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Abstract

The excitation spectrum of the nucleon provides a stringent constraint on the
dynamics and interactions of its internal constituents and therefore probes the
mechanism of confinement in the light quark sector. Our detailed knowlege of
this excitation spectrum is poor, with many predicted states not yet observed
in experiment and many “established” states having poorly known properties.
To address these shortcomings a worldwide effort is currently underway ex-
ploiting the latest generation of electron and photon beams in detailed studies
of meson photoproduction from nucleon targets. A major contribution to this
effort will come from the experimental programme at Jefferson Lab exploiting
the frozen spin target (FROST) with the CLAS spectrometer. The status of this
project will be presented along with preliminary results and analyses.

1 Introduction
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Fig. 1: Schematic diagram of the CLAS detector.

Obtaining an accurate determination of the excitation spectrum of the nucleon would provide
stringent constraints on our understanding of the dynamics and degrees of freedom of its constituents.
Significant advances in theory aiming to understand this spectrum have taken place in recent years. One
recent highlight is the emergence and expected progression of Lattice QCD predictions, which provide
a more direct link between the properties of the excitation spectrum and the underlying non perturbative
QCD processes in the light quark sector [2]. Better establishing the excitation spectrum would also
guide refinements to QCD-based phenomenological models such as constituent quark models. The recent
lattice results tend to support the finding of many constituent quark models that there should be many
more excited states of the nucleon than have currently been observed, particularly in the mass region
above 1.8 GeV/c?.
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Fig. 2: Schematic diagram of FROST.

It remains a major challenge to current hadron physics to establish whether this “missing reso-
nance” problem is due to deficiencies in the coverage, quality, or completeness of the world data set
to date or whether these states are absent in nature, with significant consequences to our understanding
of nucleon dynamics. As well as hunting for unseen resonances, it is important to better establish the
properties of “known” resonances, reaching a situation where they are consistently evident in different
analyses and have consistent electromagnetic couplings, masses and widths.

Meson photoproduction is an excellent tool to study the nucleon resonance spectrum. The photon
offers a clean well understood probe, with the advantage over previous studies with spinless pion beams
that the response of the nucleon to polarisation degrees of freedom can be utilised. The new generation of
measurements of meson photoproduction carried out or planned at many of the world’s electromagnetic
beam facilities will provide a step change in the quality of available experimental data. The use of photon
beams and targets with high degrees of polarisation, coupled with large acceptance particle detectors is
essential for disentangling the spectrum of excited states, which can only be revealed from the data by
a detailed partial wave analysis (PWA). The inadequacies of the current world data set are highlighted
by the differences in the composition of the resonance spectrum by different partial wave analyses of the
same data (for a review see [3]). Significant advances in PWA analyses themselves are also currently
underway, including the SAID [5], MAID [6], Bonn-Gatchina [7] and EBAC [1]. One recent highlight
from these developments comes from the coupled channel models developed by the EBAC group at
Jefferson Lab, which recently led to the suggestion that the low mass of the Roper resonance may arise
from strong coupled channel effects [1]. A common problem for all the PWA’s in meson photoproduction
is that they are currently under-constrained and require more comprehensive experimental data to permit
more consistent interpretations of the contributing resonances and reaction mechanisms.

The CLAS measurements presented in this contribution will form a crucial part of this world ef-
fort to improve the world data base available for PWA studies. The FROST experiment will provide
complete or nearly complete measurements for a whole range of meson photoproduction reactions such
as yp — Nm,pn,pw, KTY and pr™7~. A “complete” measurement corresponds to the determination
of sufficient experimental quantities to eliminate experimental ambiguities in extracting the scattering
amplitude for the reaction and thereby putting as tight constraints on the various PWA’s as possible.
Achieving a complete measurement requires the precise determination of at least eight well chosen ex-
perimental observables (for a recent discussion see [4]). One combination is the cross section, three
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single-spin and four double-spin observables. For hyperon production channels the ability to determine
the polarisation of the recoiling hyperon from the angular distribution of its weak decay allows this com-
plete determination to be achieved entirely from observables measured in the CLAS programme. For
non-strange production channels a close to complete set can be obtained at CLAS.

The experimental facilities will be discussed in section 2. A selection of preliminary results for
beam-target observales will be presented in sections 3-6.

2 Experimental Setup

The Continuous Electron Beam Accelerator Facility (CEBAF) provides high-intensity electron beams of
up to 6 GeV with approximately 100% duty cycle simultaneously to three experimental halls: A, B and
C. The upgrade to 12 GeV will be completed in 2014, with associated upgrades to the equipment in the
three current experimental halls and a fourth hall, D, currently under construction. The CEBAF acceler-
ator consists of two anti-parallel superconducting RF-linacs connected by recirculation arcs to create a
racetrack with a combined length of 1.4 km. The accelerator produces a continuous-wave electron beam
which can circulate around the linacs up to 5 times, gaining 1.2 GeV of energy with each pass.

