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I. INTRODUCTION AND RECENT PROGRESS

Nucleons make up nearly 100 % of the mass of the visible universe. They are at the core
of atoms and nuclei in stars that provide the energy that heat the planets and allow for
life to exist on at least one of them, our earth. Understanding their internal structure has
been at the center of nuclear and particle physics for decades. The macroscopic properties
of the proton and neutron are well known and their ground state charge and current dis-
tributions have been measured for more than 50 years. Similar to atomic nuclei, nucleons
are complex systems of confined quarks and exhibit characteristic spectra of excited states.
Highly excited nucleon states are sensitive to details of quark confinement which is poorly
understood within Quantum Chromodynamics (QCD), the fundamental theory of strong
interactions. Measurements of excited states are needed to come to a better understanding
of how confinement works in nucleons. These excited states couple strongly to the meson-
baryon continuum to form nucleon resonances of characteristic masses and decay widths,
and can be most effectively investigated by using meson production reactions on the nucleon.

The excited baryon program has two main components. The first one is to establish the
systematics of the spectrum, which provides information on the nature of the effective degrees
of freedom in strong QCD. These studies are carried out with hadronic and electromagnetic
probes. The second component is to probe resonance transitions at different distance scales.
Electron beams are ideal to measure the resonance transition form factors from the nucleon
ground state to the excited baryon states, and with varying spatial resolution of the probe.
These measurements probe the internal structure of excited states and provide information
about the confining forces of the 3-quark system. With concerted efforts in analyzing very
extensive data from Jefferson Laboratory (JLab) and other electron facilities, significant
progress has been made in the past few years. The contribution of mesons to the structure
of the A (1232) resonance has been explored up to Q* = 6 (GeV)?2, as illustrated in Fig.1.
The N-A transition form factors are now considered along with the nucleon form factors
as the benchmark data challenging the theoretical community. Progress in understanding
these data with Lattice QCD (LQCD) calculations has been made[2]. Moreover, accurate
data of the transition form factors for several higher mass N* have been extracted in the
past two years. The example of the transition form factor for the Roper resonance, shown

in Fig.2, demonstrates the sensitivity of these measurements to the baryon structure. The
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FIG. 1: Magnetic M1 form factor G}, for YN — A(1232), normalized to the elastic dipole Gg.
Data points were obtained from Unitary Isobar Model analysis of the exclusive p(e, e'p)7° reaction.
Curves are from a dynamical model calculations described in Ref.[1]. The dashed curve is obtained

from turning off meson cloud effects.

comparison with the relativistic quark model calculations shows that the state has a quark
substructure at small distances eliminating models of this state as a hybrid baryon or a
meson-baryon molecule. This conclusion is consistent with LQCD calculations that also show
a valence quark structure for this state. These developments mark a major advance in our
understanding of the baryon structure. In addition, candidates for new baryon states have
been found in various channels for further confirmation with experiments to be performed
with polarized beams and polarized targets. For example, the very accurate two-pion electro-
production data prove to be very effective in the search for baryon states which decay
primarily into resonant 7A or pN channels. As illustrated in Fig.3, the analysis of the 7+7~
electro-production data from JLab show evidence for a J* = %Jr state at 1720 MeV which
decays strongly into 7A. This state could be different from the conventional N*(P;3,1720)
state which decays predominantly into pN, as listed by the Particle Data Group in 2006.

