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Quarks in Few Body Nuclei
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Abstract. Electron scattering at very high Bjorken x from hadrons provides an excellent
test of models, has an important role in high energy physics, and from nuclei, provides
a window into short range correlations. Light nuclei have a key role because of the
relatively well-known nuclear structure. The development of a novel tritium target for
Jefferson Lab has led to renewed interest in the mass three system. For example, deep
inelastic scattering experiments in the light nuclei provide a powerful means to determine
the neutron structure function. The isospin dependence of electron scattering from mass-
3 nuclei provide information on short range correlations in nuclei. The program using the
new tritium target will be presented along with a summary of other experiments aimed at
revealing the large-x structure of the nucleon.

1 Introduction

During the past decades there has been an enormous effort to determine the parton distribution func-
tions (PDFs) of the most stable hadrons: neutron, proton and pion [1]. The behavior of the PDFs on
the far valence region (Bjorken-x > 0.5) is of particular interest because this domain defines a hadron.
Recognizing the importance of the far valence region, a new generation [2] of experiments, focused
on x > 0.5, is planned at the Thomas Jefferson National Accelerator Facility (JLab), and under exam-
ination in connection with Drell-Yan studies at the Fermi National Accelerator Facility (FNAL) [3]
and a possible Electron Ion Collider (EIC) [4]. One of the new experiments required the development
of a tritium target for JLab, which led to new planned experiments. Theoretical calculations [5—12] of
the pion structure function have demonstrated the success of the nonperturbative approach in QCD.
Finally, the high-x region could impact high energy physics since low momentum transfer and high x
evolves to high momentum transfer and low x. This talk will focus on three main areas of research at
JLab: first, the planned measurements of the /7 / F 5 and d/u ratios as well as present status; secondly,
measurements of the longitudinal spin asymmetries for the proton and neutron, and third, the planned
measurements that will make use of the new low-activity tritium target developed for JLab.

2 Status of high-x experiments

Two types of experiments will be extremely useful for understanding models of the nucleon. First,
measurements of the 7} /Fg ratio at very high x are essential to constrain the models. Secondly,
accurate, high-x, polarized, longitudinal asymmetries for both the proton and neutron are extremely
important to understand the nucleon structure.
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Figure 1. F}/F?} as a function of x. Results from various extraction methods are shown [14-21] along with
selected predictions. Adapted from ref. [5].

2.1 Fj/FY ratio at high x

There is considerable theoretical interest in the ratio of F/F5 and d/u at very high x. The ratio as
x — 1 is sensitive to the model of the nucleon. One can see from the right side of Fig. 1 that the
FYF 5 or d/u ratio varies substantially among the models. Within the parton model at very high x:

F_;’ =1 1+ 4(d,/u,) 0
F 4+ (dofuy)

Thus a measurement of the neutron and proton structure functions at large-x provides a determina-
tion of the d,/u, ratio. However, while proton and deuteron DIS data are well measured at reasonably
high x, the extraction of the neutron structure function at very high x from DIS data on the deuteron is
problematic. The central difficulty is that the extraction of F)j/F} at high x is sensitive to the poorly
known high-momentum components of the deuteron wave function [13].

Many extractions of the neutron-proton structure function ratios have been performed [14-22].
They are summarised in Fig. 1, with recent inferences indicated by the points with error bars near
x = 1: there is a large uncertainty in the ratio for x > 0.6. (See also Fig. 25 in Ref. [1].) A very recent
work [23] has found that the 7} /Fg ratio rises rapidly at large x, and consequently, has opened up
the uncertainty range once again. New experimental methods are necessary in order to place tighter
constraints on the far valence domain. A primary goal is to empirically eliminate or constrain the
quite different theoretical predictions.

Two new experiments [24, 25] should provide data up to x ~ 0.85 with the upgraded beam en-
ergy at JLab. Since much of the uncertainty can be traced to the poorly known short-range part of
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the deuteron wave function, the JLab BoNuS Collaboration has performed [21] and will perform [24]
an experiment where a very low energy spectator proton from the deuteron can be detected in co-
incidence with a DIS event from the neutron in the deuteron. In this way, one can restrict the data
to a region where the well-known long-range part of the deuteron wave function dominates the pro-
cess. The central difficulty with this experiment is detecting the very low energy proton of about 150
MeV/c or less. This requires extremely thin target and detector components. An interesting variant
of this approach is to use an EIC with, e.g., an 8 GeV electron beam impinging on a deuteron beam
of 30 GeV/nucleon. The forward going energetic proton would be detected at very small angles in
coincidence with a DIS event from the neutron. Simulations suggest that this should be feasible [26].

