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Abstract

We propose a surgical measurement of short-range correlations (SRC), in inelas-
tic electron scattering via the two proton knockout reaction *He(e, €'pp)ng,. Such
correlations have a specific dynamical signature, in the ground state wavefunction
of the target nucleus, which bridges the gap between nucleonic and quark degrees
of freedom. As such, these measurements will provide severe constraints on existing
theoretical models which employ realistic N-/N potentials, while at the same time
providing the impetus for new calculations.

Our aim will be accomplished by separately measuring the longitudinal and trans-
verse parts of the cross section, for the first time, as a function of dynamical
observables, in an optimal kinemetical configuration. It is generally acknowledged
that the (e, e'pp) channel is an excellent candidate for probing SRC, however, the
experiment must be designed carefully in order to minimize competing processes.
This is best achieved by carrying out a Rosenbluth separation, in order to access the
longitudinal part of the cross section, where the SRC signature is the cleanest and
strongest. The optimal kinematical setting for such a measurement is that in which
the two ejected protons are parallel and antiparallel, respectively, to the momen-
tum transfer vector, and the energy transfer region of interest ranges from 500 to
900 MeV, with the missing momentum of the neutron confined to spectator
values. The *He nucleus has been selected because it is the lightest nuclear system
for which the reaction can proceed, realistic wavefunctions are available, and a triple
coincidence renders the experiment kinematically complete.

We propose to carry out these measurements using the two high resolution spec-
trometers in Hall A for detecting the scattered electron and the forward proton.
The second proton, at backward angles, will be detected in either a magnetic or a
scintillator-based, large solid angle proton detector. We request 436 hours of beam-
time at a beam current of 35 pA.



1 Introduction

Electromagnetic probes are ideal for the study of the hadronic structure of nuclei
and elementary particles. Indeed, electro- and photo-nuclear experiments have pro-
vided us with a wealth of information and have helped deepen our understanding of
subnuclear degrees of freedom.

With the advent of high energy, high intensity electron accelerators operating
with a continuous wave (CW) beam (nearly 100% d.f.), we are well poised to carry
out many important and very interesting experiments in this field, especially in the
transition region between intermediate energy and particle physics. Short Range
Correlations (SRC) is one such topic which has recently generated much interest in
the electromagnetic scientific community [1, 2, 3].

It is important to define the term SRC here, in the context of this proposal.
We are referring specifically to the short-range correlations driven by one-
body nuclear currents. These particular correlations correspond to an overlap of
the quark bags of the individual nucleons at extremely small internucleon distances
(ca. 0.5 fm); otherwise put, these correlations are associated with a process in
the ground state wavefunction of the target nucleus that involves a momentum
exchange with zero energy exchange. Basically, the two interacting nucleons
simply exchange quarks, and this process cannot be described by traditional meson
exchange, as evidenced by the difficulties that traditional boson exchange models
have in describing the short-range character of the N-N interaction. As such, SRC
bridge the gap between nucleonic and quark degrees of freedom.

The aim of this experiment is to measure the longitudinal and transverse response
functions in the 3He(e, ¢'pp)ng, reaction, as a function of dynamical quantities such
as energy transfer and relative momentum between the two ejectile protons, among
others. This approach will provide valuable (and severe) constraints to existing
theoretical models (see Section 2.2).

In this proposal, we are not seeking to investigate traditional two-body correla-
tions (2BC), such as meson exchange currents (MEC) or isobar currents (IC). These
2BC are relatively well understood, thanks to the wealth of data from pion and real-
photon absorption, as well as the recent measurements at NIKHEF and elsewhere
with virtual photons, and are subject of other experimental efforts at Jefferson Lab.
Although the 2BC measurements themselves provide valuable cross-checks for the
few-body calculations that may assist in the interpretation of the results of this
experiment, here, we have chosen kinematics so as to suppress 2BC and all
other mechanisms competing with SRC.

There are two approved experiments at Jefferson Lab with similar goals to ours
(E89-031 and E97-106). Due to the specific methodology in each case, neither will
access SRC in the direct manner employed here, but, nevertheless, they will provide
valuable, complementary results that may assist in the theoretical deconvolution
of the competing reaction mechanisms. The salient features of these two approved
experiments, and their comparison to ours, are presented in Appendix A.



2 Correlations in Nuclei

2.1 Contributing Mechanisms

The successes of electro-nuclear scattering experiments, in terms of the resultant
physics which has been extracted, are manifested in the simplicity and exactness of
the electron-nucleon coupling mechanism. The e-nucleon and e-nucleus interactions
are largely based on diagrams such as the one shown in Figure la, in which the
energy and momentum of the exchanged virtual photon is transfered to a single nu-
cleon, with the remaining (A-1) nucleons behaving as spectators. This mechanism is
perturbative and allows the separation of effects due to the reaction mechanism from
those due to nuclear structure, in the plane wave impulse approximation (PWIA)
framework.

Even in deuterium, however, the need for other diagrams arose in order to account
for the experimental data [4], such as IC like the A or N* resonances (Figure 1d)
as well as non-resonant MEC (Figure le). Additionally, final state interactions
(FSI) may become involved (Figure 1c). These FSI modify the four-momentum of
the struck nucleon, thus altering the flux in any particular kinematical region, and
complicate the interpretation of the results. The PWIA picture is not valid if FSI
are large.

The existence of traditional 2BC (Figures 1d and le) has been firmly established
in pion absorption measurements, spanning the last three decades. Recent real
photon absorption results confirm this [5, 6]. It should be noted that pion- and
real photo-absorption, at energies > 100 MeV, probe primarily N-N and N-N-N
correlations, due to the large momentum mismatch in these reactions. In addition,
evidence for correlations has also been found via the (e, e'p) reaction [7], in which
the incoming virtual photon was interpreted to interact with a correlated nucleon
pair. The characteristics of pions and real and virtual photons establish them as
complimentary tools in the investigation of two-nucleon interactions. For a more
detailed comparison of these probes, the reader is directed to reference [8].

