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1. Jefferson Lab

Thomas Jefferson National Accelerator Facility (Jefferson Lab) is home to the Continuous
Electron Beam Accelerator Facility (CEBAF), an electron accelerator complex capable of beam
energies up to 6 GeV. The accelerator provides beam to three experimental halls, each originally
conceived with different capabilities to provide a fully complementary experimental program.

1.1 CEBAF

The CEBAF accelerator at Jefferson Lab is a recirculating linear accelerator with a maximum
beam energy of 6 GeV. The linacs utilize superconducting RF cavity technology, the first electron
accelerator to do so. The electron beam can be accelerated between one and five times through the
pair of linear accelerators and can be delivered to up to three halls simultaneously. CEBAF rou-
tinely delivers beams with polarization as high as 85% using a “super—lattice” GaAs photocathode.
Beam currents are typically on the order of 10 to 100 pA in the “high luminosity” experimental
halls (A and C), while Hall B receives beam currents less than 1 yA.

The CEBAF accelerator will be upgraded in the next few years to a maximum beam energy
of 12 GeV. In addition, another experimental hall (Hall D) will be built with a dedicated tagged
photon beam line.

1.2 Experimental Halls and Facilities

The three existing experimental halls at Jefferson Lab each contain their own set of “standard
equipment” magnetic spectrometers and detectors for carrying out experiments at Jefferson Lab,
although increasingly, each hall uses new, dedicated equipment for specific experiments.

Halls A and C both contain a pair of moderate acceptance, magnetic focusing spectrometers.
In Hall A [1], the two identical High Resolution Spectrometers (HRS’s) have a solid angle of
~5 msr and momentum acceptance, dP/P = +/ —4%. The Hall A spectrometers can also be
augmented with septum magnets to allow very small angle detection of scattered particles. The
Hall C spectrometers, the High Momentum Spectrometer (HMS) and the Short Orbit Spectrometer
(SOS) boast similar solid angles but larger momentum acceptance (+/ — 8% and —10 to +20%
respectively), although with slightly worse momentum resolution the HRS’s.

Both Halls A and C use an array of solid and cryogenic targets at luminosities greater than
103 cm~2s~!. Hall A routinely uses a high density polarized 3He target, most recently achiev-
ing polarizations of 65%. Hall C also makes use of polarized targets in the form of dynamically
polarized NH3 and NDs targets. Halls A and C have increased their base equipment capabilities
by adding large acceptance devices; in Hall A the “Big Bite” spectrometer and in Hall C the Big
Electron Telescope Array, BETA.

After the 12 GeV upgrade, Hall C will replace the SOS with a new, high-momentum spectrom-
eter, the Super—HMS. This spectrometer will have similar properties as the HMS, but with larger
maximum central momentum (11 GeV/c) and smaller minimum angle, 5.5°.

In contrast to the moderate acceptance spectrometers in Halls A and C, Hall B makes use of
a large acceptance toroidal spectrometer (the CEBAF Large Acceptance Spectrometer, CLAS [2]).
CLAS has almost 27 azimuthal coverage over a scattering angle range of 6° to 140°. The luminos-
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ity in Hall B is limited to 10°> cm~2s~ 1, but its large acceptance allows the measurement of several
particles simultaneously over a large region of kinematic phase space.

Hall B will build a new spectrometer for the 12 GeV Upgrade, CLAS12, which will emphasize
more forward—angle detection at higher momenta for the purposes of measuring semi—inclusive and
deep exclusive processes.

2. Deep Inelastic Scattering at Jefferson Lab
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Figure 1: Phase space accessible with the Jefferson Lab 6 GeV beam (hatched). The canonical DIS regime
(Q® > 1 GeV?, W > 2 GeV) is limited to x = 0.6 due to pure kinematical constraints, while backgrounds
limit the low—x limit to about 0.2

The maximum 6 GeV electron beam energy at Jefferson Lab limits the kinematic reach within
the canonical DIS regime (Q? > 1 (GeV/c)?, W > 2 GeV) to the region x = 0.2 to x = 0.6. Beyond
x = 0.6, the accessible kinematics enter the resonance region (see Fig. 1). At low x the kinematic
constraints would allow measurements down to x = 0.1, however corrections due to radiative effects
and charge symmetric backgrounds effectively limit measurements to x > 0.2. Some Jefferson Lab
measurements at x > 0.6 have been interpreted in the context of partonic degrees of freedom,
making use of duality arguments and careful Q°>~dependence scaling studies.