Despite these successes, the study of excited baryons continues to be a challenge in hadron
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FIG. 2: The extracted YN — N*(1440) form factors are compared with the results from relativistic

quark model calculations; red curves [3], green curves[4].

physics. Most known non-strange baryon states have been discovered using elastic TN — 7N
scattering analysis before 1980. The widely accepted symmetric constituent quark model
based on broken spin-flavor SU(6) and orbital excitation O(3) symmetry reproduces well
the excitation spectrum for masses up to 1.8 GeV. However, a large number of higher mass
states predicted in this model have no clear correspondence in experiments. As alternatives,
it has been shown that the well established baryon states fit also in other symmetry schemes,
such as the diquark-quark models, which predict a much reduced number of excited states.
The current challenge is to identify some of the higher lying baryon states with masses of
1.7 to 2.2 GeV. These states could couple strongly with several meson-baryon channels, in
particular the complex two-pion channels, to form resonances with energies which are not
related trivially to the positions predicted by the constituent quark models as well as the
current LQCD calculations. The identifications of these states require precise measurements
of several channels and theoretically sound data analysis methods which account for the
channel coupling effects resulting from the unitarity conditions and the reaction mechanisms
at short distances where we want to map out the internal structure of baryons. A large
experimental effort is currently underway and planned for the next several years at Jefferson
Lab using the CLAS detector in conjunction with polarized hydrogen and deuterium targets
to search for some of these states with linearly or circularly polarized photon beams.

To analyze the already collected and forthcoming very extensive data, efficient and sound

methods for performing empirical amplitude analysis have been developed by several groups



with continuing improvements. To strengthen this effort and to also interpret the extracted
resonance parameters, the Excited Baryon Analysis Center (EBAC) was established at Jef-

ferson Laboratory in January, 2006.

II. EXPERIMENTAL DEVELOPMENTS

In the past few years, extensive data of photo- and electro-production of pseudo-scalar
mesons (m,2m,n, K) and vector mesons (w,®) have been accumulated at JLab, MAMI,
ELSA, GRAAL, and Spring-8. These data have been analyzed to identify candidates for new
excited baryon states and extract N-N* transition form factors for several known resonances.
The current effort is to utilize highly polarized hydrogen and deuterium targets and polarized
photon beams toward complete measurements of a large number of reaction channels, and
to measure the polarization of recoil hyperons through their weak decays. These data,

together with the already collected unpolarized cross sections, will form the basis for a much
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FIG. 3: Integrated cross section for the process yp — 77~ p as function of the invariant hadronic
mass. The solid curves are from fits using the JM06 model [7]. The dashed curves are obtained

when the contributions of a JX = %+ candidate state at 1.72 GeV are turned off.



more efficient and much less ambiguous search for new baryon states than has been possible
to date. In a coupled channel analysis these data will allow extraction of N* resonance
parameters even of the well known states with much improved accuracy.

The photon beam facilities in experimental Hall B at JLab provide energy-marked unpo-
larized and polarized bremsstrahlung photon beams with energies up to 5.5 GeV, accessing
invariant hadronic masses up to 3 GeV. These facilities, in combination with the CEBAF
Large Acceptance Spectrometer (CLAS), makes JLab a unique place for photo-production
experiments. The first CLAS experiments using unpolarized photon beams and unpolar-
ized hydrogen or deuterium targets have measured the differential cross sections of various
pseudo-scalar meson production channels. Subsequent experiments have used a linearly
polarized photon beam to measure the beam asymmetries 3. In addition to single meson
production, the two charged pion photo-production is studied.

The data for hyperon production have increased dramatically in recent years. Since A
polarization can be measured by using its self-analyzing decay distribution, it is possible
to extract double and triple polarization observables and measure spin transfer from the
photon to the hyperon. One surprising result[6] is that A’s appear to be 100% polarized if
produced by circularly polarized photons, independent of the photon energy and scattering
angle.

The next generation of CLLAS photo-production experiments will use polarized targets to
investigate double polarization observable more generally on both hydrogen and deuterium.
The polarized Frozen Spin Target (FROST) is in the final testing phase at JLab and will
be used to measure all beam-target double polarization observables for a large number of
final states. In case of hyperon production, additional triple polarization observables are
accessible which, for the first time, allow the measurement of all observables needed for an
unambiguous model independent determination of the reaction amplitudes. These experi-
ments are scheduled to begin in 2007 and many of the accessible observables will be measured
for the first time. To study the isospin decomposition of the resonance amplitudes the mea-
surements off polarized protons provided by FROST will be complemented with those off
polarized neutrons provided by the HD polarized target, built at BNL and planned to be
transferred to JLab for data taking in 2009/2010. To measure such an extensive and nearly
complete set of observables with unprecedented accuracy, the CLAS collaboration has de-

veloped a comprehensive experimental program to carry out these forthcoming experiments.



