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The composite nature of baryons manifests itself in thetemée of a rich spectrum of excited
states, particularly in the important mass region 1-2 GeiMtie light-flavored baryons. After
decades of research, the fundamental degrees of freedoanlying the baryon excitation spec-
trum are still poorly understood. Highly-excited baryosageances are also sensitive to the details
of quark confinement which is well described in constituarrg models where all of the non-
perturbative dynamics of the gluons being exchanged betyweés of quarks are assumed to
be mimicked by a potential. A satisfying understanding affseement within quantum chro-
modynamics (QCD) has not emerged, yet. The search for titherdiscovered but predicted
baryon resonances continues at many laboratories aroamaaitid such as Jefferson Laboratory,
ELSA, and MAMI. In these photo- and electroproduction expents, a large amount of data has
been accumulated in recent years including unpolarizesscection and polarization data for a
large variety of meson-production reactions. These areitapt steps toward so-called com-
plete experiments that will allow us to unambiguously deiee the scattering amplitude in the
underlying reactions and to identify the broad and oveilagpparyon resonance contributions.
Several new nucleon resonances have been proposed andsharthe baryon listings in the
2012 Review of Particle Physics reflect the progress in the. fidowever, the continuing study
of available data sets with consideration of new obsergadel improved analysis tools have also
called into question some of the earlier findings in barycgcsscopy.
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1. Introduction

The mass spectrum of hadrons is clearly organized according to the ¢lantent, spin, and
parity of the states. For intermediate and long-distance phenomena suatiras properties, the
full complexity of QCD emerges (non-perturbative QCD), and is a strdasgaele to understanding
hadronic phenomena at a fundamental level. The recent advances i ¢gtige theory and the
availability of large-scale computing technology make it possible for the firstttineemplement
model approaches with numerical solutions of QCD. Spin-parity assignrfmnéxcited states
have even been successfully worked out by some groups. Evenhthioeigised pion masses are
still large, withm; = 400 MeV, a rich spectrum of excited states has been observed, andavthe lo
lying states of some lattice-QCD calculations, e.g. thos¢]of [1], have the szanéugn numbers
as the states in models based on three symmetric quark degrees of fregdomave functions
based on the irreducible representations of Si@(6)3). The good qualitative agreement may
be somewhat surprising since the connection between the relevantdpgrdes of freedom, the
constituent or dressed quarks, and those of the QCD Lagrangian isefiotinderstood. The
lattice results appear to answer the long-standing question in hadronosgegly of whether the
large number of excited baryons predicted by constituent quark modglgxperimentally not
observed, is realized in nature.

The plethora of new results from experiments using electromagnetic phalsegspired at-
tempts to compare the pattern of observed baryon resonances with predfction “traditional”
quark models, but also with predictions from models generating baryorsmgally from meson-
nucleon scattering amplitudes or with results from models that restore thésymreetry at high
excitation energies. A fascinating new connection between nuclear phassicstring theory has
been developed in recent years — called the AdS/QCD correspondaece.g.[]2]. Such an al-
ternative description of QCD could provide new procedures to calculaty wiaservables more
efficiently. A direct comparison of the predicted mass spectra from AdB/@f{th experimental
findings in hadron spectroscopy has become possible and signifiéams éfave been invested to
better understand this exciting connection.

1.1 The Search for new Excited Baryons

Several new excited nucleon states have been proposed based @cdht high-statistics
photoproduction datd][3]. In the hyperon channgfs,— KY (Y = A, Z), precise cross section and
polarization data have been obtained at Jefferson Laboratory (B.gbj}#[b[B]. The weak decay
of the hyperon provides additional access to the polarization of the regdidin/on, rendering a
completeexperiment for these reactions feasible. A partial-wave analysis (P\a#gdon a large
data set of photo- and pion-induced reactions performed within the Batchina (BoGa) PWA
framework requires &l(1900 g+ resonance. This state has been upgraded from a 2-star to a 3-star
state by the Particle Data Group in the 2012 edition of the Review of ParticléBIRPP) [B] and
is required in particular by the recent CLAS measurements of the douldezadion observables,
Cx andC; [{], which describe the spin transfer from a circularly-polarized phatothe recoiling
hyperon along and perpendicular to the beam axis in the c.m. system,tresigec