Within the available phase space, Jefferson Lab has made extensive measurements of inclu-
sive structure functions, both polarized and unpolarized. A great benefit of Jefferson Lab’s high
luminosity has been the ability to make measurements of relatively low-rate processes like Deep
Exclusive reactions and semi—inclusive reactions, in particular measurements of the transverse—
momentum dependence of these reactions.

It is worth noting that the 12 GeV upgrade will allow measurements within the canonical DIS
regime over an x-range of 0.1-0.8. However, the large body of data already taken at large Q® but
W < 2 GeV makes it clear that we will likely be able to interpret the 12 GeV data in a partonic
framework at even larger x.
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Figure 2: Illustration of new CTEQ fits of Parton Distribution Functions. The plot on the left shows the
phase space covered by the available data; NMC (filled green triangles), BCDMS (crosses), H1 (filled black
circles), ZEUS (open black circles), SLAC (open blue triangles) and JLab (open red squares). The curves
denote different kinematic constraints. The plot on the right shows the variation of the new CTEQ fit for d(x)
for the collaboration’s various kinematic constraints (left) and when varying the nuclear corrections applied

to deuterium data (right).

3. Inclusive Reactions

3.1 Structure Functions at Large x

Despite many years of measurements and study,
unpolarized parton distribution fits (MRST, CTEQ)

are rather poorly constrained at large values of
Bjorken x. This is primarily due to rather strict
kinematic constraints typically imposed when per-
forming fits to the existing data. For example, in
the case of the CTEQ parametrization, the kine-
matic requirements used (W > 3.5 GeV, 0> >
4 (GeV/c)?) limit the existing “fit-able” data to
x < 0.5. Recently CTEQ has joined forces with
Jefferson Lab collaborators to extend their fits to
larger x by improving various corrections to un-
polarized structure function measurements (tar-
get mass correction, nuclear corrections for data
from the deuteron), thus allowing one to relax the
kinematic constraints noted above [3]. Figure 2
illustrates the results of these attempts. With the
improved techniques employed in the PDF ex-
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Figure 3: Reconstructed W spectrum in the
D(e,€')X reaction (unfilled histogram) compared to
that for the tagged—proton case, D(e, €’ pypec)X from
the BONUS experiment in Hall B.

traction, the high—precision (albeit low W) Jefferson Lab data plays an increasingly important role.

The BONUS experiment in Hall B is also aimed at improving our understanding of partonic
structure at large x. In this case, the experiment aims in particular to reduce the uncertainty due
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Figure 4: Results from Hall C experiment E03—103. The left plot shows the magnitude of the EMC Effect
for A=3,4, 9, and 12 vs. nuclear density. The right plot shows E03-103 Cu results at x = 0.5 combined with
re-analyzed SLAC data (E140) vs. €'; the non-zero € dependence implies R = 07 /0r is modified in nuclei.

to nuclear effects in the experimental extraction of F;'/Fy, from which one can infer the ratio d/u
at large x. At large x, nuclear effects in deuterium become increasingly important. To minimize
these effects, the BONUS (“Barely Off—shell NUcleon Structure”) experiment uses a radial time
projection chamber to tag slow, “spectator’” protons at backward angles - detection of these protons
implies that a slow, almost on—shell neutron was struck in the (e,e’) reaction. The promise of this
technique is shown in Fig. 3. Preliminary results indicate the technique will allow extraction of the
structure function ratio up to at least x = 0.6. A follow—up experiment planned after the 12 GeV
Upgrade will extend the kinematic reach to at least x = 0.8.

