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Precision measurements of the structure of nucleons and nuclei in the regime of strong interaction QCD are now
possible with the availability of high current polarized electron beams, polarized targets, and recoil polarimeters,
in conjunction with modern spectrometers and detector instrumentation. The physics at JLab will be highlighted
using two recent measurements of general interest. The ratio of the proton electric to magnetic form factors
indicates the importance of the role of angular momentum in the structure of the nucleon. The existence of
5-quark configurations in the ground state wavefunctions of hadrons is confirmed by a narrow peak attributed
to an exotic baryon with strangeness S=+1. These and other examples will be used to illustrate the capabilities
and focus of the experimental program at JLab.

1 Introduction to JLab

The Continuous Electron Beam Accelerator Facility (CE-
BAF) at the Thomas Jefferson National Accelerator Facility
(Jefferson Lab) is devoted to the investigation of the elec-
tromagnetic structure of mesons, nucleons, and nuclei using
high energy and high duty-cycle electron and photon beams.

CEBAF is a superconducting electron accelerator with
an initial maximum energy of 4 GeV and 100 % duty-
cycle. Three electron beams with a maximum total current
of 200µA can be used simultaneously for electron scatter-
ing experiments in the experimental areas, Halls A, B, and
C. The accelerator design concept is based on two parallel
superconducting continuous-wave linear accelerators joined
by magnetic recirculation arcs. The accelerating structures
are five-cell superconducting niobium cavities with a nom-
inal average energy gain of 5 MeV/m. The accelerator per-
formance has met all design goals, achieving 5.7 GeV for
physics running, and delivering high quality beams with in-
tensity ratios exceeding 106:1. The electron beam is pro-
duced using a strained GaAs photocathode delivering polar-
ized electrons (Pe ≥ 75%) simultaneously to all three halls.

Three experimental areas are available for simultaneous
experiments, the only restriction being that the beam en-
ergies have to be multiples of the single pass energy. The
halls contain complementary equipment which cover a wide
range of physics topics: Hall A has two high resolution mag-
netic spectrometers with 10−4 momentum resolution in a
10% momentum bite, and a solid angle of 8 msr. Hall B
houses the large acceptance spectrometer, CLAS [1]. Hall C
uses a combination of a high momentum spectrometer (10−3

momentum resolution, 7 msr solid angle and maximum mo-
mentum of 7 GeV/c) and a short orbit spectrometer.

To illustrate the physics which is being addressed at Jef-
ferson Lab, we have chosen two topics of current interest:
measurements of the electric form factor of the proton in
Hall A, and the observation of an exotic S=+1 baryon with
the CLAS.

2 The shape of the proton at highQ2

Electron scattering is the tool of choice for the precise in-
vestigation of the spatial structure of nucleons and nuclei.
The precision arises from the well-known characteristics of
the electromagnetic interaction. By varying the momentum
transferred from the electron to the target for fixed excita-
tion energy, we can directly map out the charge and current
densities, and the transition densities associated with its ex-
citation [2]. In the non-relativistic limit and for small four-
momentum transfer squared,Q2, the electric (GEp) and
magnetic (GMp) form factors are given by the Fourier trans-
forms of the charge and current distributions in the nucleon.
As Q2 increases, the proton exhibits its internal structure as
a multi-body relativistic system of quarks and gluons.

The unpolarized elasticep cross section is given by:
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whereEe is the beam energy,Ee′ andθe are the energy and
angle of the scattered electron, the polarization of the virtual
photon isε = [1+2(1+τ) tan2 θe

2 ]−1, andτ = Q2/4M2
p is

the four momentum scaled to the proton mass. The Rosen-
bluth method uses Eq. (1) to determine the individual contri-
butions fromGEp andGMp by using their kinematic depen-
dence onε at fixedQ2. The world data for the electric and
magnetic form factors prior to 1998 is shown in Fig. 1. The
form factors are found empirically to approximately follow
the dipole formGD which is used as a reference:

GEp ∼ GMp

µp
∼ GD =

1(
1 + Q2

0.71

) (2)

In the non-relativistic limit, the dipole shape corresponds to
an exponential change distribution.
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Figure 1. World data prior to 1998 forGEp/GD (top) and
GMp/µpGD (bottom).

At high Q2 the cross section is dominated by the mag-
netic termGMp, which makes the determination of the elec-
tric form factor GEp by the Rosembluth method increas-
ingly difficult.

