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Abstract. The CLAS detector at ferson Lab has provided the dominant part of all avail-
able worldwide data on exclusive meson electroproductidpratons in the resonance
region. New results on thg pN* transition amplitudes (electrocouplings) are available
from analyses of the CLAS data and will be presented. Thejraich on understand-
ing of hadron structure will be discussed emphasizing thdibte access to the dressed
quark mass function that has been achieved for the first tyree dombined analysis of
the experimental results on the electromagnetic nucleastielandN — N* transition
form factors. We will also discuss further convincing evides for a new baryon state
N’(1720)32* found in a combined analysis of charged double pion photd-edectro-
production cross sectiongfahe protons.

1 Introduction

Studies of the excited nucleon stal¢] spectrum and structure from results on resonance eleetroe
cition amplitudes§,pN* electrocouplings) at éfierent photon virtualities@?) represent an impor-
tant direction in the broadffarts on the exploration of the non-perturbative strongradtgon and
its emergence from QCD [1, 2]. They are the only source ofrmftion on many facets of the
non-perturbative strong interaction in the generatiorNdfstates with diferent quantum numbers
as bound systems of an infinite amount of the QCD current guankl gauge gluons [2]. For the
first timey, pN* electrocouplings of most well established nucleon resoeswith masses below 1.8
GeV have been extracted from the data on exclusive mesotiggeaduction & protons measured
with CLAS at Jéferson Lab at photon virtualities up to 5.0 Ge3, 5, 7]. In these proceedings we
will present new results op, pN* electrocouplings from CLAS and will discuss their impactaunr
understanding of th&l* structure, and in particular, the opportunity to map-owet thhessed quark
mass function which encodes the emergence of hadron masdegiark-gluon confinement from
QCD. Furthermore, we will present new results from a comibarealysis of the charged double pion
photo- and electroproductiorffgorotons that strongly support the existence of a new baryate s
N'(1720)32".
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2 Evaluation of the resonance parameters from the CLAS data

Nucleon resonance electroexcitations are described byramsverse A »(Q?), As;2(Q%)) and one
longitudinal 81/2(Q?)) electrocoupling amplitudes. These electrocouplingisraccess to the reso-
nance structure. The CLAS detector has contributed théslgrare of the world data on all essential
exclusive meson electroproduction channels in the reszenexcitation region includiniyr, np, KY,
andr*n~p electroproduction @ protons with nearly complete coverage of the final hadrorspha
space [3]. The observables measured with the CLAS detectstared in the CLAS Physics Data
Base [8]. The available in the resonance excitation regimervables are listed in Table 1.

Table 1. Observables for exclusive meson electroproducti®pmtons that have been measured with the
CLAS detector in the resonance excitation region and stordte CLAS Physics Data Base [8]: CM-angular
distributions for the final mesongg); beam, target, and beam-target asymmeties ( A, A«); and recoil
hyperon polarizationsq, P°).

Hadronic| W-range | Q*-range| Measured observableb
final state| GeV GeV?

7*n | 1.10-1.38] 0.16-0.36 &
1.10-1.55| 0.30-0.60 .
1.10-1.70| 1.70-4.50 G AL
1.60-2.00| 1.80-4.50 i

m°p | 1.10-1.38] 0.16-0.36 &
1.10-1.68| 0.40-1.15 g—g,ALT/,At,Aet
1.10-1.39| 3.00-6.00 4o

np 1.50-2.30| 0.20-3.10 &«

K*A 1.62-2.60( 1.40-3.90 g—g
1.62-2.60| 0.70-5.40 P, PY

K% | 1.62-2.60] 1.40-3.90 &
1.62-2.60| 0.70-5.40 P

mtxp | 1.30-1.60| 0.20-0.60| Nine single-diferential
1.40-2.10| 0.50-1.50 Cross sections

