body wavefunction. | would ideally use a fully relativistic model for

SRC pair interactions, but at the time of this writing, such a theory has not been developed.

1.3 Data Mining and Simulation of SRCs in Light Nuclei

Part of this dissertation, described in Chapter 3, aims to expand upon Duer's work in
Ref. [35]. Until now, the relative abundance of protons and neutrons in high-momentum
and low-momentum states had only been mapped for neutron-rich and symmetric nuclei.
In this dissertation, we study for the rst time whether the opposite behavior occurs in
proton-rich nuclei, namely, whether neutrons are disproportionately represented in high-
momentum states.

The trend observed by Duer would lead one to expect neutrons and protons to be equally

likely to be in high momentum states duefjodominance, while neutrons should be half as
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abundant as protons in low-momentum states bedsy&e 1{2 for 3He. Similarly, we
expect protons to be half as likely to appear in high-momentum states as in low-momentum
states, and we expect neutrons to be equally likely to appear in either high-momentum or
low-momentum states.

Additionally, Duer's results for large nuclei could not be comparedtianitio theoret-
ical calculations at the time. With the development of more advanced models for nuclear
wavefunctions [87], it is now possible to compare the measured relative abundances of
protons and neutrons in high- and low-momentum states to the abundances expected from
nuclear models.

Chapter 3 describes an analysis in which we replicate the work of Duer et al. in light
nuclei. The goal of this study is two-fold. First, we aim to determine whether the behavior
observed by Duer [35] is mirrored in the proton-rich nucl&ds, that is, whether neutrons
are over-represented in high-momentum states, and whétleedisplaysnp dominance
over a large region of SRC kinematic phase space. Second, we aim to compare the experi-
mental results to expectations based on theoretical calculations.

We use data from an electron scattering experiment Hreatarget to investigate the
behavior of low-momentum and high-momentum nucleons in a proton-rich nucleus. The
data for this study were taken in 1999 at the CLAS e2a experimatdiefferson Lab. e2a
used3He, “He, and C targets with a 4.4 GeV incident electron beam. The old CLAS
detector, a large-acceptance spectrometer at Jefferson Lab, is described in more detail in
Section 2.3.

Additionally, we simulate quasielastic breakup’fe to compare the measurements to
theoretical predictions. Chapter 4 describes how we perform Monte Carlo simulations with
three-body spectral functions based on the Fadeev equations [87], implemented in a custom
unweighted quasielastic event generator under the plane-wave impulse approximation. We

model acceptance in the CLAS detector using acceptance maps. The generated events are

5Other published studies using e2a data can be found in Refs. [45,88-92].
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analyzed, as much as possible, in the same manner as the data. The simulation work is
described in Sections 3.3 and 3.4.

We nd that neutrons are indeed disproportionately represented in high-momentum
states in the proton-rich nucledsle. However, the ratio of neutrons to protons in high-
momentum states falls short of the expected value of unity, indicatingathddbminance
is not as strongly present in this light nucleus as in the heavier nuclei studied by Duer.
Excitingly, in Chapter 3, we see excellent agreement between the measurements and the
theoretical predictions, indicating that the observed properties of SRC pairithtgican

be understood as a result of the 3 wavefunction.

1.4 The Tensor-to-Scalar Transition

The majority of this dissertation describes the analysis of data from an experiment con-
ducted at Jefferson Lab in 2021-2022. The analysis aims to make a simultaneous mea-
surement opn{p andpp{p in 2C with a 6 GeV electron beam. Due to the novelty of the
experiment, the complexity of the analysis, and the technical dif culties associated with
neutron detection, | describe the work over multiple chapters. The project naturally divides
into several sub-tasks, most of which are allocated their own chapter.

Chapter 4 describes how Monte Carlo simulations using the cross sections of the Gen-
eralized Contact Formalism were performed to determine how the gp{gsand pn{p
would be expected to change as a functiopgfs given the acceptance of the CLAS12
spectrometer. We corrected the andpp yields given the effects of SCX in order to esti-
mate how signi cantly this effect would change the experimentally observed pair ratios.

Chapter 5 describes the particle identi cation and quality selection for charged parti-
cles, namely, the scattered electron, leading proton, and recoil proton.