3.2 Nuclear Effects

Since the original observation of the EMC Effect demonstrated unambiguously that quark
distributions are non—trivially modified in nuclei, understanding the source of this modification has
been one of the most challenging enterprises in nuclear physics. There are numerous explanations
that describe the effect with varying degrees of success, and many experiments have increased the
precision and kinematic reach of the available data. At Jefferson Lab, recent measurements in Hall
C (Experiment 03—103) were undertaken with the goal of providing new precise data for few—body
nuclei (*He and *He) and at large x, where conventional nuclear effects like Fermi motion are
thought to dominate. The results [4] are shown in the left panel of Fig. 4. Here the slope of the x-
dependence of the ratio 64 /o) is shown plotted vs. nuclear density for A=3, 4, 9, and 12. With the
exception of Beryllium, the results are consistent with the naive expectation that the EMC Effect
should scale with nuclear density. However, if one considers that the nuclear structure of Beryllium
can be considered to be that of a cluster of two « particles with an extra neutron, it makes some
intuitive sense that the EMC Effect for °Be should be more similar to that for *He, i.e., the EMC
effect is dominated by the local nuclear environment rather than the average nuclear density.

An additional result from the same experiment is shown in the right panel of Fig. 4. In this
case, data from a large Z target (Cu) have been combined with re—analyzed data from SLAC E140.
The main improvement here is that effects from the Coulomb field of the struck nucleus have been
accounted for. The result of this combined analysis shows a clear € dependence in the ratio 6 /op,
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implying that R = o7 /o7 is modified in a nucleus at large x [5]. The source of this modification
is unclear, but implies that at large x it may not be entirely accurate to interpret the ratio of F;
structure functions as a “simple” modification of parton distribution functions.

3.3 Spin degrees of freedom
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Figure 5: First moment of g(x) for proton (top) and

neutron (bottom). The expectation of the Burkhardt—

Cottingham Sum Rule is verified for all Q% sampled at
great precision. An example of this is shown  jefferson Lab [6].

lowed Jefferson Lab experiments to extract
the moments of these structure functions with

in Fig. 5. Here, the first moment of the g;
structure function, I'»(Q?) = fol 22(x,0%)dx, has been extracted for both proton [10] and neu-
tron [7, 8, 9]. The so-called Burkhardt—Cottingham sum rule states that this moment should be
identically zero for all Q?; this expectation is born out by the Jefferson Lab results [6].

It is worth noting that there also exists more, impressive results for the first moment of g; for
both proton and neutron. They are not shown here simply for lack of space.

4. Semi-inclusive Processes

In the simple, factorized picture of semi—inclusive meson production, the reaction can be vi-
sualized as occurring in two steps. The virtual photon produced in the electron scattering process
“knocks out” a quark of a particular flavor; this knocked—out quark subsequently hadronizes, form-
ing a quark—antiquark pair (or even a three quark configuration) in the final state. The cross section
can be written schematically,

do o< Y f174(x)do, DT (2), (4.1)
q,h

where f—4 describes probability to find a quark of a particular flavor in the struck hadron (H),
doy, is virtual photon—quark cross section, and D?~" describes the probability for the struck quark
to hadronize to a particular meson (/). It is easy to see how this picture allows one to attempt to
use semi—inclusive processes as a “flavor—tag” for extracting both unpolarized and polarized parton
distribution functions. With the addition of transverse degrees of freedom, the above expression
becomes,

do Y f179(x,ky)do, D" (z, pr). (4.2)
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Figure 6: Results from Hall C experiment E00-108 (“Meson Duality”). The cross sections and ratios shown
are consistent with a simple, independent factorization picture.

The above implies that by observing the transverse momentum dependence of the outgoing me-
son pr, it is perhaps possible to learn about the intrinsic transverse momentum (k7) of the quark
knocked out of the struck hadron.

Given the relatively low beam energy available at Jefferson Lab, it might seem challenging to
use semi—inclusive processes to extract real information about hadronic structure, however results
in both the polarized and unpolarized sector suggest that the naive factorization picture described
above may apply fairly well.

Experiment E00-108 (the so—called “Meson Duality” experiment) in Hall C measured the
e+A — ¢ + m+ X reaction for both 7% and 7~ from hydrogen and deuterium targets [11]. The
z-dependence of the unpolarized cross sections at fixed x were extracted, as well as various com-
binations of charge and target ratios. The results are shown in Fig. 6; the plot on the left shows
the extracted cross sections compared to a calculation that employs fits to PDFs and fragmentation
functions from high energy data and assumes the simple factorization hypothesis. The agreement
for z < 0.7 is quite good and only breaks down when the missing mass of the undetected system
approaches the mass of the A resonance. The plot on the right shows the proton to deuteron ratio
for the sum and difference of charged pion yields. Again, the results are consistent with simple
factorization expectations.