However, none of these approaches distinguishes or is able to separate
SRC from 2BC (Figure 1b from Figures 1d, e). Theoretically, a re-examination
of (e, €'p) and other data from Bates by Schiavilla [9], based on Coulomb sum rules
and proton-proton correlations, has thus presented only indirect evidence for SRC,
because of this inability to separate the different contributions.

2.2 Theoretical Issues

The information obtained so far on correlations from (e, €'p) reactions has undoubt-
edly been instructive in many ways, but has not provided an unambiguous signature
of SRC, free from competing mechanisms. To achieve this, we need to study the
(e,€e'pp) channel, which is the best candidate for two-proton ejection investigations,
provided that the two detected protons are those which were initially correlated in
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Figure 1: Diagrams contributing to the *He(e, e'pp)n channel.

the ground state of the nucleus [10, 11]. This statement will be substantiated below.

As mentioned in the introduction, SRC bridge the gap from traditional to quark
degrees of freedom. Even though the following theoretical discussion, which is based
on nucleonic and mesonic degrees of freedom, is not a sufficient description of SRC
at all internucleon distances, it nevertheless is applicable to the lowest w-q region of
this proposal; i.e. it provides a framework for the interpretation of the data from
“one side of the bridge”. On the other hand, reliable theoretical calculations do not
exist for the higher w-q regime, nor do experimental measurements; it is hoped that
the results extracted from this experiment will provide the impetus to theorists to
develop an approach from the “other side of the bridge.”

In nuclear reactions, where two nucleons are emitted, information on the two-
hole spectral density function and the two-body density matrix [11, 12, 13] can be
obtained. From such investigations one hopes to extract the two-body density in
the ground state of the target nucleus. One popular approach, in this pursuit, has
been to employ correlation or defect functions [11, 14, 15]. These functions may be



of a central, spin-spin or even tensor form. The various models differ in their choice
of correlation function (soft- or hard-core), with a direct effect on the magnitude of
the cross section (e.g. [13]). In other models, the same effects are implicitly built
into the formalism [10].

As mentioned above, at the quark level, SRC manifest themselves as overlap
of the quark-filled bags. Theoretical calculations, based on nucleonic degrees of
freedom, do not look at things this way. The leading groups who calculate (e, e'pp)
cross-sections assemble a number of ideas. The interaction with the virtual photon
is well-understood, and more importantly MEC, IC, and FSI are treated completely,
by solving the scattering theory problem exactly. However, while the target spectral
function is calculated in an exact manner, at the heart of it is an N-N potential
that is phenomenological and based on meson exchange. As such, the short-range
character of the interaction is implicitly built into the N-N potential and cannot be
decoupled. As an illustration, though, we point to a recent comparison of theoretical
models based on realistic N-N potentials to *He(e, ¢'p)*H data [16]. In this paper,
the authors show that at high missing recoil momentum, the N-N potentials which
are known to describe short-range behavior well, fare better in the description of
the data.

Clearly, although the effect of SRC is not accounted for in an identical prescrip-
tion within the different theoretical approaches, this is not a concern for the work
proposed here since we aim to isolate the reaction mechanism of Figure 1b experi-
mentally. This is exactly where the strength of the proposed experiment lies: not
only will the magnitude of the longitudinal and transverse cross sections be mea-
sured accurately, but their dependence on dynamical variables will be extracted and
serve as a vital ingredient in discriminating between the various models.

In the (e,e¢’NN) reaction, one can describe the measured differential cross sec-
tion in terms of structure functions, which represent the response of the nucleus
to the longitudinal and transverse components of the virtual photon in the interac-
tion. These structure functions depend only on the kinematical quantities w, ¢ and
the angles between the momentum transfer ¢ and the individual particle momenta
P of the two emitted nucleons [13]. The transition matrix element in these func-
tions consists of the one- and two-body parts of the current operator, J") and J®),
respectively:

JH(F, Py, ) = JOR(E ) + JOR(F, ) + JOR(F, ) (1)

where 7, 7, 75 are the coordinates of the recoiling nucleus and the two ejected
nucleons, respectively.

Due to their nature, the two-body current operators, J®, include MEC and
IC terms and thus eject two nucleons that are correlated via 2BC. On the other
hand, the one-body operators, J!), which dominate in the longitudinal channel,
can contribute to two-nucleon emission only via SRC. As such, it is the one-body
operators in the (e, e’pp) channel which are behind the motivation of this
proposal.



2.3 Suppression of IC

It is generally accepted that SRC, driven by one-body currents, are linked to the
longitudinal component of the e-nucleus cross section. Thus, whereas the J®) cur-
rents are required for the description of (e, e’pn) and (v, pp) reactions [13] that are
predominantly transverse, the J() currents exclusively probe the longitudinal struc-
ture function of the reaction. This feature follows the fact that, in contrast to the
(e,€e'pn) channel, the transverse cross section in the (e, €'pp) reaction is strongly
suppressed due to three reasons [10, 11]:

e the pp pair has no dipole moments for the virtual photon to couple to;

e The meson in-flight terms of MEC currents do not contribute here (to first
order); and

e the formation of the intermediate A is suppressed, as the dominant J™ =
1*tpAT state can not decay in the pp channel.

These restrictions, on one hand, result in a small cross section for the (e, e’pp)
process, but on the other hand the SRC component in the nuclear wavefunction,
obscured otherwise, becomes accessible.

A strong endorsement for the above argument is provided by the TAGX results
shown in the right panels of Figure 2 [5, 6]. The upper panel of these displays
*He(7y, pp)nsp events associated with a spectator neutron (missing momentum con-
sistent with Fermi motion), labelled as 2N (pp) — two-nucleon absorption. The lower
panel, in contrast, contains the 3He(y, pp)n events associated with a neutron which
participates in the energy and momentum sharing, following three-body phase space
with a constant matrix element, and is appropriately labelled as 3N (three-nucleon
absorption of the photon). A missing mass restriction assured the elimination of
pion production events from both these channels in the analysis.