The projected accuracy of the new measurements for various polarization observables are

displayed in Figs.4 and 5 for FROST program and HD program, respectively.
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FIG. 4: The projected accuracy of some of the spin observables of yp — K*A to be measured

under JLab’s FROST program. The curves are generated from KaonMAID[16].
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FIG. 5: The projected accuracy of some of the spin observables yn — KA with proton as a

spectator to be measured using the HD target. The curves are from KaonMAID[16]

Programs for measuring single and double polarization observables have also been planned
for 2007 with the Crystal Barrel detector at ELSA (and photon energies up to 3.1 GeV)
and with the Crystal Ball at MAMI (with photon energies up to 1.4 GeV). Both detectors

are electromagnetic calorimeters with high granularity and good energy resolution, and are



optimized for the detection of mesons with large branching ratios to photon final states.
These experiments will complement the JLab program which emphases the detection of
charged particles in the final state. In particular, a combined analysis of both the #+7~
production data from JLab and the 7%7% and 7% production data from ELSA and/or MAMI
will be necessary to distinguish nucleon resonances which decay primarily into 7A or pN
channels.

The real photon data at Q? = 0 anchor the analyses of the electro-production data which
have been accumulated up to @ ~ 6 (GeV/c)? in recent years. The multipole decomposition
of electro-production data can be used to extract the electromagnetic N-N* transition form
factors which encode the spatial and spin structure of the nucleon and its excited states
and hence are sensitive to the nature of the effective degrees of freedom that characterize
baryon structure at different distance scales. Transition form factors for several low-lying
states have already been extracted, as illustrated in Figs.(1)-(2).

The pion electro-production database up to W = 2.5 GeV and Q? = 6 GeV? is growing
rapidly. JLab has already contributed 75 % of all the available data to the current world
database. Measurements of the two-pion decay channels complement the single pion results,
and are especially important for the higher mass states. A full set of unpolarized 27N final
state observables has been obtained for the first time with the CLAS detector. In a combined
analysis of single and double pion electro-production data, results on the Q? evolution of the
transition form factors have been obtained for many of the well established excited states.

Although the focus of the current program is on strangeness S = 0 baryons, with the
CLAS detector hyperon states with S = -1, and cascade states with S = -2 can also be
accessed using double kaon photo-production reactions. Cascade baryons are of special
interest, as they are predicted to have narrow widths and can more easily be separated from
non-resonant production mechanisms. They can be more effective in distinguishing hadron
structure models in terms of constituent quark degrees of freedom. Furthermore it is easier
to make predictions within LQCD. The results of an exploratory experiment performed
recently[9] shows the high potential of CLAS to study strange baryon spectroscopy. An

experimental program along these lines is being formed at JLab.



III. REACTION MODELS FOR DATA ANALYSES

The developments described above are creating a more complete data base for the theo-
retical analysis. Ideally, one would like to study the N* structure by analyzing the meson-
baryon reaction data completely within QCD. This however is far from our reach. To make
progress, the data analyses are being performed in two steps. First, reaction models are
developed to extract the N* parameters from the data. The next step is to develop inter-
pretations of the extracted N* parameters in terms of effective degrees of freedom. In the
past few years, a lot of progress has been made in this direction and we are now armed with
well-developed models to analyze and interpret the very large amount of data from JLab
and other facilities.