So far, most of the results anppN* electrocouplings have been extracted from independeht-ana
ses ofr*n, n°%p, andr* 7~ p exclusive electroproduction dat# the protons. A total of nearly 160,000
data points (d.p.) on unpolarizedi#irential cross sections, longitudinally polarized beaymase-
tries, and longitudinal target and beam-target asymnsefioieNz electroproduction b protons were
obtained with the CLAS detector 8 < 2.0 GeV and 0.2 Ge¥/< Q? < 6.0 Ge\?. The data have
been analyzed within the framework of two conceptualjedient approaches: a unitary isobar model
(UIM) and dispersion relations (DR) [4, 5]. The UIM descrtteeNrn electroproduction amplitudes
as a superposition 0 electroexcitations in the-channel, non-resonant Born terms gadand w-
t-channel contributions. The latter are reggeized, whildwa for a better description of the data in
the second- and third-resonance regions. The final-sttgeattions are treated af\ rescattering
in the K-matrix approximation [4]. In the DR approach, diggien relations relate the real to the
imaginary parts of the invariant amplitudes that descriitgeNr electroproduction. Both approaches
provide good and consistent description of fe data in the range diV < 1.7 GeV andQ? < 5.0
Ge\?, resulting iny?/d.p. < 2.9.

The n*n~ p electroproduction data from CLAS [9, 10] provide for theffitisne information on
nine independent singleftiérential and fully-integrated cross sections binnedMrand Q? in the
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mass rang&V < 2.0 GeV and at photon virtualities of 0.25 Ge¥ Q? < 1.5 Ge\2. The analysis
of the data allowed us to develop the JM reaction model [6witt] the goal of extracting resonance
electrocouplings as well asA andpp hadronic decay widths. This model incorporates all relevan
reaction mechanisms in the 7z~ p final-state channel that contribute significantly to the sueed
electroproduction cross section§ protons in the resonance region, includingtha**, 7+ A°, p°p,
7*N(15208 ", 7*N(1685£ ", andr~A(1620E " meson-baryon channels as well as the direct produc-
tion of thex*n~p final state without formation of intermediate unstable loadr The contributions
from well established Nstates in the mass range up to 2.0 GeV were included into tipditades

of 7A andpp meson-baryon channels by employing a unitarized versigheBreit-Wigner ansatz
[6]. The current analysis of the preliminatys— p photoproduction data from CLAS at 1.6 GeMW

< 2.0 GeV [12] revealed the presence of a three-body final Bteeaction that is parameterized and
fit to the nine single-dierential cross sections. The JM model provides a good geseriof 7"z~ p
differential cross sections % < 1.8 GeV and 0.2 Ge¥/< Q? < 1.5 Ge\? with y?/d.p. < 3.0, and
the preliminaryr* 7~ p photoproduction data are also described successfully & to 2.0 GeV [12].
The achieved quality of the CLAS data description allowsausolate the resonant contributions and
to determine both resonance electrocouplingszaxddrA, andpN decay widths fitting them to the
measured observables.

Resonance electrocouplings have been obtained from wa@bAS data in the exclusive chan-
nels:z*nandz®p atQ? < 5.0 Ge\2 in the mass range up to 1.7 GeN at Q? < 4.0 Ge\? in the mass
range up to 1.6 GeV, and 7~ p at Q?> < 1.5 Ge\? in the mass range up to 1.8 GeV [3, 7]. For the
first time photocouplings andA andpN hadronic decay widths of all well established resonances in
the mass range from 1.6 GeV to 2.0 GeV that decay preferbritiethe Nrr final states have become
available in the analysis of the preliminary CLASz™ p photoproduction data [12]. The resonance
electrocouplings obtained from thesér™ p photoproduction data are consistent with the published
RPP results [13] from analyses Nifr photoproduction, confirming the reliability of the updatid
model in extracting resonance parameters.

3 Highlights of the recent results on the N* spectrum and structure from
the CLAS data

3.1 Impact of the new CLAS results on studies of the N* structure

The studies of thé\(1440)1/2" and N(1520)32- resonances with the CLAS detector [4, 6] have
provided the dominant part of the worldwide available imfi@ation on their electrocouplings in a
wide range of photon virtualities 0.25 Gé\ Q? < 5.0 Ge\2. Currently theN(1440)1/2* and
N(1520)32" states, together with th#&(1232)32+* andN(1535)1/2™ resonances [3], represent the
most explored excited nucleon states. Furthermore, sesultthey,pN* electrocouplings for the
high-lying N(1675)52~, N(1680)52*, andN(1710)%/2* resonances have recently been determined
for the first time from the CLAN~x data at 1.5 Ge¥/ < Q? < 4.5 Ge\? [5].