The transverse Ajy35 resonance is manifest in the lower-right panel, as well as in
the 3He(v, pn)p reaction with explicit detection of the neutron and with a spectator
proton [5], but is notably absent from the 2N(pp) panel. This is an unambiguous
indication that the pp channel is inherently free of transverse admixtures, even in
this extreme case of a purely transverse probe! This is obviously also the case for the
transverse components of higher lying A and N* resonances which decay into two
nucleons in this photon energy region. Furthermore, analysis of recent *He(~y, pp)ng,
TAGX data, at photon energies up to 1.1 GeV, has revealed complete absence of
any resonant benavior in the total cross sections [17].

It is evidently clear that the choice of the *He(e,e'pp)ns, channel (with a cut
on the missing mass to exclude pion production) naturally eliminates the 7N and
mN decay channels of these resonances. Moreover, the coplanarity built into this
experiment favors the acceptance of the (e,e’pp) SRC channel over that of any
resonant decay channels, which tend to populate the phase space over 4w, a fact
verified by Monte Carlo simulations that we have carried out. This was also a
contributing factor in the (v, pp) results from TAGX [6].
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Figure 2: Left panels: Momentum spectrum (a) of the observed neutrons (solid triangles) and
protons (open triangles), and unobserved protons (open circles) from the *He(v,np)psp reaction
over the entire E, range, and (b) of the slower proton among observed and unobserved protons at

E, =245+80 MeV.

Right panels: Total cross-sections as a function of incident tagged photon energy for (a) two-body
absorption leading to a pp final state and (b) for the three-body absorption leading to ppn final
state in the *He(vy, pp) reaction from reference [6]. The dashed line in (a) is from reference [19],
for photo-absorption on a pp bound pair assuming E?2 transition and pn-like radial wavefunction.

To reiterate, we note again the advantage of the *He(e, ¢'pp)ng, channel for the
pursuit of SRC: the transverse A;s3> and other higher lying resonances do
not contribute to this channel, effectively eliminating diagram 1d. Furthermore,
the unobserved neutron must conform to a spectator momentum, as illustrated in
the upper left panel of Figure 2, in order to to suppress the participation of all
three nucleons in the reaction. This is ensured by requiring that the missing
momentum in the reaction be consistent with that of Fermi momentum of
a single nucleon in 3He. This last point is supported by theoretical calculations,
as explained in the Section 4.

2.4 Effects of FSI

The question of FSI (Figure 1¢), and the associated modification of physics observ-
ables, is an issue for consideration. We assert that FSI comprise a small component
in the *He(e, ¢'pp)n channel. In addition, the selection of kinematics with one proton



parallel to ¢'and the other antiparallel, contributes further to the suppression of this
competing mechanism [18], even when compared in magnitude to the small SRC
longitudinal cross section. Evidence for this is supplied below. Here, and in the en-
suing discussion, we are referring exclusively to “hard” (N-N scattering) FSI. “Soft”
FSI, on the other hand, have the two nucleons travelling parallel to each other, and
are completely eliminated in back-to-back kinematics. Nevertheless, (hard) FSI cal-
culations will need to be applied towards the interpretation of the data, and such
calculations are reasonably advanced and reliable, over the entire dynamic range of
this experiment.

The assertion of diminished FSI is strongly supported by the expectation that
these processes are much smaller in *He than in large nuclei, and by data from
TAGX on *He(y, NN)p and *He(y, pp)n [5, 6], which show very little evidence for
FSI modifying the momentum distribution of the unobserved nucleon, as can be
seen in Figure 2. The absence of any significant high momentum components in the
left panel (b) of this figure is interpreted as lack of FSI, as the data can be described
well by the sum of the npA (two-nucleon absorption) and 3N A mechanisms alone.
Moreover, if FST were “leaking” into the pp channel (even at the 4% level), one would
expect the shape in the upper right panel to be similar to that in the lower right
panel, since the cross section in the latter is ten times larger. Similar conclusions
have been reached in pion absorption experiments on 3He [20, 21]. Indeed, in the
latter of these references, the summed contribution of FSI and 7-N initial state
interactions to the reaction cross section was a mere 6% [21]. Numerous other pion
absorption experiments have shown that FSI begin to become problematic for more
complex nuclei such as ?C (e.g. [22]).

On the theoretical front, “exact” calculations on *He support the argument that
the FSI contribution is small [23]. These calculations employ the Faddeev method
for calculating the ground state and continuum wavefunctions of *He, and apply
relativistic kinematics for the outgoing nucleons. In the kinematical domain of this
proposal, the FSI contribution for the *He(e, ¢'pp)n reaction is on the level of 10%
over all phase space. It follows that in the longitudinal and spectator-neutron part
of the phase space, specifically, the FSI contribution is expected to be negligible [18].

More recent calculations on the A = 3 system have made a significant step forward
in the treatment of FSI [24]. Specifically, the full calculations of ppn breakup from
3He using realistic N-N forces with full inclusion of all rescattering processes, and
including all relevant N-N force components, have been carried out. This procedure,
which employs the solution of Faddeev-like integral equations, can be used to check
the role of FSI via theoretical calculations. Depending on the kinematical conditions,
a significant deviation from PWIA may be observed, but at least now a reliable
theoretical treatment of F'SI is possible at energy transfers below 500 MeV. The
general trend is that FSI are diminished in importance, as the momentum transfer
increases. In addition, the back-to-back (with respect to ¢) nature of super-parallel
kinematics, severely suppresses NN — N'N' quasi-free scattering, which constitutes
the bulk of FSI, as this process peaks at 90° in the center of mass. Additional



suppresion factors arise from restrictions on the missing momentum, missing energy,
and the coplanarity between the three-momenta of the two ejected protons with
respect to the momentum transfer vector, i.e. on the quantity ¢ (pp, X pp,)-

Finally, theoretical N-N and 7w-N calculations are quite advanced. Indeed, ac-
curate N-N forces exist up to nucleon kinetic energies exceeding 1 GeV, and the
Glauber method is used reliably to calculate FSI even above 1 GeV [25]. All these
considerations justify the large values of ¢ and the choice of kinematics selected for
this work.