Hall B houses the CEBAF Large Acceptance Spectrometer (CLAS), which can be used with both
electron and photon beams. A schematic diagram of CLAS is shown in Fig.1. CLAS is a multi-layered
magnetic spectrometer, divided into six independent sectors by six superconducting coils arranged sym-
metrically around the beamline producing a toroidal magnetic field. There is a magnetic field free region
in the centre of the detector, allowing for the use of polarised targets such as FROST. For photon beam
experiments the innermost detector is a scintillator start counter surrounding the target providing timing
and triggering information on charged reaction products. Outside the start counter, the first three layers
of detectors consist of drift chambers to determine the curved trajectories and hence momenta of charged
particles. Surrounding the drift chambers, gas Cherenkov Counters identify electron events and allows
for the differentiation of electrons from pions. This is then surrounded by a layer of plastic scintilla-
tion bars for time-of-flight measurements. The outermost detector system is made up of electromagnetic
calorimeters for the detection of photons, electrons and high-energy neutrons.

Near the entrance to Hall B the electrons from CEBAF impinge on a thin radiator in which they un-
dergo bremsstrahlung. The recoiling electrons from this process are momentum analysed in a magnetic
spectrometer containing a highly segmented focal plane comprised of thin plastic scintillation detector
elements. The device can tag photons in the energy range 0.35 to 5.8 GeV. Circularly polarised pho-
tons can be produced by utilising a longitudinally polarised electron beam. The direction of the electron
polarisation (and therefore photon circular polarisation) was flipped at a rate of 30 Hz. Linear photon
polarisation can be achieved by using a thin diamond radiator. For such cases the lattice structure co-
herently enhances the momentum transfer direction in the scattering process to directions related to the
reciprocal lattice vectors of the crystal, producing linear polarisation for the bremsstrahl photons.

The frozen spin target (FROST) is placed at the centre of the CLAS detector and provides a highly
polarised proton target for use in a wide range of experiments. A schematic of the FROST apparatus is
shown in Fig. 2. The target material consists of frozen, 1-2 mm beads of butanol (C4H9OH) mixed by
weight with 5% H»0 and 0.5% TEMPO (2,2,6,6-tetramethylpipendine- 1-oxyl), and is placed inside the
target cup which is 50 mm long and 15 mm in diameter. The target material was chosen to have a high
maximum polarisation, a high ratio of polarisable nucleons to the total number of nucleons (the quality
factor), a high resistance to ionising radiation, and a small number of unwanted polarisable nuclei. In
butanol the non-hydrogen components, carbon and oxygen, are spinless particles, so pure butanol has
no background polarisation to correct for. To subtract the yield from the unpolarised nuclei the frost
target was run simultaneously with a separate carbon and polythene detector downstream of FROST.
Events from these targets could be identified from the vertex tracking information of CLAS and their
contribution to the butanol yield could be assessed for any variable of interest in the analysis. In operation
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the FROST target achieved polarisation levels immediately following the polarising process of 85% to
90% and the polarisation degraded at a rate of 0.9% (spin paralell to beam) to 1.5% (anti-parallel to beam
axis) per day.

In the following sections some of the preliminary analysis results from the first round of FROST
data using a longitudinally polarised proton target will be presented.
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Fig. 3: Preliminary results for £ in yp — pn for energies W = 1.525 — 1.925 GeV . Curves: n-MAID (dotted
line), Bonn-Gatchina PWA (dashed line), and SAID (solid line).
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Fig. 4: Preliminary results of the double-polarisation observable E (helicity difference) for Y5 — na™ [11].
The inner error bars indicate stat. uncertainties; the outer error bars include a 10 % sys. uncertainty, which is
expected to be reduced in the final analysis. The curves show solutions of the SAID SP09 [5], MAID [6] and
SAID SM95 PWA.

3 The beam-target helicty asymmetry, E, in 7 photoproduction

The measurement of a wide range of final states in meson photoproduction is highly desirable, not only
to constrain coupled channel analyses but also as certain channels are expected to filter contributions of
nucleon resonances to the scattering amplitude. One example of this is 7 photoproduction which due
to the I=0 isospin of the 7 can be produced in a single step mechanism only via intermediate nucleon
resonances having isospin, I=%. This restriction simplifies the data interpretation and theoretical efforts
to predict the excited states contributing to these reactions.
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Fig. 5: (Upper) phi asymmetry for the positively polarised target setting. (Lower) phi asymmetry for negative
target setting. The vertical red line at 0° is present to help demonstrate the phase shift in the asymmetry due to the
G contribution to the cross section [8]
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Fig. 6: Preliminary FROST values of the double-polarisation observable G (black points) plot as a function of
cos(6) for a small fraction of the available mass (W) bins [8]. Overlaid on the plots are the current SAID [5] (solid-
red line) and MAID2007 [6] (dashed-blue line) solutions. The open pink squares show the previous experimental
data for G.

The polarised cross section for the reaction Y5 — pn of circularly-polarised photons on longitudinally-
polarised protons is given by:

do do

EZEOU*PJQE% (1)

where do /dS)g is the unpolarised cross section. P, and d, are the degrees of target and beam polarisation,
respectively. E denotes the helicity asymmetry.

