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Abstract. One of the remaining challenges within the standard modéb igain a good understanding of QCD in the non-
perturbative regime. One key step toward this aim is barp&ttsoscopy, investigating the spectrum and the progesfibaryon
resonances. To get access to resonances with sidalartial width, photoproduction experiments provide etiaéimformation.

In order to extract the contributing resonances, partialenanalyses need to be performed. Here, a complete expérisnen
quired to unambiguously determine the contributing aragks. This involves the measurement of carefully choseglesiand
double polarization observables. The CBEL/SAPS experiment with a longitudinally or transversely pided target and an en-
ergy tagged, linearly or circularly polarized photon bedioves the measurement of a large set of polarization obbésaDue to
its good energy resolution, high detectidfi@ency for photons, and the nearly complete solid angle remeeit is ideally suited
for the measurement of photoproduction of neutral mesonayileg into photons. Recent results for various doublerjzzition
observables in® andy, photoproduction and their impact on the partial wave anglge discussed.

INTRODUCTION

The spectrum of excited nucleon states reflects the dynah@€D in the non-perturbative regime. It has been stud-
ied for many years usingbeams. However, the spectrum of known nucleon resonanoesasflict with predictions
from quark models [1, 2]. Most obvious is the missing resaeaproblem, the fact that more states are predicted
by the models at higher masses than have been observedmegptily. But also the ordering of excited states with
positive and negative parity is partly in disagreement,rtttest prominent example being tiN1440) /2 which

is predicted by most quark models to be heavier tharNib35) 1/2-. QCD calculations on the lattice [3], though
using unphysically large quark masses, yield a similaepaths the non-relativistic quark model. Measuring the prop
erties of the known resonances more precisely and searfdrittge missing resonances is essential to understand the
discrepancies between theory and experiment.

Photoproduction experiments allow access to resonantlesmallzrN couplings and therefore have great poten-
tial to observe the missing resonances. The contributisgn@nces are extracted from the measured data in a partial
wave analysis (PWA). In order to do this in an unambiguous wapmplete experiment [4] is needed, which requires
the measurement of polarization observables. In this pdpemeasurement of single and double polarization ob-
servables accessible with linearly polarized beam andsveasely polarized target are reported. They complement
our published results with a longitudinally polarized &trgnd linearly [5] and circularly [6] polarized beam.

EXPERIMENTAL SETUP

The data presented were obtained with the CBEIO3®RS experiment at ELSA [7]. The linearly polarized photon
beam was produced from the inciden &eV electron beam via coherent bremsstrahlufigaacarefully aligned

diamond crystal [8]. The coherent edge was seEfo= 950 MeV, resulting in a maximumum polarization of 65%
atE, = 850 MeV. The electrons passed through a magnet hitting angdwdoscope which defined the energy of
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FIGURE 1. The experimental setup of the CBELBAPS experiment.

the bremsstrahlung photons. The photon beam impinged oorzarfrspin butanol target [9] providing transversely
polarized protons with an average target polarization 8674

The detector system, which is shown in Figure 1, consistevofelectromagnetic calorimeters, the Crystal
Barrel [10] and the MiniTAPS detector [11], together cougrthe polar angle range froni fo 156 and the full az-
imuthal angle. For charged particle identification, a tHegeer scintillating fiber detector [12] surrounding theyet,
and plastic scintillators in forward direction could be ds€he detector setup provides a high detectidiciency for
neutral particles and is therefore ideally suited to measimgle and double polarization observables in reactidtis w
neutral final states.

DATA ANALYSIS

To select events from reactiorp — yyp, only events with three distinct calorimeter hits were iretd. All three
possible combinations were treatedyag candidates, with the proton being treated as a missingcparé time co-
incidence was required between the tagger hit and the oegutoducts, and random time background was subtracted.
Kinematic cuts were applied to ensure longitudinal andsvarse momentum conservation withiBo-, and the miss-

ing mass had to agree with the proton mass witiar. Finally, events from reactiopp — #%p or np were selected

by requiring theyy invariant mass to be withia2o- of the® or  mass, respectively. Examples for the missing mass,
angular dfference, angy invariant mass distributions are shown in Figure 2. The filzah sample contains a total

of 1.7 million z°p and 170 thousanglp events. The background contamination belowsthgeak in theyy invariant
mass spectrum is less than 1% for all energies and anglebefgiit is below 2%.

Since a butanol target was used, not only reactighpaarized and unpolarized free protons contribute to the
selected event sample, but also reactions occurrihthe bound unpolarized nucleons of the carbon and oxygen
nuclei. The measured target polarizatimris therefore diluted by a factar. Additional measurements using a carbon
foam target were performed to determine tlieetive dilution factord as a function of the beam energy and the
angled of the produced meson in the center-of-mass frame:

Nfree _ Nputanoi— Nearbon (1)

d(E,, cosh) = =
(E,y ) Nbutanol Nbutanol




x10°° x10°° x107°

@ o (b)

©
T

N
o
T
o
&
T

()]

=
o
T
&

S
i
o
T
(4]
T

o

normalized event count [a.u.]
normalized event count [a.u.]
normalized event count [a.u.]