In summary, we contend that the *He(e, ¢'pp)ng, cross section does not contain
significant FSI, as evidenced by experimental measurements with real photons and
pions. The back-to-back kinematics, the L/T separation, and cuts in the offline
analysis further enhance the SRC component over that of FSI, as will be discussed
in Sections 3 and 4. What remains of F'SI can then be modelled by any of the groups
active in this field (e.g. [23, 24, 25]).

2.5 The Role of MEC

Traditional, non-resonant MEC diagrams involve the exchange of 7, p° and w mesons
(see Figure le). References in the literature (e.g. [10]) claim that the meson in-flight
terms of MEC altogether are suppressed in the pp channel. For the remaining terms,
the L/T separation will separate the transverse components of these exchange par-
ticles from the SRC contribution, as mentioned in Section 2.3. Theoretically, it is
not known whether these exchanges involve a longitudinal component, let alone how
large it is. In any case, reliable, Faddeev-type calculations exist for *He, and the
nature of 7-N and p°-N coupling is understood well enough to allow the determina-
tion of the longitudinal contributions of these processes. Finally, as far as the p°-N
and w-/N interactions are concerned — which are important ingredients at short dis-
tances — recent and proposed measurements on p° photoproduction in a number of
different nuclei [26, 27], will quantify the observed nuclear medium modifications of
the masses and coupling constants of the p° and w, and thus may lead to improved
p°-N, w-N, and in turn N-N amplitudes in nuclei.

2.6 Summary of Contributing Reaction Mechanisms

e Our aim is to isolate the SRC reaction mechanism (Figure 1b).

e The quasi-free mechanism (Figure 1a) is excluded, due to the coincident de-
tection of both protons and the scattered electron.

e FSI (Figure 1c) are strongly suppressed, due to the choice reaction channel,
target, kinematics, and analysis techniques.

e The IC channels (Figure 1d) are essentially eliminated, again due to the choice
of the (e, €'pp)ns, channel, the L/T separation, exclusion of pion production,

10



and the coplanarity of the reaction.

e MEC currents (Figure le) are suppressed for similar reasons to IC, and are
theoretically calculable.

The proposed measurement will be conducted in the *He(e, e'pp)ns,
channel. An L/T separation will be carried out, in super-parallel kine-
matics and at three values of w. These conditions render the experiment
as the ONLY experiment, proposed at Jefferson Lab so far which can di-
rectly access the small SRC component in the reaction. All other efforts
will provide useful, complementary information on this subject, but are
not designed to isolate SRC.

In the subsequent section, we summarize the state-of-the-art (e, €’pp) channel
measurements from NIKHEF, and apply the knowledge obtained to the choice of
kinematics in Section 4.

3 SRC Evidence from *He,'® O(e, e’pp)n

The first topical results from the medium-energy CW accelerators at NIKHEF,
Mainz, and Bates on a variety of nuclei, have provided significant data on cor-
relations in nuclei. As examples, we mention the experiments which studied the
exclusive 2H (e, e'p) at large missing momenta [28], as well as the semi-exclusive
12C(e, e'p) reaction [29]. The difficulties experienced in separating the various com-
peting reaction mechanisms is a fact admitted by the authors of these papers, and
they concluded that the most effective technique for enhancing the contribution of
SRC is to study the two-proton emission channel, (e,e’'pp). Indeed, this has been
the path that has been followed, as described in references [30, 31, 32, 33].

We begin the review of the recent NIKHEF 3He(e, €'pp)n experiments by exam-
ining the missing momentum of the residual (A-2)-system, p,,. This is an important
parameter in tuning the kinematics towards promoting the SRC component. In
Figure 3, we show the differential cross-section for the *He(e, e'pp)n reaction at
w = 220 MeV and ¢ = 305 MeV/c as a function of the missing momentum of the
neutron [33, 34]. The continuum Faddeev calculation, which does not include any
two-body hadronic currents, tends towards the data at low p,,, but significantly
underestimates the data at high missing momentum. This is not surprising, since
large p,, signifies an “active” (non-spectator) third nucleon, which is consistent with
processes such as 2BC, FSI, and three-nucleon absorption. We conclude here that
SRC can be reliable extracted only under the condition that p,, is consistent with
Fermi momentum of the third nucleon on 3He, as already discussed in Section 2.3.

In Figure 4, we show differential cross-section results for the **O(e, e'pp) reaction
for three values of w, and a single value of ¢ = 305 MeV/c [33, 35]. The upper panels
correspond to the ground state of the residual nucleus, while the lower panels to the
lowest 2% excited state of '*C. There are a number of important features to point out.
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Figure 4: Cross-Section for the *O(e,e'pp) reaction from NIKHEF. The solid curves represent

calculations of the Pavia group [36], with the dashed (dotted) curves indicating the contribution
of the one- (two-) body hadronic current.
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First, we note that the agreement with the full theoretical calculations of the Pavia
group, which includes SRC as well as traditional 2BC processes, is striking for the
ground state scattering. This fact gives further credence to the claim that focusing
on an exclusive channel, where the quantum numbers of the residual system are
explicitely known, is most effective. Second, the contribution of the 2BC processes
increases with increasing w. Finally, we note that the signature for SRC here is the
specific L = 0 dependence in the cross-section, suggesting the dominant role for the
knockout of a pair of nucleons in a relative S-state, driven by SRC.

While these results from NIKHEF are impressive, their authors note two spe-
cific issues of concern. The first is that one can see already in the w = 240 MeV
region the increasing importance of A contributions as one approaches this reso-
nance (dotted lines in the upper three panels of Figure 4). This is in contradiction
to the TAGX results with real photons on *He. Considering the straightforward,
model-independent TAGX analysis, we believe that the *He(e, ¢'pp)ng, channel is
relatively free of a A admixture. The second is that no L/T separation was per-
formed at NIKHEF. Such a separation would allow one to uniquely determine the
longitudinal structure function, implying that any measured strength would be com-
pletely due to SRC-driven processes, and as a result the interpretation of the data
is much less model-dependent.