Figure 1 shows the mentioned electrocoupling results fe\{i1440)1/2*, N(1520)32-, and
N(1675)52" resonances together with the preliminary results o\ifiet40)/2* andN(1520)3 2~
electrocouplings from the CLAS* 7~ p electroproduction 5 protons at 0.5 Ge¥ < Q° < 1.5
GeV?[7]. TheN — N(1440)Y2* Dirac (F;) and Pauli E) electromagnetic transition form factors,
as computed from these data, are shown in Fig. 2. Consigsults for they, pN* electrocouplings
of theN(1440)1/2" andN(1520)3 2" resonances, that have been determined in independensasaly
of the dominant meson electroproduction channiis,ands*z~p, demonstrate that the extraction
of these fundamental quantities is reliable, since good dascription is achieved in the major elec-
troproduction channels, that have quitéfelient background contributions. This consistency also
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Figure 1. (Color Online)A,/, y,pN* electrocouplings of thé&(1440)Y2* (left), N(1520)32- (center), and
N(1675)52" (right) resonances from analyses of the CLAS electroprioluclata ¢f protons in theNr - [4, 5]

(red circles) and* 7z~ p channels [6] (black triangles) with new preliminary resdtomz* 7z~ p channel [7] (blue
squares). The electrocoupling results are shown in cosgasvith the DSEQCD - [16] (blue thick solid) and
constituent quark model calculations [18] (thin red solid)9] (thin red dashed), and [20] (thin black solid). The
meson-baryon cloud contributions are presented by the miagieick dashed lines. In case of tN¢1440)1/2*
resonance (left) they are based on the calculated DSEQQRgasd the extracted electrocoupling data, whereas
the absolute values at the resonance poles taken from AegOsaka coupled channel analysis [22] are shown
for N(1520)32" (center) andN(1675)52 (right). Photocouplings are taken from RPP [13] (black opgumares)
and the CLAS data analysis [14] biir photoproduction.
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Figure 2. (Color Online) TheF; andF; p — N(1440)12* electromagnetic transition form factors. Exper-
imental results from analyses of the CLAS electroproductiata ¢f protons onNx [4] (red circles) and on
7*n~p [6] (black triangles) and new preliminary results fromn~ p channel (blue squares). These data are
shown in comparison with DSEQCD evaluations [16] that dtarn the QCD Lagrangian and incorporate the
contributions from dressed quarks only (black dashed lmel)the dressed quark contributions after accounting
for the admixture from meson-baryon cloud as described ati@e3 (blue solid line).

strongly suggests that the reaction models, describeddnZ@rovide the basis for reliable evalua-
tions of they, pN* electrocouplings, and it is therefore possible to deteentiirese electrocouplings
for the majority ofN* resonances that decay preferentially tolkteand/ or Nzx final states.
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Due to the rapid progress in the field of DSEQCD (Dyson-ScheirEquations of QCD) stud-
ies of excited nucleon states [2, 15], the first evaluatiohthe electromagnetic transitiop —
N(1440)12* Dirac F; and PauliF; form factors starting from the QCD Lagrangian have recently
become available [16]. They are shown in Fig. 2 by the blaghdd lines and were computed ac-
counting only for the contributions from three dressed gsaHowever, we have to account for the
fraction of meson-baryon degrees of freedom in the wavetioing of the ground and excited nucleon
states. Hence, we multiply the — N(1440)1/2* electromagnetic transition form factors computed
within the DSEQCD approach [16] by a comm@3-independent factor that is fit to the data for
Q? > 3.0 Ge\?, where the quark core is expected to be the biggest contriblitep — N(1440)1/2*
electromagnetic transition form factors obtained in thesmer are shown in Fig. 2 by the solid blue
lines. They dfer a good description of the experimental results@r> 1.5 Ge\2. Discrepancies
at smallerQ? are related to meson-baryon-cloud contributions, whiehkmyond the scope of the
current DSEQCD approach [15-17]. The dressed quark masdarused in the DSEQCD compu-
tations of thep — N(1440)1/2* electromagnetic transition form factors [16]asactly the same as
the one employed in the previous evaluations of the elecgpratic nucleon form factors - and the
p — A transition form factors [15, 17]. This success stronglymrfs: a) the relevance of dynamical
dressed quarks, with properties predicted by the DSEQCDoaph [2], as constituents of the quark
core in the structure of the ground and excited nucleonsstated b) the capability of the DSEQCD
approach [15, 16] to map out the dressed quark mass functiom the experimental results on the
Q?-evolution of the nucleon elastic - anql— N* electromagnetic transition form factors or rather
v,pPN* electrocouplings. Studies of the dressed quark mass mwfil address the most challenging
and still open problems of the Standard Model on the natutieeoflominant part of the hadron mass,
quark-gluon confinement, its emergence from QCD, and iticgl to dynamical chiral symmetry
breaking which is expected to be a source of more than 98%ediadron mass in universe [2].