N

(41
T
. nhormalized evgnt countfa.u.]

o
&

2o — e 1 Il 1
20 160 180 200 200 400 600
? [deg] [ Dreson 1984 m,, MeV/c?]

proton proton  *meson

o

800 1000 )
gmeasured _

1200 _
mmissing [MeV/CZ]

proton proton

FIGURE 2. (a) The missing mass distribution, with the proton as thesmggsparticle, (b) the polar angleftérence of measured and
missing proton, (c) the azimuthal angléfdirence of meson and proton, and (d)#henvariant mass distribution. The distributions
are shown—after all other cuts discussed in the text aréeappifor butanol §), carbon¢), and their diference {£).

which assumes that the nucleons bound in carbon and oxygentek same response to the impinging photons. The
carbon foam target had the same size as the butanol targetpgnoximately the same area density as the carbon
and oxygen part in the butanol. The carbon target replacetutanol target in the frozen spin cryostat to match the
experimental conditions of the butanol measurement aglgi@s possible. The carbon data was normalized to the
butanol data in a kinematic region where no contributionffeee protons is expected. The missing mass and angular
difference distributions in Figure 2 are smeared out for theatadata because of the unknown Fermi momentum
in the initial state. The dlierence between the butanol and the carbon data yields #a@ifogon results. For further
details on the dilution factor determination see Ref. [13].

With alinearly polarized photon beam and a transverselgnmed target the distribution of everNsas a function
of the azimuthal angle between the scattering plane and the photon polarizatamegb given by

%f) =1-pZegcos(P)+dpTsing-—a)-dpp, [P cos(2) sin(@ — @) — H sin(2p) cosg — a)], 2
wheree is the azimuthal angle between the target polarizationovesntd the photon polarization plang, is the
degree of linear beam polarization, amds the target polarization degree. The occuring polaradbservableSqs
(which mixes the beam asymmetry from free and bound nucjedn®, andH are determined, for eaclt(, cost)

bin, from an event-based maximum likelihood fit [14, 15] te theasured azimuthal distribution of events. At energies
aboveE, = 933 MeV, wherep, is small, onlyT is determined.

Systematic uncertainties include the uncertainty in tigekeof photon (4%) and proton (2%) polarization, in the
dilution factor (1%—4%, due to the relative normalizatidritee carbon data), and an additional absolute uncertainty
due to the remaining background contribution. Furtheritieta the estimation of the systematic uncertainties can be
found in Refs. [8, 9, 15].

RESULTS

Reaction yp — n%p

Results for the polarization observablesP, andH are shown in Figure 3. The data agree well with previously
reported measurements but exceed the old data in precistboaverage in angles and energy. The agreement with
predictions from BnGa2011 [16], MAID [17], SAID (CM12) [18&nd JiiBo [19] is, in general, quite good.

Our data up toE, = 930 MeV were used as a basis for an energy-independent PWAg®Rdwing for the
determination of théN(1520) 32~ helicity amplitudes with minimal model dependence. All thata were included
in the BnGa multi-channel PWA, together with our recentlplghed data ors [5] and E [6], and further data on
other channel$.Starting from the previous solutions BnGa2011-01 and BriiGa202 [16] all parameters were re-
optimized. The newly determined multipoles are compatilita the previous ones at therdevel over the full mass
range. The errors are significantly reduced, on average bgtarfof 2.25 [13]. The impact of the new data on the
SAID and JiiBo analyses is currently being investigatedjaira effort of the analysis groups [21, 22].

1For a complete list, see [13], ref. [25] therein.
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FIGURE 3. The polarization observablds P, andH in the reactiornyp — n°p as a function of the scattering angle épsind the

yp invariant masaV (in GeV, only every second bin is shown here). The systenatiertainty is shown as gray bars. References
to earlier data (red points) are given in [16], refs. [49-ftidrein. The solid black line represents the BnGa2014 fit [I3e data
are compared to predictions (dashed curves) from BnGaR116] (red), MAID [17] (green), SAID [18] (blue), and JUB®15
[19] (magenta).
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Preliminary results for the polarization observabile®, andH are shown in Figure 4. Large deviations from the data
are observed for the predictions from MAID [17], SAID [25]nBa2011 [16], GieRen [26], and the JUBo model [19],
emphasizing how important these new data are to constraiarttplitudes for photoproduction.

The analysis of our new data dn P, andH, together with not yet published data BrandG and further data
from Mainz (T, F) [24] and JLab [27] E) by the BnGa group is presently ongoing. The results will bblished in
the near future [28].

SUMMARY AND OUTLOOK

Data have been taken with the CBELSAPS experiment using linearly or circularly polarized pds and a logi-
tudinally or transversely polarized targetAfiphotoproduction, the unprecedented precision of the dguiisantly
reduces the errors of the PWA. frphotoproduction, where several observables are now meduor the first time,
the new data are crucial to constrain the photoproductioplitudes. Further reaction channels are also being in-
vestigated. In particular multi-meson final states l7° or pr°; are sensitive to cascade decays of higher-mass
resonances via intermedidté andA* states [29, 30, 31].

We acknowledge support from tiiEeutsche Forschungsgemeinsci{8fBTR16) andSchweizerischer Nation-
alfonds
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FIGURE 4. The polarization observablds P, andH in the reactionyp — np as a function of the scattering angle épsind the
yp invariant mas$V (in GeV). The systematic uncertainty is shown as gray beaadief ELSA data [23] (red) and recent MAMI
results [24] (green) are shown for comparison. The solidklae represents a preliminary BnGa fit. The data are coetpar
to predictions (dashed curves) from BnGa2011-02 [16] (rkthAID [17] (green), SAID GEO9 [25] (blue), and JuBo 2015 [19
(magenta).