Based on this most recent evidence, we ascertain that only a kinematically com-
plete experiment in the (e,e'pp) channel, which combines the features of a L/T
separation based on the exchanged virtual photon, super-parallel kinematics, large
relative momentum between the two outgoing protons, and small missing momen-
tum of the residual system, has the ability to directly access SRC. These critical
requirements, together with the expected small SRC cross section, dictate the need
for discrete detectors probing specific regions of phase space at a high luminosity.

4 The Experiment

The crucial aspects of our experiment are itemized below.

4.1 Rosenbluth Separation in the (e, e’pp) Channel

The (e, €'pp) reaction is the best tool for investigating SRC, as explained above,
as long as one can minimize the transverse and interference components of the
nuclear response. By confining the ejectiles in-plane (coplanar) with ¢, and in
back-to-back (super-parallel) kinematics, only the longitudinal and the transverse
structure functions survive [10, 11, 37]. Super-parallel kinematics are defined here
as the kinematics where one proton has its momentum vector parallel to ¢, while
the other proton is ejected anti-parallel to ¢. However, since even at forward angles
the transverse component may still contribute, a proper L /T separation must be
performed to decouple the longitudinal cross section.
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4.2 The Choice of Energy Transfer Region

There are a number of factors underlying the optimal choice of the w region for this
experiment, as explained below.

At the quasi-elastic region, SRC investigations in the (e, e'pp) channel are hin-
dered by the fact that the energy and momentum transfers are small. This results in
small relative momentum between the two ejected protons, and a very low momen-
tum of the proton at backward angles. The first diminishes the effect of SRC, since
these are coupled to high relative momenta, and the second renders the detection
of the backward proton impossible due to detector threshold effects.

In the “dip” region (between the quasi-elastic peak and the A resonance), the
experimental data clearly indicate more strength than the basic e-p interaction can
account for. The magnitude of the missing strength in this region varies among
different models, and some can account for this strength, provided that several
mechanisms are taken into consideration [38]. In the transverse sector of this region,
the A resonance is one of the dominant contributors. Neverthess, this is not a
concern for this proposal, since the method employed to here isolate SRC is largely
impervious to IC contributions, as explained in Section 2.3. A similar argument
holds for the region of higher A and N* resonances.

Having said this, the lower bound on the w region arises from two experimental
requirements: a) the second (backward) proton must have sufficient energy to exit
the target and register a hit in the backward detector with a momentum distribution
well into the “flat” detector acceptance region (see Section 4.4 and Appendix A);
and b) an adequate lever arm for the proposed L/T separation is required. With a
threshold of 45 MeV for the second proton, and a desired € lever arm of at least 0.4,
the lowest feasible value is w = 500 MeV.

From the upper-right panel of Figure 2, we observe that the total *He(~y, pp)n
cross section is decreasing as a function of photon energy. The TAGX collabora-
tion, in a separate analysis [17], has measured this cross section to 1.1 GeV photon
energy. At this value, the cross section becomes exceedingly small, and the asso-
ciated beamtime unfeasible. Thus, we assume w = 900 MeV for our upper bound.
It is worthwhile mentioning, that at this energy transfer, even the transverse com-
ponent from the L/T separation is of theoretical interest [39], as no measurements
exist. Moreover, values of three-momentum transfer much above 1 GeV/c lead to
an increased ratio of the longitudinal to the transverse cross section, at the expense,
however, of substantially decreased strength.

In summary, the region of 500 < w < 900 MeV is the most promising for this
proposal, based on the experimental feasibility issues. Close to 500 MeV, reliable
calculations exist [14, 24]. At higher values of w only reliable N-N models exist (e.g.
[25]), and we hope that the new data provided from this experiment will constrain
existing models [10], and will also encourage other groups to pursue models based
on quark degrees of freedom.
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4.3 The Target Nucleus (*He)

The nature of SRC dictates a target of high nuclear matter density, but low A. The
latter requirement stems from pion absorption results from TRIUMF and LAMPF,
which indicated that heavier nuclei complicate the picture since they suffer from
increased FSI complications.

In addition, since the SRC cross sections are expected to be small, any uncertain-
ties in the angular correlations and missing four momentum information will compli-
cate the analysis, perhaps even to the point of loss of information. We thus require
a kinematically complete experiment, at least in the first step on the road to
understanding SRC. This will allow us to restrict our measurements to regions of
phase space where the momentum distribution of the neutron is consistent with a
spectator (Fermi) momentum, in order to ensure that the energy and momentum
transfer in the reaction were entirely absorbed by the two-proton cluster. Clearly,
one has to resort to a triple-arm experiment on 3He to achieve all this. In fact, the
3He(e, ¢'pp)n reaction is not only kinematically complete, it is over-constrained.

Theoretically, 3He is a very attractive target: it has well described ground state
and continuum wavefunctions, and the electrodisintegration of *He can be treated
fully by solving Faddeev-like integral equations, using realistic N-N forces [24]. The
inter-nucleon distance in *He is not that much different than heavier nuclei and thus
the SRC signatures should be strong enough to manifest themselves.

The choice of 3He as a target has received the strong endorsement of J.M. Laget,
J.A. Tjon, W. Glockle, J. Ryckebusch and R. Schiavilla, in our private communi-
cations with them. We consider that the (“tuna-can”) target to be used in this
experiment will be a standard facility at Hall A by the time this experiment runs.

We mention here that although valuable insights have been obtained from the
2C(e, e'pp) and '®Ofe, e'pp) experiments at NIKHEF and Mainz, their deconvolu-
tion relies heavily on theoretical calculations. Several of these are becoming state-
of-the-art efforts. However, we assert that the interpretation our *He(e, ¢'pp)ngp
proposed experimental results will be the least model-dependent, due to outright
suppression of competing reaction mechanisms. The *He(e, e'pp)ng, channel
proposed here will provide the cleanest SRC signature among all similar
efforts.

4.4 The Detectors

The electron and forward going proton will be detected in the HRSE and HRSH
Hall A spectrometers, respectively. These devices will be operated in their standard
configuration.