Using different experimental setups worldwide, high-statistics data oerelftial cross sec-

tions were also obtained for the reactigns— pr° [, B.[@1, yp — nrt [[Q], yp — pn [[3, L2.,[13],
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yp— pn’ [L3, 3], andyp — pw [[[4]. A new resonance was first proposed by the CB-ELSA col-
laboration [1]L] decaying tpn and later confirmed by CBELSA/TAPE J12]; the state is now listed
as (x+) N(2060 3 in the RPP [[B]. The high-spin resonangex * x) N(2190 4, previously

only observed imiN scattering experiments, was identifieddnphotoproduction at CLA[14]
and confirmed more recently by CBELSA/TAPSTif photoproduction[]9]. Moreover, a higher-
mass sping2 resonance was proposed by CLASwrproduction [IH#]. It can be identified with the
poorly-establishedx ) N(2000 g+ resonance, which was also observed in the latest analysis by
the SAID PWA group [[1p]. In the photoproduction of two pseudoscalasans, evidence was
found for the poorly-establishetd(1940) %7 resonance iryp — pr°n [[Lg, [[7]. This resonance
has now been upgraded from a 1-star to a 2-star gfate [3].

1.2 Polarization Observables

Differential cross sections alone usually result in ambiguous sets afiaeses contributing
to a particular photoproduction channel since almost all information on énterte effects is lost.
Thus, double-polarization experiments at several laboratories nowtgerfarming complete or
nearly-complete experiments for reactions ligg— N7, pn, pw, KTY, andpr™ -, which will
significantly reduce and eventually eliminate the ambiguities in the extraction ofc#igeisng
amplitude. Photoproduction of any pseudoscalar meson off the nucledrecdescribed by four
complex reaction amplitudes. Bilinear combinations of these amplitudes lead tcs&6sables.
The measurement of these observables requires some combination ofattizagion of the inci-
dent photon, nucleon target, and recoiling baryjoh [18]. The diftekcross section is unique in
that it depends only on the sum of the squared magnitudes of the amplituteeas other observ-
ables involve various algebraic combinations of the amplitudes and of irdederterms among
them. It was shown inf[}9] that only eight observables must be meastiredinpolarized cross
section, three single-spin, and four double-spin observables.

2. Excited Baryon Resonancesin the Reaction yp — pr°

The single-meson reactionp — pr® andyp — nit™ are among the best studied photopro-
duction channels, but a comprehensive study of polarization obdesvias only begun recently.
Considered well understood about a decade ago, it has come sontewatairprise that many of
the new polarization observables cannot be described well by cun@atetl solutions, not even at
lower energies below 1 GeV incoming photon energy.

In 2012, CBELSA/TAPS reported on the first ever measurement of thblelgpolarization
observableG, for the photon energy range from 620 to 1120 MeV and the full solideaif]].
The G observable describes the correlation between the photon polarizatiengsidrthe scatter-
ing plane for protons polarized along the direction of the incoming photorur&fl) shows the
observable for fixed energies (left) and fixed angles (right). Théatewus of the current model
predictions from the data are clearly observed even for photon eadygiew 1 GeV. In particu-
lar, SAID shows large deviations for the two angles shown. It has bisenssed in[[30] that the
discrepancies among the models arise from the two multipBlgsandE,_, which receive signif-
icant contributions from thg ~ resonances\(1535), A(1620), N(1650), and the3 ~ resonances,
N(1520, A(1700), respectively.
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Figurel: (Color online) Recent results for the double-polarizatbservable, from CBELSA/TAPS ]
for the reactioryp — pr° as a function of coé;; (left) and as a function of energy for two selected Bgs
bins (right). Systematic errors are shown as gray bars. Thees represent predictions from the SAID
(red, dashed)[[21], MAID (blue, dotted) J22], and Bonn-Guta (black, solid)[[33] PWAs. The black,
long-dashed and dashed-dotted lines denote Bonn-Gatelitinghe Ep, andE,_ amplitudes from SAID
and MAID, respectively. Pictures frorﬂZO].
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3. Excited Baryon Resonancesin the Reaction yp — pw