Measurements of the ratio ofGEp/GMp have been com-
pleted at Jefferson Lab forQ2 between 0.5 and 5.6 GeV2 by
measuring the polarization of the recoil proton in~ep → e~p
scattering [3, 4]. The scattering of longitudinally polarized
electrons on unpolarized protons results in a transfer of po-
larization to the recoil proton with two components in the
scattering plane:Pt is perpendicular andPl is the parallel
to the proton momentum. The polarization of the proton is
determined using a polarimeter with a graphite or CH2 an-
alyzer located at the focal plane of the proton spectrometer.
The ratio of electric to magnetic form factors is directly pro-
portional to the ratio of polarizations:

Gp
E

Gp
M

= −Pt

Pl

Ee + Ee′

2Mp
tan

(
θe

2

)
(3)

In first order the polarization normal to the scattering plane
is zero and can serve as a systematic check.

Since the ratioGp
E/Gp

M is accessed directly, these ex-
periments are able to carefully control their their systematic
uncertainties. For example, the ratio is independent of the
electron beam polarization and the analyzing power of the
polarimeter. Also, detailed knowledge of the spectrometer
acceptances are not needed; the dominant systematic error

Figure 2. JLab measurements for the ratioµpGEp/GMp as a func-
tion ofQ2, determined by measuring the recoil proton polarization.
The curves are described in the text.

comes from uncertainties in calculating the transport of the
spin through the magnet.

The results of these measurements are shown in Fig. 2 as
the ratioµpGEp/GMp. The plot demonstrates the somewhat
surprising result that the form factor ratio decreases linearly
with increasingQ2, and will cross zero atQ2 ≈ 7.5GeV 2

if the trend continues. The data have motivated a flurry
of theoretical activity. The leading-order pQCD predicts
that the ratio of Pauli to Dirac form factors should scale
asF2/F1 ∼ 1/Q2. If logarithmic corrections are included
to the leading-order prediction, the ratio behaves more like
F2/F1 ∼ 1/Q [5, 6] and the calculations reproduce the data
by adjusting appropriate parameters as shown in Fig. 2. The
behavior of the data requires that the quarks inside the pro-
ton carry orbital angular momentum [7, 8].

These new data onGEp have motivated discussions re-
garding their physical interpretation in terms of the shape
of the proton [9, 10, 11]. The calculations have been used
to produce images of the proton by selecting specific con-
figurations of the quark momenta and spins. When viewed
through these “color” filters to select specific quark configu-
rations, the shape of the proton becomes non-spherical. We
await new data to probe deeper into the structure of the pro-
ton. The experiment is approved to extend measurements up
to a momentum transfer of 9 GeV/c2 [12].
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3 Pentaquarks

The question of which color singlet configurations exist in
nature lies at the heart of strong interaction QCD. Until re-
cently all experimental evidence indicated that mesons were
(qq̄) bound states and the valence structure of baryons was
(qqq). In the baryon sector, it is natural to ask whether a
5-quark configurations exists where theq̄ has a different fla-
vor than (and hence cannot annihilate with) the other four
quarks. A baryon with the exotic strangeness quantum num-
ber S = +1 is a natural candidate for a pentaquark state,
because such a state has a minimal 5-quark (qqqqq̄) config-
uration. Such states are not forbidden [13, 14], and definite
evidence of pentaquark states would be an important addi-
tion to our understanding of QCD.

Pentaquark states have been studied both theoretically
and experimentally for many years [15]. Most recently,
symmetries within the chiral soliton model were used by Di-
akonov, Petrov and Polyakov [16] to predict an anti-decuplet
of 5-quark resonances with spin and parityJπ = 1

2

+
. The

lowest mass member, now called theΘ+, is an isosinglet
with valence quark configurationuudds̄ giving strangeness
S = +1 with a predicted mass of approximately 1.53
GeV/c2 and a width of∼ 0.015 GeV/c2. These definite
predictions have prompted experimental searches to focus
attention in this mass region.

This paper describes the evidence for a narrowS = +1
baryon observed in the reactionγd → K+K−p(n) using
the CLAS detector in Hall B [17]. However, several other
experiments have reported evidence for a state at the same
mass. The first observation of anS = +1 baryon was re-
ported by the LEPS collaboration at the SPring-8 facility in
Japan at a mass of 1.54 GeV/c2, decaying tonK+ with a
FWHM less than0.025 GeV/c2 [18]. Confirming evidence
has also come from the DIANA collaboration at ITEP [19]
in the K0p mass spectrum, the SAPHIR collaboration in
photoproduction on a proton [20], and most recently a peak
in thepK0

s system was reported in neutrino and antineutrino
interactions on nuclei [21].