Detection of the recoil neutron is considerably more involved than detection of the
charged particles. Therefore, | devote the next two chapters to that topic alone. In Chap-

ter 6, | describe my measurement of the neutron detection ef ciency of the CLAS12 Central
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Neutron Detector, which is the CLAS12 subsystem that | use for neutron identi cation. The
ef ciency measurements are necessary for obtaining accuracy coymgpairs relative to
pp pairs.

Additionally, the geometry of the CLAS12 detector makes it possible for a signi cant
number of recoil protons to be misidenti ed by the CLAS12 reconstruction software as
neutrons. Therefore, in Chapter 7, | describe a machine learning (ML) model that | devel-
oped to distinguish neutrons from protons based on detector hit information, such as hit
multiplicities and energy depositions. | developed and trained the machine learning model
rst using simulated neutrons and protons, and then using the hard breakup of deuterium.

In Chapter 8, I illustrate the event selection criteria used to isolate SRC events using the
scattered electron and leading proton, as was introduced in Section 1.1.3. In this disserta-
tion, | use data from a 6 GeV electron beam incident on a solid multi-foil carbon target.

In Chapter 9, | discuss thep{p and pn{p observables. | describe the recoil nucleon
event selection, calculate the recoil proton ef ciency in order to obtain accyaie
counts, and address several sources of background in the neutron sample. | also describe
my systematic error analysis.

The measurement @p{p is in good agreement with the result described in Ref. [13]
and provides an important independent con rmation of that nding. As one of the rst
SRC analyses to be completed in CLAS12, the measurement of incregémgalescribed
in Chapter 9, also demonstrates a body of work (including calibrations, particle identi ca-
tion, and event selection, as described in Chapters 5 and 8) that my colleagues and | have
performed to pave the way for future SRC analyses.

The measurement @n{p, described in Chapter 9, is in agreement with the expected
result at highpmiss but disagrees at loywn,iss . We suspect that the machine learning model
of Chapter 7, which showed excellent results in development when trained on simulations
and deuterium data, may not have suf cient performance across target types to distinguish

neutrons from protons with high delity in the measurementpofp in carbon. More
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testing will be needed by the next generation of scholars to determine whether machine
learning is a reliable method for reducing charged particle contamination in this detector.
Nevertheless, this dissertation has contributed to understanding neutron detection in the
Central Neutron Detector, both through measurement of the ef ciency and through the
identi cation of multiple sources of background. The Central Neutron Detector is a very
new detector, installed in Fall 2017, and at the time of this writing, no results using it have
been published. Chapters 6 and 7 provide a valuable foundation for future analyses using

neutron detection in CLAS12.

1.5 Organization of this Dissertation

In Chapter 2, we describe the Jefferson Lab Hall B experimental setup, both in its previous
con guration as CLAS and in the current con guration as CLAS12. Chapter 3 gives the
analysis procedure and results for a data mining and simulation study in which we explore
whether the trends observed in SRCs from large neutron-rich nuclei extéHe tdhe re-
maining chapters are all connected to the task of measppgimandpn{p using data from

the Nuclear Targets Experiment. Chapter 4 describes a simulation of the observables we
will use to map the tensor-to-scalar transition in the Jefferson Lab experiment. Chapter 5
illustrates identi cation of charged particles in our experiment, namely, electrons and lead-
ing and recoil protons. Chapters 6 and 7 provide our methods for counting recoil neutrons,
the former by carefully measuring the neutron detection ef ciency and the latter by reduc-
ing charged particle contamination in the neutron sample. Chapter 8 gives our selection of
events in SRC kinematics. Finally, Chapter 9 shows how we spleeind pp pairs and

obtain the nal results.

1.6 A Note on Collaboration

The advancement of physics occurs with much discussion, collaboration, and delegation

between scientists, and therefore, almost every presentation of results will include the work
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Figure 6: The CLAS Collaboration, March 2023, Paris, France.

of multiple individuals. In this dissertation, | have focused on describing in detail the work
which | have personally done. To the degree that my work is part of larger projects, and it
becomes necessary to describe work done by others (Chapters 3 and 5), | have sought to
describe the work of my collaborators succinctly and with proper attribution. Therefore, the
beginning of each chapter contains a short description for the distribution of labor for the
results presented in that chapter. The use of the plural pronouns “we,” “our,” and “ours” in
describing these projects is due to the convention of scienti c literature and to acknowledge
the role that my collaborators have played in making this work possible.