Baryon resonances are generally broad and widely overlap, ebpetihigher energies, im-
posing challenges on the interpretation of the experimental data in termsoofares contribu-
tions. Of particular importance are therefore well-chosen reactions vdaichelp isolate con-
tributions from individual excited states and clarify their importance. Thetggroduction of
and w mesons, for example, has the distinct advantage of serving as an isttgpinSince both
mesons have isospln= 0, isospin conservation guarantees thatNimeor Nw final state can only
be reached via formation &f* resonances.

A PWA of the pw channel was performed on a high-statistics data set obtained using tHe CLA
spectrometer at JLab for c.m. energies from threshold up to 2.4 GéVThd]CLAS data confirm
the dominance of thiechannelr® exchange in the forward direction. In contrast to the production
of a pseudoscalar meson, tlwedecay provides additional polarization information, which further
constrains the PWA for this reaction. The full determination of the spinigemmtrix elements
(SDMEs) has now become feasible and consequently, the SDMEs haeieet new interest in
recent years. The PWA results from CLAS at higher energies arershoFigure[R. The dom-
inant resonance contributions are consistent with the previously idengifiddvell-established
N(1680 3" state and, near threshold, thex ) N(1700 3, as well as theéx + + +) N(2190 1~
at higher energies. Suggestive evidence for the presence of rdskce: g+ state around 2 GeV
was also found. Evidence for other states is inconclusive. It is wortiihghthat questions have
been raised about the existence of i@ 700 %_ state which was not observed in several recent
coupled-channel analyses based on or includitigduced reactions, e.d. |15,]44] 25].
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Figure 2: (Color online) PWA results of the reactigrp — pw at higher energiesIIM]. Left: Total cross
section from all waves in the fit (filled squares), otlghannel waves (open squares), odffy= %+ waves
(circles), and onlyd® = %7 waves (triangles). The cross section extracted)foe %+ is consistent with
the tail of a lower mass state and thfe= %_ cross section is indicative of a state near 2.2 @VThe
errors are statistical only. Right: Fit resultsfd = (p%f — <pg+ versus thepw mass. The solid line used

a constant width Breit-Wigner distribution for tiN{2190) %7, but a 2-pole single channklmatrix for the

JP = 2" wave. Pictures fron{}4].
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3.1 Normalization Discrepanciesin Cross Section Results

Recent photoproduction data are of unprecedented statistical qualitgxduitait excellent
kinematical coverage. However, discrepancies among the cross sexdidts render a combined
analysis of all experimental results very challenging, see e.qg. the discus$gg,[27] for the case
of n production. A rather similar normalization discrepancy of about 40 % ane mbimncom-
ing photon energies at and above 2 GeV has been observed betweks frem CBELSA/TAPS
and the CLAS glla experiment for the reactigqps— pn andyp — pw. Further comparisons
(shown in Figurd]3) of these CLAS results with older data from SLAC forcrehannel [2B] and
from Daresbury for they channel [29] indicate that the CLAS g11a cross sections may be too low.
Assuming an exponential behavior in the forward direction @gs > 0.5), the w distributions
have been fitted ta+ bx+ cx? using a logarithmic scale for the y-axis; the coefficidmtandc
are identical for both data sets (Figyife 3). The data are well descntgkthe ratio of the offsets
givesasiac/acLas = 1.47+0.09. This level of discrepancy is comparable with the one observed
between CLAS glla and CBELSA/TAPS. The effect could be related tokown trigger inef-
ficiency in the CLAS experiment, but information is missing to further investigatassue. Of
course, normalization issues are also not excluded for the other exp&ime

4. The Double-Polarization (FROST) Program at JLab

The g9-FROST program at JLab has successfully finished data-takialjfour combinations
of beam and target polarization, thus providing near-complete sets otireeaants for®, ", 1,
n’, andrr" - photoproduction. The additional determination of the recoil polarization freton
production, completes polarization measurements for the reagtiprsK>~ andKA. More details
on the experimental setup are given[in|[30].