The statistical requirements, due to the low cross sections, demand an experi-
ment with high luminosity and the use of discrete detectors, which can handle the
instantaneous counting rates. The issue of sustainable count rates is being tackled
by the Hall A Third Arm working group, and their findings will dictate the precise
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requirements (including shielding) of the third arm.

Nevertheless, simply as reference for the arguments below on the expected beam-
time for this experiment, we cite the HADRONS3 detector used in experiments at
NIKHEF [40]. This device consists of 128 scintillators which provide segmentation in
all three dimensions, and is well suited to accommodate large instantaneous count-
ing rates. At a nominal distance of 80 cm from the target, this device subtends solid
and opening angles of 220 msr and 27° (segmented in 1.1° slices), respectively, and
has been proven to handle a luminosity of 1037 cm2s~! on a *He target at an angle
of 140° with respect to the beam, and at a beam energy of 560 MeV, by using a
1 mm Fe absorber at its entrance.

The tolerated luminosity can be increased substantially by increasing the ab-
sorber thickness to 2-3 mm, without significantly degrading the energy resolution
and detection threshold. Furthermore, the device will be placed at larger distances
from the target, as explained below, which reduces the intercepted singles rate. The
accompanying reduction in solid angle is not a concern, since only the center por-
tion of the detector is needed in our L/T separation. Finally, the second proton
in our experiment is always emitted at angles > 140° (see table below), where the
background is expected to be under control. The point being made here is that any
such plastic scintillator detector should be able to tolerate luminosities of the order
of 4x10%" cm™2s7!, once adequate shielding has been employed.

Recently, we have examined the possibility of using the Big Bite spectrometer as
the third arm in this experiment [41]. This device subtends a 100 msr solid angle
and accepts momenta between 300-900 MeV /c, values that are compatible with this
experiment, with the added advantage of lower susceptibility to background. The
rates with this device may be more favorable than those based on HADRON3, an
effect largely dependent on the background suppresion achievable. The counting

rates presented in the subsequent section reflect the most conservative scenario of
using HADRON3.

4.5 Kinematics and Beamtime Request

We have chosen kinematic geometries in regions of phase space where the cross
sections are as large as possible, while the description of the knock-out process is
simplified. Restrictions on the kinematics also arise from the L /T lever arm, detector
thresholds and the fact that the detectors must not physically overlap, as well as
from the desired energy transfer region and the suppression of competing reactions
(MEC/IC/FSI), explained previously.

We propose L/T measurements at three values of w. This will permit the extrac-
tion of the energy dependence of the longitudinal component, a feature highly desir-
able for any theoretical description of SRC. It should be noted that photo-absorption
experiments have established that the cross section for two-nucleon absorption on
a T=1 pp pair drops rapidly with photon energy (see Figure 2). This reaction is
dominated by 2BC N-N correlations. Incidentally, the pn cross section also drops
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with energy past the A, which implies that FSI and rescattering also decrease with
energy. Moreover, the w dependence will prove useful in the separation of any resid-
ual competing channels which may survive the aforementioned suppression methods
and the analysis cuts (see Section 2). E.g., the FSI (N-N based) energy dependence
is known and can be be fit to the data in a multi-parameter analysis.

The proposed kinematics are listed in Table 1, with both forward and backward
kinematics indicated for each point. The w = 500 MeV point is near the upper
end of validity of the theoretical codes which make reliable calculations [14, 24],
with the exception of FSI calculations which rely on standard N-N or Glauber type
calculations [25], and which are valid up to and past 1 GeV. The cross sections
here turn out to be high enough that these measurements can be achieved in a few
hundred hours at a luminosity of 4x10%” cm—2s7!, given the detector acceptances

in Table 2.
Table 1: Kinematics for the Proposed Experiment
Q2 Ee w q 98 gp € Pp1 Pp2
GeV/c* | MeV | MeV | MeV/c | (deg) | (deg) MeV/e | MeV/e

.250 2445 | 500 708 13.2 | -38.8 | .949 | 1020 312
1045 38.7 | -28.8 | .670

.350 2445 | 700 917 16.5 | -32.7 | .909 | 1264 347
1245 42.1 | -23.5 | .585

.400 3245 | 900 1100 13.2 | -29.1 | .925 | 1488 388
1445 41.7 | -19.3 | .532

Our count rate estimates are based on a PWIA model (modified MCEEP MC
simulation) which agrees with the predictions of reference [24]. Furthermore, a com-
parison of the MCEEP results to the calculations of Laget [39] is shown in Table 3,
which demonstrates that even at w = 900 MeV the agreement is reasonable for both
forward and backward measurements. Calculations by another group [42] agree
quantitatively, as well. The details of our calculations are presented in Appendix A.

The count rates for the full acceptance of the spectrometers are shown in Table 4,

Table 2: Detector Acceptances

HRSE HRSH Hadron3
Ap/p=%5.0% | Ap/p=%5.0% T;”i":45 MeV
AQ=6.7T msr | AQ=6.7 msr AQ=40 msr
AO=2+30 mr | Af=1+30 mr | Af==%116 mr
Ap==465 mr | A¢p=165 mr | Ap=+116 mr
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Table 3: MCEEP PWIA and Laget Cross Sections for Super-Parallel Kinematics

L/T w q MCEEP Laget Ratio
MeV | MeV/c units* units* OMCEEP/OLaget
Forward | 900 1076 | 1.17x10~" | 1.53x10~!" 0.76
Backward 1.73x10712 | 1.40x10 2 1.24
*units=fm?/(MeV/c)(MeV )sr3

Table 4: Count Rate Estimates for Super-Parallel Kinematics

E, w q 0. | Count Rate | Acceptance Matched | Time
MeV | MeV | MeV/c | (deg) hrt hr=1 | (hrs)
2445 | 500 708 | 13.2 7543 1876 5
1045 38.7 398 398 25
2445 | 700 917 | 16.5 1681 468 21
1245 42.1 102 102 98
3245 | 900 1100 | 13.2 1190 321 31
1445 41.7 39 39 256

Total requested beamtime 436

where we have assumed a target density of 930 mg/cm? (as in E89-044) and a beam
current of 35 puA, leading to a luminosity of 4x103” cm—2s~!. In the second to last
column of this table, we show the acceptance matched rates. In the final column, we
show the beam time required to obtain 5000 counts at each kinematic setting. We
have estimated the efficiency of the various cuts on the data (missing momentum
- spectator neutron, missing mass - no pion produced, coplanarity) to have an effi-
ciency of 0.10-0.20, leading to a 3-5% statistical uncertainty, which translates into
an error of 5.8% in the longitudinal and 5.4% in the transverse response functions.