The asymmetry is extracted from the difference in reaction yields between the photon and target
nucleons spins aligned or antialigned. Preliminary results [9] of the helicity asymmetry, E, for 75 — pn
are shown in Fig. 3. Since the 7 threshold is dominated by the N(1535)S;; resonance, the observable
exhibits values close to unity for W < 1.6 GeV/c? . The preliminary results indicate that the observ-
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Fig. 7: Preliminary target asymmetry, P,, from FROST for the reaction y§ — prtn~ for E, €
[0.7, 0.8] GeV [10]. Error bars are statistical only.

able remains positive below about W = 2 GeV, providing new information to constrain the partial wave
analyses for this channel.

4 The beam-target helicity asymmetry E in 7w+ photoproduction

Comprehensive measurement of the pion production reaction is important as, of all the production chan-
nels accesible, the pion photoproduction is expected to give sensitivity to the largest set of resonances.
The current database for pion photoproduction is mainly populated by unpolarised cross section data and
single-spin observables and is therefore significantly under-constrained.

Figure 4 shows preliminary results [11] of the double polarisation E for Y5 — 7n (Eqn. 1).
While the predictions shown in Fig. 4 agree nicely with the new data at low energies, discrepancies
emerge at higher energies for W >1.7 GeV/c?. Single-pion photoproduction in this region appears less
well understood than previously expected. The implications for the resonance spectrum and properties
will be explored when the finalised results are included in the various PWAs.

5 The beam-target linear asymmetry G in 7+ photoproduction

The use of a linearly polarised photon beam with a longitudinally polarised proton target gives access to
the observable G, for which only sparse data exists in the current world data base. The differential cross
section for the case of a linearly polarised photon beam and longitudinally polarised proton target can be
written as:

0=

do do
dQ

—) (1= PrXcos(2¢) + ProeG sin(2¢)), 2)
0

where do/dS) is the unpolarised cross section. Py, and 0 are the degrees of linear beam and target
polarisation, respectively. G denotes the beam-target linear asymmetry observable and 3 is the single
beam polarisation observable.

There were two possible settings for the photon beam polarisation in the first FROST experiment:
PARA (]|) in which the electric field vector was parallel to the floor and PERP (L) in which the electric
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field vector was perpendicular to the floor. In addition, the target was polarised either parallel or anti-
parallel to the beam direction, defined as positive and negative target polarisation, respectively. The
combination of these resulted in a total of four possible combinations of polarised beam-polarised target
settings during the run. An asymmetry in the reaction yield as a function of pion azimuthal angle with
respect to the photon polarisation plane can be obtained:

N(p)L — N(¢)
N(¢)L + N(9)

The value of G could be extracted by fitting these phi asymmetry spectra. Typical plots for positive
and negative target polarisation settings are shown in Fig. 5. The effect of G in equation (3) gives the
expectation of a change in sign of the ¢ offset when the target is polarised in the positive or negative
direction. This is clearly seen when comparing the 2 plots in the Fig. 5 .

= P.Y cos(2¢) — PpooGsin(20). 3)

Preliminary values for G for a sample of the available W bins are shown in Fig. 6. It should
be noted that the systematics in the degree of linear polarisation of the beam are still being evaluated
so the results are at an early stage. Despite the preliminary nature it is clear that the new data show a
great improvement in accuracy and kinematic coverage compared to previous measurements. Even in
the low lying part of the excitation spectrum near to the Roper resonance it is seen that current PWAs
give different expectations for G. These significant differences highlight how the current world data does
not constrain this reaction even in the low lying part of the spectrum. The new data will therefore give
valuable new constraints on PWAs over the mass range from 1400 up to 2300 MeV.

6 Polarisation observables for 7+~ production on the proton

One of the key experiments in the search for yet unobserved states is the investigation of double-pion
photoproduction. Quark models predict large couplings of those states to A, for instance. The five-
dimensional cross section for the photoproduction of two pseudoscalar mesons using longitudinal target
polarisation and circularly-polarised (or unpolarised) beam can be written in the form [12]:

I:IO{(1+AZ'PZ)+6®(I®+AZ'PZQ)}3

where ) denotes the unpolarised cross section and § and A, denote the degree of beam and target
polarisation, respectively. The additional polarisation observables, P, and I©, for the two-meson final
state arise since the reaction is no longer restricted to a single plane.

Figure 7 shows an example for the observable P, in 7 "p— w7~ [10]. The variables ¢ and ¢
denote the polar and azimuthal angle of the 7 in the rest frame of the two mesons. The observable
acquires surprisingly large values for positive cos .+ with the statistical errors in some cases smaller
than the symbol size. The expected odd behaviour of the distribution is clearly visible.

7 Conclusion

Nucleon spectroscopy is undergoing an exciting period with major advances in theory being comple-
mented by a step change in the quality of experimental data. Experimental programmes of meson pho-
toproduction measurements at the world’s electromagnetic beam facilities will provide the long sought
extensive data sets to constrain the various partial wave analyses and more reliably extract the excitation
spectrum of the nucleon and its properties. The FROST programme at Jefferson Lab will provide a large
proportion of this new high quality experimental data. In the coming decade the combined efforts of
experimentalists and theorists in this area is expected to allow deeper insights into our understanding of
QCD confinement in the light quark sector.
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