The CLAS data was taken with a photon beam which
was produced by 2.474 and 3.115 GeV electrons incident
on a bremsstrahlung radiator of thickness10−4 radiation
lengths, giving a tagged photon flux of approximately4 ×
106 γ’s per second. The photons were incident on a 10-cm
long liquid-deuterium target. The event trigger required a
single charged track in CLAS in coincidence with a hit in the
tagging spectrometer. The momentum of charged particles
were reconstructed using magnetic analysis and their mass
determined using time-of-flight techniques. The analysis se-
lected events with a detected proton,K+ andK− in the final
state, all of which originated from the same beam bucket.
The detection of all three charged particles allows complete
determination of the reaction and therefore Fermi motion in
the target plays no role in the analysis. The missing mass
(MM ) of the selected events is plotted in Fig. 3, which
shows clear peak at the the neutron mass. A fit to the dis-
tribution (solid line) yields a mass resolution ofσ = 0.009
GeV/c2. Events within±3 σ of the neutron peak were kept
for further analysis. The background in this region is about
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Figure 3. Missing mass spectrum for theγd → pK+K−X re-
action, after timing cuts to identify the charged particles and the
coincident photon, which shows a peak at the neutron mass. There
is a small, broad background from misidentified particles and other
sources. The inset shows the neutron peak with a tighter require-
ment on the timing between the proton and kaons.

15% of the total, mostly from pions that are misidentified
as kaons. A cleaner spectrum can be obtained by applying
tighter timing cuts (as shown in the inset), but at the expense
of reducing the signal.

Several additional cuts were made to optimize the selec-
tion of the final sample. First we required that the recon-
structed neutron momentum be greater than 0.08 GeV/c2.
This selection enhances the number interactions where the
neutron participates to produce aΘ+, and is not a specta-
tor. There are several known resonances which result in the
same final state and we explicitly removed the two strongest,
theφ meson at 1.02 GeV/c2 and theΛ(1520). A final cut re-
moved events withK+ whose momenta exceeds 1.0 GeV/c,
which are associated with invariant masses of thenK+ sys-
tem above∼ 1.7 GeV/c2.

The finalnK+ invariant mass spectrum,M(nK+), is
shown in Fig. 4. The spectrum of events removed by the
Λ(1520) cut is also shown in Fig. 4 by the dashed-dotted
histogram, and does not appear to be associated with the
peak at 1.54 GeV/c2. The number of events in the peak
was estimated using several assumptions for the shape of
the background. The solid line fit in the figure uses an
empirical Gaussian plus constant term for the background
(dashed line). This fit determines 43 counts in the peak at
a mass of1.542 ± 0.005 GeV/c2 with a width (FWHM) of
0.021 GeV/c2. The dotted line shows a background shape
based on a linear combination of 4-body phase space and
3-body phase space of thepK+K− final state (K+K− in s-
wave). The phase space distributions were generated using
a GEANT-based Monte Carlo followed by the same recon-
struction package as the real data.
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Figure 4. Invariant mass of thenK+ system, which has
strangenessS = +1, showing a sharp peak at the mass of 1.542
GeV/c2. The dashed-dotted histogram shows the spectrum of
events associated withΛ(1520) production. See text for explana-
tion of the background shapes.

To determine the sensitivity of our experiment, which
depends on the actual shape of the background, ten combi-
nations of cut placements and fitting functions were tried.
The estimated statistical significance in those ten cases
ranges from4.6σ to 5.8σ, which we use to derive the con-
servative estimate for the statistical significance of our result
of 5.2± 0.6 σ.

In summary, evidence is mounting for the existence of
a baryon with a minimum content of 5-quarks. However,
the properties of thisS = +1 state, such as spin, isospin
and parity, still need to be determined before it can be
conclusively identified with theΘ+predicted in Ref. [16].
In addition to this baryon, we expect a whole families of
pentaquarks which promise to rewrite our understanding of
baryon spectroscopy. The implications of this discovery are
being evaluated continuously in the literature [22] and we
can only expect more surprises in the near future.
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