The same experiment also measured the pr dependence of the reaction at fixed x. Using the
combination of 7", 71, and proton and deuteron targets allows one to independently determine the
average transverse momentum of the quarks in the nucleon. While the extraction involves several
assumptions, a first attempt of this extraction was performed in Ref. [12].

The CLAS collaboration (Hall B) has also used semi—inclusive pion production to glean new
information about quark intrinsic transverse momentum [13]. In this case, the CLAS collabora-
tion measured semi—inclusive charged and neutral pion production from a longitudinally polarized
proton target. Fig. 7 (left) shows the double—spin asymmetry (A;) at fixed x and z as a function
of the transverse momentum of the outgoing pion. Assuming a simple Gaussian behavior for the
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Figure 7: CLAS (Hall B) results for double—spin and single—spin asymmetries from a polarized proton target
for semi—inclusive pion production [13]. The plot on the left shows the transverse momentum dependence
of A1; the fact that the asymmetry is not constant indicates a difference between the transverse momentum
dependence of the polarized and unpolarized quark distribution functions. The right plot shows the azimuthal
dependence of the single—spin asymmetry. The sin2¢ moment should be sensitive to the hf-L TMD. The
sin2¢ moments are non—zero for both 71 and 7~ production.

transverse momentum dependence of the quark structure functions and fragmentation functions,
the asymmetry can be written [14],

Y, qgl(x)D(Z)e 7 s

A LN m 43
LY, 2 D) )

where [.LO (13) describes the intrinsic transverse momentum of the unpolarized (polarized) quark
distribution and ,LLD describes the transverse momentum dependence of the fragmentation function.
The fact that A changes with pr can be explained if the unpolarized quark distribution function f;
has a broader k7 dependence than the polarized distribution function, g;.

The CLAS data can also be used to extract information about a new class of parton distribution,
the so—called Transverse Momentum Distributions (TMDs). Extraction of the sin2¢ moment of
the azimuthal dependence of the polarized target single—spin asymmetry in semi—inclusive pion
production should be proportional to the /7; distribution function (the distribution of transversely
polarized quarks in a longitudinally polarlzed nucleon). These azimuthal asymmetries are shown
in Fig. 7 (right). It is worth noting that the results shown here are from data collected in 2001.
More recent data collected in 2009 will increase the statistical precision of these measurements
dramatically.

5. Deep Exclusive Processes

Generalized Parton Distributions (GPDs) provide yet another window into the three-dimensional
structure of the nucleon. GPDs provide the link between Deep Inelastic inclusive processes that
provide access to the polarized and unpolarized forward parton distribution functions and elastic
processes that provide information on the shapes of hadrons via form factors. The total angular
momentum of the nucleon can be related to GPDs via the Ji Sum Rule, while Fourier transforms of
the GPDs allow access to quark distributions in impact parameter space.

In recent years, Jefferson Lab has begun a program of dedicated measurements of Deep Ex-
clusive processes (exclusive photon and meson production at large W and Q?) with the aim of
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Figure 8: Measurements of the Beam Spin Asymmetry in DVCS. The plot on the left shows results from
Hall A; the Q? independence of the extracted Compton Form Factors suggests that even at 6 GeV, soft—hard
factorization may already hold. The results on the right are from Hall B. The kinematic breadth of the data
allows for rigorous tests of models of the DVCS reaction.

extracting information about Generalized Parton Distributions. A major aim of the physics pro-
gram after the 12 GeV upgrade is to build on these measurements, expanding the kinematic reach
and breadth of processes measured.

5.1 Deeply Virtual Compton Scattering

A major thrust of the Jefferson Lab Deep Exclusive program has been measurements of Deeply
Virtual Compton Scattering (DVCS). Dedicated measurements have been performed in both Halls
A and B. Hall B, with its large acceptance spectrometer (CLAS) allows the measurement of a very
large phase space in a single experiment, while the Hall A apparatus allows measurements at very
high precision at particular kinematic settings.