Spectroscopy of Baryon Resonances

\olker Crede

Figure 3: (Color online) Left: Comparison between data for the reacyip — pw from CLAS glla ]
and older data from SLACmZB] at a center-of-mass energy'®f 2.475 GeV. Right: Comparison for the
reactionyp — pn between CBELSA/TAP[]2], CLAS g11k]13], and Daresburyad@$] for a center-of-
mass energy of/s~ 2.35 GeV. The error bars comprise statistical and systematicssadded in quadrature.
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4.1 TheHelicity Asymmetry E for the Reaction yp — nmt

Although many of thaunobservedaryon resonances may have small couplingaNog it is
still important to study pion photoproduction. Polarization observables wili &ié& the several
competing descriptions of the spectrum by more conclusively indicating wagdnances are in-
volved in elastic pion-nucleon scattering, as well as providing evidengaéwiously unidentified
resonances. New resonances found in reactiong/hkes 1N are expected to have masses larger
than about 1.8 Ge¢#, although the higher-mass contributions are expected to be more important
in double-meson photoproduction. The newly proposed resonancesiRPi have been observed
in T production and have masses in the 1800-1900 MeV rdrge [3].

The current database farphotoproduction is mainly populated by unpolarized cross section
data and single-spin observables. Fidlire 4 shows preliminary resultefobservabl& in yp —
ntt [B1]. The predictions shown in the figure agree nicely with the new datawaetwergies
(left side), but discrepancies emerge at higher energies (right feide) > 1.7 GeVk?. Single-
1T photoproduction appears less well understood than previously exlpethe present data will
greatly reduce model-dependent uncertainties.

4.2 Double-Pion Photoproduction

One of the key experiments in the search for yet unobserved states isvéstigation of
double-pion photoproduction. Quark models predict large couplingsosktktates tArm, for in-
stance. The five-dimensional cross section for the photoproductioncops@udoscalar mesons
using longitudinal target polarization and circularly-polarized (or unmixed) beam can be writ-

ten in the form[[3R]:
I =10{(14+ A2 F) + 0o (1" + A F7) },

wherely denotes the unpolarized cross section &ndand/\; are the degree of beam and target
polarization, respectively. The polarization observabesnd| @, for the two-meson final state
arise since the reaction is no longer restricted to a single plane. [flgures shaexample for the
observabld> in yp — prrtm [B3]. The variablesp,+ and6,+ denote the angles of thre" in the
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Figure 4: Preliminary results of the observalie(helicity difference) foryp — nm™ [@]. The inner error
bars indicate the statistical uncertainty; the outer ebans include a 10% systematic uncertainty. The
curves show solutions of the SAID SP(9][10], MAID]22] and SASM95 PWA.

W =1.300 - 1.350 GeV W =1.500 - 1.525 GeV W =2.100 - 2.150 GeV
1.0 T T T 1.0 T T T 1.0 T T T
— SAID (SP09) — SAID (SP09)
----MAID (2007)
05k ] 05k s SAID (SM95) 05 =J SAID ‘SM?S?
' : ® CLAS preliminary . ® CLAS preliminary
wo.o
— SAID (SP09)
-0.5[ ---- MAID (2007) 1
s SAID (SMO5)
® CLAS preliminary
- 1 1 !
1'-01.0 -0.5 0.0 0.5 1.0

cos(6,.™)

Figure5: Preliminary target asymmetry from FROSTyp — prt"r for E, € [0.7,0.8] GeV @]. The
variablesd and g are the two angles of the" in the two-meson rest frame. Errors are statistical only.
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rest frame of the two mesons. The observable acquires surprisingéy/\talges for co§,+ > 0
with the statistical errors in some cases smaller than the symbol size. Theezkpdd behavior is
clearly visible.
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