Most of the known baryon resonances have been identified by applying the model based
on dispersion relations[10] to analyze the 7N elastic scattering data. However this approach
has its limitations. It is applicable[11] to electromagnetic pion production only within a
range of Q%. Furthermore, it becomes very difficult and impractical for analyzing the data
of two-pion production reactions which are crucial in identifying new resonances with large
widths of decays into 7A and p/N states. Alternative reaction models have therefore been
developed in recent years to analyze the new data of electromagnetic meson production
reactions.

The Partial Wave Analysis (PWA) by the GWU/VPI group continues to make
progress[12] by carrying out analyses using the baryon spectroscopy database that is still
dominated by 7NV scattering and covers invariant masses up to W = 2.5 GeV. Their K-matrix
analysis of pion photo-production has been extended to analyze the electro-production data.
Plans are being developed to revise the isobar model analysis[13] of TN — 77N data accu-
mulated in 1970’s, and to include the recent data from TRIUMF and BNL in the analysis.

Within the K-matrix formulation, the Mainz group[14] and JLab-Yeveran group[15] have
developed the Unitary Isobar Model (UIM) to analyze very extensive pion photo- and electro-
production data. The yN — N* form factors with unprecedented precision have been
extracted for the known low-lying N* states. In a collaboration with EBAC, the JLab-
Yeveran analyses are being refined by including the coupled-channel effects.

The coupled-channel K-matrix models have been developed by the Giessen group[17],
GWU group[18], KVI group[19], and Bonn-Gatchina group[20]. Their analyses have revealed

10



the importance of coupled-channel effects in extracting N* parameters and have identified
several new N* candidate states from analyzing the data of w, n, and K production. These
findings will be further examined by using the forthcoming data of polarization observables,
as described in the previous section. All groups are improving their analysis methods to cover
more channels and use better theoretical input to define non-resonant reaction mechanisms.

A partial-wave analysis tool set has recently been developed by the Carnegie Mellon
group [21]. The tool kit supports both event based maximum likelihood fitting as well as
simple fits to cross sections and allows for easy coupling of many different data sets into
the same fit. This has been well tested and is currently being applied in the analysis of
photo-production data from the CLAS experiment at JLab. These data currently include
the photo production of 7N, wN, nN, n’N, KA, KX° and 27 N.

The JLab-MSU collaboration has developed|7] an isobar model (JM06) with tree-diagram
mechanisms and additional phenomenological terms to analyze very extensive 7+7~ photo-
and electro-production data from JLab. All significant 27 contributions have been identified
in the analysis. The JM06 model has been instrumental in identifying nucleon resonances in
the 27 exclusive channel, with masses heavier than 1.6 GeV. For the first time preliminary
data on Q? evolution for electro-couplings of S3;(1620), Py3(1720), D13(1700), and D33(1700)
states, which decay mostly with two pion emission have become available. In a collaboration
with EBAC, the analyses with JM06 model are being refined by including the coupled-
channel effects.

A number of dynamical models[22-27] have been developed in recent years to analyze
both the 7N elastic scattering and electromagnetic pion production data. These models
differ from the K-matrix models described above by accounting for the off-shell scattering
mechanisms. Hence they are more directly related to hadron structure calculations and can
be used to develop theoretical interpretations of the extracted N* parameters. The models of
Refs.[22, 23] have been instrumental in revealing the important pion cloud contribution to the
vN — A form factors. Progress in understanding these data with Lattice QCD calculations
has been made[2]. Accordingly, the effective field theory approach[28] has been applied to
investigate the chiral extrapolation which is needed to obtain realistic N-A form factors from
the current LQCD calculations with very large pion mass. To investigate higher mass nucleon
resonances, dynamical coupled-channel models with all relevant reaction channels are being

developed at EBAC[29] and also by the Julich Group[27], aiming at a comprehensive analysis
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of the data of 7, n, w, K, and 27 production.