We feel it is important to mention the anticipated precision of our measurement
based on currently available theoretical predictions and our understanding of the
systematic uncertainties of cross section measurements in Hall A. At the low w
kinematics of this experiment, where we expect the existing theoretical models to
have higher confidence, the SRC contribution to the longitudinal component of the
cross section lies between 50-90% of the total strength, dependent on the precise
kinematics [24, 36, 42]. In the higher w kinematics, calculations indicate an even
greater dominance of the longitudinal component [39]. Given the € lever arm from
the table, and assuming a total systematic uncertainty of 5%, we expect to be able
to measure the longitudinal component to less than 10% of its value.
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5 Summary Justification

In a direct manner, SRC probe quark degrees of freedom in the nuclear wavefunc-
tion. As far as the physics goals addressed in this proposal are concerned, we will
focus on a precision measurement in a specific region of phase space, in order to
determine the exact nature of SRC and their contribution to the ground state nu-
clear wavefunction, and in specific kinematics which allow the measurement of large
values of the relative momentum. These correlations can be only accessed directly
via a L/T separation on the *He(e, e'pp)ng, channel which will isolate the one-body
current reaction mechanism, and will provide constraints to theoretical calculations.
We expect a 3-5% statistical accuracy, while systematic uncertainties are expected
to be around 5%. The key features of the experiment are summarized below.

Surgical Approach

1. Reaction Channel: The optimal channel for this study is (e, e'pp)ns,, which
leads to a suppression of the competing IC, FSI and MEC reaction mechanisms.

2. Rosenbluth Separation: Measurements must be made with adequate kinemati-
cal constraints to supress any MEC and IC contributions which “leak” into the
pp channel. This requires a L/T separation with an adequate lever arm, and
the experiment must be able to handle high luminosities. Discrete detectors
(with a good S/N ratio) are best suited to such conditions.

3. The Kinematics: In order to further minimize FSI we will detect the two
outgoing protons parallel and anti-parallel to the momentum transfer vector,
while ensuring a large relative momentum between the two ejectile protons.

4. The energy transfer region: We have chosen to study SRC in the w= 500-
900 MeV energy transfer range. This is the kinematical region where the
SRC contribution is significant compared to competing mechanisms, and both
experimental requirements are satisfied and theoretical justification exists.

The Target

1. Experimentally: 3He is clearly the optimum nucleus for to extract SRC, in a

first, direct approach. It presents us with a kinematically complete experiment
and reduced (or negligible) FSI.

2. Theoretically: 3He is the best understood (non-trivial) nucleus, with relativis-
tically treated Faddeev equations providing exact solutions to discrete states
and good approximations to the continuum. Its simplicity makes it possible
to confidently estimate MEC and FSI effects.
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Appendix A - Kinematics and Rates

The following is a description of Monte Carlo simulations that have been performed
for the 3He(e, e'pp)n reaction in selected kinematics. The simulations have been
performed with the program MCEEP.

MCEEP has been designed primarily for investigating (e, €'p) reactions on light
nuclei. As a result, it includes a large number of possibilities for the spectral
functions of 3He. For this work, we have chosen the spectral function of Meier-
Hajduk [43], and we have used the continuum region of the spectral function (e, >
2.2 MeV'). At second-proton momenta of 300-390 MeV/c, the kinematics investi-
gated here, we note that this spectral function describes the data quite well. In
fact, for ®He, it is the only spectral function in MCEEP which contains both the
two-body and three-body breakup information. The rates calculated are in PWIA,
and assume that the cross section is described by

OeeN ™~ KO—eNS(p_;“; 6m)- (2)

Here, 0.y is the elementary electron-nucleon cross section, K is a kinematical factor,
and S(p;, €,,) is the spectral function which gives the probability of finding a nucleon
of momentum p, and separation energy €,,.

3He(e, ¢'p)pn and *He(e, e'pp)n Cross Sections in PWIA

Relating the eight-fold differential cross section for triple coincidences to the six-fold
differential cross section for (e, €'p) scattering to the continuum is considered below.
For the *He(e, ¢'p)pn reaction, the rate that one expects in an experiment is given
by

d®o

0.dQ,dE,dE,

where the product N;N, is the luminosity. The luminosity is expressed in terms of
the target thickness and incident beam current (for the case of *He) according to:

Doubles Rate(Hz) =

x AQAQAEAE,| NN, (3)

L = N;N, = 1.25 x 10*t(g/cm?)I(nA) (4)
Similarly, for the 3He(e, e'pp)n reaction, the experimental rate will be

déo

Triples Rate(Hz) =
riples Rate(H z) dQ2ed$2p1dQpod Eed Epy

x AQAQ AQ,AE,AE, | NN,
(5)

In the kinematics described here, the total momentum carried away by the pn pair
(in (e, €'p) scattering) will be in the 300-390 MeV /c range at an angle of 180° to the
three-momentum transfer vector. If we consider the entire momentum distribution,
however, the angular distribution the second proton will be isotropic over 47 in the
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centre-of-mass system of the pn pair. This, of course, is true only in PWIA. Hence,
we have the relationship that

Triples Rate = Doubles Rate x f (6)

where f is the fraction of events where a second proton is detected in the Hadron3
detector. The details of how this fraction has been estimated is described in the
following section.

Comparing Equations 3, 5, and 6, we see that

ddo B d°o " f (7)
dQedQdQdEdE,; — dQ.dQ,dE.dE, =~ AQ,,

It is precisely this relationship that allows us to relate the six-fold differential cross
section estimates from MCEEP (in (fm?/MeV?2sr?)) to the eight-fold differential
cross sections in PWIA (in (fm?/MeV?sr?®)) as calculated by the Bochum group
and Laget.