One should also note that the analyses performed in this dissertation use data owned by
the CLAS Collaboration, shown in Figure 6. The analysis in Chapter 3 has been approved
by the collaboration, but the work in Chapters 5, 6, 7, 8, and 9 should be regarded as

preliminary from the perspective of CLAS Collaboration approval.
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1.7 Connection to Other Published Works

In portions of this dissertation, | have used text and gures that | produced to present my
results in other documents, including a published paper, and several CLAS Collaboration
internal analysis notes.

The analyses and results in Chapter 3 and Section 1.3 also appear in an internal analysis
note that | co-wrote, and which has been reviewed and approved by the CLAS collabora-
tion. A paper containing these ndings is also in preparation for submission to a scholarly
journal.

Chapter 4 and portions of the background information in Sections 1.1 and 1.2 are
adapted from an article, E. M. Seroka and A. Schmidt, “Predicted measurements of the
tensor-to-scalar transition in the CLAS12 Nuclear Targets Experimé&hg’ European
Journal of Physics A2023) [93]. | led both the research and writing in that publication.

At the time of this writing, Chapters 5, 6, 7, and 8 have been adapted from an internal

analysis note which | co-wrote and which is undergoing review by the CLAS collaboration.
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2 Experimental Setup

2.1 The Thomas Jefferson National Accelerator Facility

The Thomas Jefferson National Accelerator Facility (TINAF), located in Newport News,
Virginia, and commonly referred to as Jefferson Lab or JLab, is one of the preeminent lab-
oratories for nuclear physics research, including studies of short-range correlations. The
facility uses an electron beam of up to 12 GeV produced in the Continuous Electron Beam
Accelerator Facility (CEBAF). Four experimental halls, lettered from A to D, house ex-
periments with specialized capabilities and purposes, allowing for a multi-faceted study
of the structure and behavior of nuclear matter. Halls A and C host high-resolution, low
acceptance-spectrometers for electron scattering experiments, and Hall D is equipped to
produce a real photon beam. Hall B houses a high-acceptance, low-resolution spectrome-

ter which provides the data for this dissertation.

2.2 CEBAF

The Continuous Electron Beam Accelerator Facility, shown in Figure 7, is a superconduct-
ing high-current electron accelerator that supplies high-energy electrons to the experimen-
tal halls. CEBAF is comprised of two parallel linear accelerators (LINACSs) joined by a set
of re-circulation arcs to form a racetrack shape. The LINACs use superconducting radio-
frequency cavities to accelerate the beam, increasing the electron energy by approximately
2 GeV on each successive pass. From 2010 to 2017, CEBAF underwent a $338 million
upgrade to increase the electron beam energy from 6 GeV to a maximum of 12 GeV and to

add an additional experimental hall, Hall D, with the capability for a photon beam.

2.3 The CLAS Detector (1998-2012)
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Figure 7: The Jefferson Lab CEBAF, showing the changes made during the 12 GeV upgrade. Figure from
Ref. [94].

The original Hall B detector, named CLAS (CEBAF Large Acceptance Spectrome-
ter) but sometimes called CLAS6 due to the 6 GeV beam energy limit, ran from 1998 to
2012, using both photon and electron beams. Many foundational experimental SRC stud-
ies [7,12-14, 27, 35, 36, 95] resulted from a data mining initiative using CLAS data on
nuclear targets. The CLAS detector, shown in Figure 8, was a large-acceptance spectrome-
ter several meters in diameter, capable of accepting electron beams up to 6 GeV in energy.
CLAS consisted of a toroidal magnet and several detector subsystems, of which those that
are relevant to this work are described here.

The torus magnet consisted of six superconducting magnetic coils, made of NbTi and
cooled to 4.5K by circulating uid. The magnetic eld, ranging in strength from 0.5 to 2
Tesla, was in the azimuthal direction, de ecting charged patrticles only along the polar angle
direction. A smaller torus magnet inside the main torus helped to decrease background

from M ller electrons.
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