Another method is to perform deep inelastic scattering from the mirror nuclei *He and *H over a
broad range in x [25, 27-30]. Theoretical calculations indicate that nuclear effects cancel to a high
degree in extracting the F}/F 5 ratio from these two nuclei. This experiment would also be useful in
determining the EMC effect in the mass-three system [31]. Although providing a tritium target for
JLab is straightforward [32], it is not trivial. The necessary tritium target has been developed for JLab
and will be installed in 2016.

Finally, parity violating DIS can avoid the problem encountered with neutrons bound in nuclei.
Parity-violating DIS from the proton is sensitive to the d/u ratio [33]. The proposed SoLID experiment
plans to measure the d/u ratio up to an x of 0.7.

2.2 Longitudinally polarized deep inelastic scattering at high x

It is evident from the right side of Fig. 2 that measurements of the longitudinal asymmetries in DIS
provide an important constraint on models of nucleon structure. Numerous experiments and extrac-
tions aimed at determining nucleon longitudinal spin structure functions have been performed [34].

Existing measurements of A’]’ are summarised in Fig. 2. Unfortunately, these data are not of suffi-
cient accuracy and high enough x to discriminate among the models. As indicated in Fig. 2, however,
a new JLab experiment [35] will extend the results up to x ~ 0.8 with a projected error that promises
a significant constraint on the models.

The status of existing data for A7 is shown for polarized *He targets in Fig. 3. The data extend only
to x ~ 0.6 and place little constraint on descriptions of the nucleon. New experiments proposed at
JLab [36, 37] are expected to provide results up to x = 0.75, as indicated in Fig. 3. These new results
should permit discrimination between the pQCD model and other predictions.

3 New studies in the mass-3 system

Three other experiments that make use of the new tritium target at JLab are: (i) x > 1 measurements
[38], (ii) nucleon momentum distributions in three body nuclei [39] and (iii) the *H -*He charge radius
difference measurement [40]. It is well established [41] that x > 1 experiments are sensitive to short-
range nucleon-nucleon correlations (SRC) in nuclei. An issue is the isospin dependence of the SRC.
The *He - 3H system represents the best opportunity to observe isospin differences since *He has the
largest Z/N ratio available and *H has a 2:1 N/Z ratio. In fact, a simple estimate gives the ratio of *He
to 3H x > 1 cross section to be a factor of 1.4; whereas, for complete n-p dominance of the SRC, the
ratio is expected to be unity. This experiment would be expected to extract the ratio of the 77 = 1 to
T = 0 component to better than 4%.

An especially clever way to measure the ratio of the neutron to proton momentum distributions
in nuclei is to use the mirror nuclei, *H and *He, and measure only (e,e’p) reactions for both nuclei
[39]. This avoids the technically difficult problem of using only 3He, say, and detecting both (e,e’n)
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Figure 2. Existing and projected measurements of the proton’s longitudinal spin asymmetry as a function of x
(statistical errors only), along with selected predictions. Adapted from ref. [5].
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Figure 3. Existing and projected measurements of the neutron’s longitudinal spin asymmetry as a function of x
(statistical errors only), along with selected predictions. Here, only 4" data obtained from polarised *He targets
are displayed. Adapted from ref. [5].
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and (e,e’p) reactions. This experiment is especially sensitive to the N-N interaction in the nuclear
medium. For example, under total n-p dominance of the N-N interaction, the ratio should be unity.
This experiment is tentatively scheduled to run in conjunction with the other tritium experiments at
JLab.

The third tritium experiment [40]is aimed at measuring the electric form factor ratio for 3He and
3H at low momentum transfer. The goal is to provide an accurate difference between the charge radii
for these mirror nuclei.

4 Summary

Two and three-body systems have a key role in determining the quark structure of the nucleon. JLab
at 12 GeV is an ideal facility for beginning the study of the far valence region of the nucleon, and
the EIC should provide a large dynamic range in Q* and W for these studies. The advent of a tritium
target at JLab presents new physics opportunities. These new experiments should provide benchmark
data for the studies of the nucleon structure, the short range N-N interaction and the structure of 3-
body nuclei. Possible experiments that would make use of a polarized tritium target at JLab should be
evaluated.
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