Determination of Second Proton Detection Fraction

The residual proton and neutron in the 3He(e,e'p)pn reaction must satisfy both
momentum and energy conservation according to

P2+Pn = —PrR
Ey+E, = w+Mr—E,,. (8)

All of the information on the right hand sides of the above equations is known
from the electron and first proton kinematics. Hence, we may calculate directly then
the invariant mass of the (pn) pair, defined as

(m*)? = (Ez + E,)* — (P2 + Pn)”. (9)

The energies of the proton and neutron in the (pn) centre-of-mass are given by

L Gl
2 2(m*)?
m* (m2 _ m2)
pro= b ) 10
" 2 2(m*)? (10)

The procedure for determining the fraction of protons which will be detected by
Hadron3 (which is placed at -180° to ¢) is as follows:

e The above equations are used to calculate the momenta of the proton and
neutron in their centre-of-mass frame.

e We define an angle, 05, of the proton. Hence, the neutron angle will be 0; =
6; — 180°.

22



e The angles and momenta of the proton and neutron in the lab frame are
defined according to

B p2 SIH(G;)
tan(fh) = Ye(ps cos(03) + B.E3)
B P sin(6)
tan(f,) = Ye(p cos(0%) + B.EZ)
_ ppsin(6)
b2 = sin(6y)
Dy sin(6})
P = im0, .

with 7. = (Fy + E,)/m* and 2 =1— 1/

e According to Laget, in Phys. Rev. C35 (1987), 832, the eight-fold differential
cross-section can be expressed:

& ¢ E.pipt
dQedQydQYyedE.dE, " Ei|E,p} — Eopn - Do

Q] d®o (12)

P cm (dQI)cmdpn,

where () and P are the proton total energy and momentum measured in the
centre-of-mass frame of the two detected protons, and I'; is the virtual photon
flux defined according to

Ly = 2%2 (%) <1 . e> é (13)

The reduced cross section in the above equation is the product of the momentum
distribution of the spectator neutron and the cross-section of the disintegration of
the pp-pair. Hence, we expect it to be essentially constant for a given set of electron
and detected first proton kinematics, since defining these also defines the neutron
and second proton momenta as well. While the virtual photon flux depends only
on the electron kinematics, the kinematic factor in the above equation also depends
on the momenta of all three hadrons in the final state. Using Equations 12 and 13,
together with the published cross sections of Laget, we have calculated the eight-fold
differential cross section as a function of f, the angle of the second proton (with
respect to —¢) in the lab frame. From this distribution, we can calculate the fraction
of second protons, f, that will be detected in Hadron3. The fraction of detected
protons for recoil momenta in the range of 300-450 MeV /c is about 11%.
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Detector Acceptance Issues

The second-proton momentum range that we have chosen falls entirely within the
third-arm detector acceptance. This is shown in Figure 5. Here, the solid curve is
the momentum phase space acceptance of Hadron3 as specified in the three-body
kinematics phase space Monte Carlo program, AEE2XB [44]. We also note that the
low momentum limit in the AEE2XB calculation (which corresponds to an energy
of 45 MeV) takes into account the energy losses in the *He target, the windows of
the scattering chamber, and in the Hadron3 detector itself.
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Figure 5: Momentum Distributions of the Second Proton in the *He(e, ¢'pp)n reac-
tion. The solid curve is the phase space prediction of AEE2XB. The dashed curve is
the case of zero neutron momentum corresponding to a second-proton momentum
of 300 MeV/c. The dotted curve is the zero neutron momentum case which corre-
sponds to a second-proton momentum of 420 MeV /c. These two curves bracket the
range of interest in this proposal.
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Appendix B - Comparison to Other Approaches

SRC constitute a small component of total two-nucleon emission cross section and
this fact necessitates the three driving experimental specifications of this proposal:
the L/T separation (to isolate one-body currents driven by SRC from that of MEC
and IC driven two-body currents); the super-parallel kinematics (to isolate one-
body currents and to suppress rescattering in the pp channel); and, finally, the high
luminosity (4x10%” ¢cm2s7!) needed to extract the small cross sections.

There is no approved program at JLab to pursue SRC with the method outlined
here. The relationship of our proposal to the approved two-nucleon emission program
with CLAS in Hall B and to an alternate attempt to probe SRC in Hall C, is
explained below. We consider the three approaches to be complementary.

Hall B Correlation Studies

There is an approved experiment to investigate the *He(e, ¢'pp)X reaction using
the CLAS detector in Hall B (E89-031). The specific goal of that experiment is
a survey of the two-nucleon knockout reaction on selected nuclei, and it does not
overlap with the selective scientific goals of our proposed experiment in Hall A.
The large solid angle acceptance of CLAS covers phase space which is of no direct
interest to SRC. The issues of the L/T separation and luminosity further establish
this experiment as different in nature, goals, and methodology, and thus render it
complementary, rather than similar, to ours. However, final comparisons of total
cross sections, on selected processes of overlap, will add confidence to the conclusions
of this experiment.

A(e, ¢'pN) Reactions in the zp; > 1 Region

An experiment in Hall C (E97-106) has been approved to search for two-nucleon
correlations using the (e, e'pN) reaction in nuclei. This experiment will probe the
momentum of the proton before the interaction. The authors of this experiment have
advocated the choice of a high Q% and x5; > 1 kinematic regime for the experiment,
where FSI are minimized. Interestingly, such kinematics probe a similar region
of relative nucleon momenta (300-500 MeV/c), and hence similar N-N separation
distances, as in this proposal, and access primarily 2BC. In contrast, however, we
have chosen smaller x5; and Q?, where the experimental rates will be comparatively
much larger. The main difference between the two approaches is the level of model-
dependency in the extraction of the SRC component. E97-106 will have to rely
heavily on theoretical modelling, whereas our method is much less model dependent,
due to the larger suppression of competing mechanisms. Nevertheless, valuable
information on the MEC and IC channels should become available from E97-106,
and as such, the physics of the two approaches is complementary.
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