IV. EXCITED BARYON ANALYSIS CENTER

The Excited Baryon Analysis Center (EBAC) was established at JLab in January, 2006
to provide theoretical support to the excited baryon program. EBAC’s program has two
components. The first one is to identify new baryon states and extract the N* parameters
from the meson production data. The second one is to develop interpretations of the ex-
tracted N* parameters. This requires a full understanding of the coupled-channel effects
resulting from the unitarity conditions and the reaction mechanisms in the short range (off-
shell) region where we want to map out the structure of baryons. To achieve these two goals,
a dynamical coupled-channel reaction model has been developed at EBAC and is being used
to perform analyses of the meson production data from JLab and other facilities.

EBAC’s dynamical coupled-channel model[29] is obtained by extending a well-tested dy-
namical model[22] in the A(1232) region to include all relevant meson-baryon channels and
the excitations of higher mass baryon resonances. The channels considered are YN, 7N, nN,
wN, and the three-particle 77 N continuum which has 7A, pN, and ¢ N resonant compo-
nents. The model satisfies the unitarity conditions and accounts for the reaction mechanisms
in the short-range region by generating the reaction amplitudes from solving coupled-channel
integral equations with 77 N unitarity cuts. This model is now being used to analyze the 7,
1, w, and 27 production data. An extension of the investigation to include the strangeness
production channels, KA and K¥, is also in progress. First results are expected in the
summer of 2007 and a complete analysis of nucleon resonances with mass below 2 GeV is
expected in 2009 to meet one of the milestones of the last NSAC long-range plan.

The EBAC’s dynamical coupled-channel calculations are also aimed at complementing the
empirical amplitude analyses described in the previous sections. To process a large amount
of the data to obtain the first-run information about the N* excitations, these analyses,
mostly based on the K-matrix approach, must be efficient numerically and hence are forced
to make approximations in treating the reaction mechanisms. To establish and also develop
theoretical interpretations of the extracted N* parameters, the approximations used in such
analyses must be examined. The validity of the often used speed-plot or time-delayed plot

methods in extracting the N* parameters from the determined partial-wave amplitudes
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should also be studied. These theoretical issues are being investigated at EBAC in order to
provide information for improving the current empirical amplitude analyses. As a first step,
EBAC is collaborating with the CLAS collaboration to refine their isobar model analyses of
pion electro-production data by including the coupled-channel effects. Collaborations with
other empirical analysis groups will be developed.

The main challenge to EBAC is to develop a way to confront the extracted N* parameters
directly with LQCD calculations. Progress has been made[l, 2] in this direction for the
A (1232) resonance. However, many open questions remain to be investigated[28] before
meaningful comparisons can be made. EBAC is planning to work with the LQCD groups
to explore the connections between LQCD and results obtained from the analysis using the

approach described above.

V. OUTLOOK WITH 12 GEV UPGRADE

The measurements of transition form factors for the identified baryon states require elec-
tron beams of sufficiently large energy span to probe the long and short distance structure
of the nucleon. The program has started with energies from 1 to 6 GeV, and requires the
energy doubling of the JLab accelerator to 12 GeV to allow probing the nucleon core at
distance scales where contributions from the bare quarks may become important. Jeffer-
son Laboratory is the only place where these experiments can be carried out at modest ?
with CLAS, and after the 12 GeV upgrade at high Q? with CLAS12. An example of the
kinematics range covered with the 12 GeV JLab upgrade is shown in Fig.6

The N* program can be complementary to the Generalized Parton Distributions (GPD)
program at JLab. Progress in this direction is being made[32] by exploring the relations be-
tween GPDs, introduced[30, 31] in 1990’s, and the N-N* transition form factors. Transition
GPDs can be accessed experimentally for example in Deeply Virtual Compton Scattering
where a high energy photon is generated together with a recoil excited baryon in the final
state. Such studies will be part of future experiments at the 12 GeV upgrade using the
upgraded CLAS12 detector.

13
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