Results from both halls are shown in Fig. 8. Both plots show results from measurement of
the sin ¢ dependence of the Beam Spin Asymmetry (the asymmetry from polarized electrons and
unpolarized proton target). The plot on the left shows the Hall A measurement of the twist—2
Compton form factors (CFFs), ImC!, which are a function of the GPDs H, H, E and the nucleon
elastic form factors [15]. The apparent Q? independence of the CFFs indicates that, even at JLab
energies, we are in a regime where soft—hard factorization, a prerequisite for accessing information
about GPDs, seems to hold. The plot on the right shows results for a(t), the sin¢ amplitude of
the Beam Spin Asymmetry as measured in Hall B [16]. Each panel represents a different value of
x and Q?, spanning the range (x,0?) = (0.18,1.6) to (0.45,2.8). Note also the large range of —¢
sampled.

In addition to the Beam Spin Asymmetry, Hall B has also made measurements of the Target
Spin Asymmetry [17], with a new round of data taken in 2009 that immensely increase the statistics
available. Hall A also has extracted the Beam Spin Asymmetry for the neutron using data from
proton and deuteron [18].
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Figure 9: Cross sections for exclusive 7° production measured in Hall A (left) and 7" production in Hall C
(right). The 7° measurements have not isolated the longitudinal contribution to the electroproduction cross
section, so are not able to make quantitative statements regarding the applicability of soft—hard factorization.
The Hall C results show the separated longitudinal and transverse cross sections at two values of x and ¢.
While the O dependence of oy, is consistent with the 0~ expectation, the precision is not sufficient to make
strong statements about factorization.

5.2 Pseudoscalar Meson Production

A complete GPD program necessarily requires the measurement of other final states in addition
to the photon. Measurements of Deep Exclusive meson production are a bit more challenging to
interpret theoretically, however, as the hadronic structure of the meson leads to larger higher order
corrections. In addition, factorization in meson production has been proven only for the part of
the cross section coming from the longitudinal virtual photon, thus requiring a Rosenbluth type
separation, or other technique to isolate the longitudinal response.

Fig. 9 (left) shows initial results for the cross section in Deep Exclusive 7° production in Hall
A [19]. While it was not possible to isolate the longitudinal cross section, 0z, in this experiment,
the unseparated cross sections already provide much information of interest. The apparently small
Q? dependence suggests (although does not prove) that the process is not dominated by the lon-
gitudinal cross section, or that o7 does not follow the Q% dependence one expects if soft—hard
factorization applies. A follow—up experiment scheduled to run in the fall of 2010 in Hall A will
allow a separation on the longitudinal and transverse contributions to the 7° cross section [20].
Hall B has also extracted preliminary cross sections for 7 production, and are in the process of
finalizing their analysis before publication.

Results for exclusive £ production are also shown in Fig. 9 (right) [21]. Here, the longitudinal
and transverse cross sections were extracted and the Q? dependence at fixed x and —¢ was studied to
test the Q¢ dependence of oy that is expected if soft—hard factorization applies. While the results
for oy, are consistent with this expectation, the precision is not yet sufficient to make very strong
statements about factorization. An experiment planned for after the 12 GeV Upgrade will revisit
this issue with larger Q? reach and improved precision [22].
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Figure 10: Longitudinal cross sections for exclusive p° production from Hall B. The curves are calculations
for the cross section calculated using various GPD parametrizations. Similar data for, ¢, and p™ also exist.

5.3 Vector Meson Production

Deep exclusive vector meson production has also been studied extensively at Jefferson Lab,
primarily in Hall B. Results for p° production are shown in Fig. 10; here the longitudinal cross sec-
tion has been isolated using the angular distribution of the decay products of the electro—produced
vector mesons [23]. Data also exist for @, ¢, and p™ production. A primary conclusion from these
data is that agreement with what has been considered “standard” GPD models is rather poor, bet-
ter agreement being found with Regge based calculations, or GPD models with large higher order
corrections.

6. Summary

Jefferson Lab has a large and varied scientific program providing information on the partonic
structure of hadrons via many avenues. The high luminosity available allows access to relatively
rare processes, in particular Deep Exclusive reactions and semi—inclusive processes at large trans-
verse momenta. Although not discussed in a great deal of depth here, the high polarization of the
Jefferson Lab electron beam, combined with the ever—improving polarized target technology al-
lows access to spin observables with excellent precision. The Jefferson Lab 12 GeV Upgrade, both
the increased beam energy and the new equipment and spectrometers in the experimental halls, will
give unprecedented access to nucleon structure at large x.
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