Recent advances in the development of constituent quarkimathke it possible to extend tQg
range in comparison with DSEQCD approaches where a realgothedrription of the, pN* electro-
couplings is achieved by taking both the contributions,ghark core and meson-baryon cloud, into
account. The two models [18, 19], that account for the médsgeon cloud contributions, allowed
us to considerably improve the descriptionN(fLl440)1/2* electrocouplings a@? < 2.0 Ge\?, con-
firming the relevance of the meson-baryon degrees of freddothe N(1440)1/2* structure at these
distances, as it is shown in Fig. 1 (left). The credible DSBQ&aluation of the quark core con-
tributions to the electrocouplings of ti(1440)1/2* allows us to evaluate the meson-baryon cloud
contributions as the fierence between the fit of the experimental data at higifesind the quark
core electroexcitation amplitudes from DSEQCD [16]. Thesarebaryon cloud contributions ex-
tracted in this manner are shown in Fig. 1 (left). The CLASulsson they,pN* electrocouplings
of the N(1520)32" resonance are shown in Fig. 1 (center). The quark core batiths to these
electrocoupling results have been explored within the &aork of the two conceptually fierent
approaches: a) the hypercentral constituent quark mo@gl42d b) the Bethe-Salpeter approach that
employs structureless constituent quarks with momentudependent quark mass and an instanton
quark-quark interaction [21]. Both approaches provideasoeable description of the experimental
results aQ? > 1.0 Ge\® as shown in Fig. 1 (center). At smaller photon virtualitiesyt are unable to
reproduce the CLAS experimental results. The absoluteegadfithe meson-baryon cloud contribu-
tions from Argonne-Osaka analysis [22], also shown in Ficehter), are maximal at small photon
virtualities, where the discrepancies between the quaidainexpectations and the experimental data
are largest. The absolute value of the meson-baryon dgessiplitudes for thedy,, electrocou-
plings of theN(1520)32~ are much smaller than those for tBg, and Ag/» electrocouplings as
well as for theA,, electrocoupling of theN(1440)%/2*. This makes theA;» electrocoupling of
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the N(1520)32" particularly attractive for the studies of quark degreef@&dom within the struc-
ture of theN(1520)32- resonance. On the other hand, the results on the electriitgsipf the
N(1675)52" resonance are, with almost negligible contributions from quark core [20], already
reasonably described by only accounting for the mesondwmacjoud contributions from Argonne-
Osaka approach [22], see Fig. 1 (right). These restiles tor the first time an almost direct access to
meson-baryon cloud contributions to tNé structure [23].

Analyses of the CLAS results strongly suggest that the siraof nucleon resonances fof <
5.0 Ge\# is determined by a complex interplay between the inner cbiferee dressed quarks bound
into a system with the quantum numbers of the nucleon resenand the external meson-baryon
cloud which also depends substantial on the quantum nunafgle excited nucleon state. The
studies of resonance electrocouplings over the full speciof excited nucleon states offldirent
quantum numbers are hence critical in order to exploffeidint components in tHé* structure.

3.2 Further evidence for the existence of a new N'(1720)3/2* baryon state

The combined analysis af 7~ p electroproduction and preliminary photoproduction dedatCLAS
provides further evidence for the existence of a neWlM20)32* baryon state. For the first time
signals from theN'(1720)32* candidate state have been observed in analyses of the GLAS
n*n~ pexclusive electroproduction data [9], which shows a praveudl structure in thé/-dependence
of fully integrated cross sections & ~ 1.7 GeV and in allQ? bins covered by the measurements.
Analyses of a very limited amount of the singldfdrential cross sections (three of nine available)
carried out in [9] within the framework of the oversimplifigdtial version of the JM model [24, 25]
suggested two possible ways to describe the structureazsat W~ 1.7 GeV: a) by a dominating
decay of theN(1720)32" resonance to theA final state accounting only for contributions from
conventional resonances, or b) by implementing a Ne¢t720)32* candidate state with parameters
derived from the CLAS data fit, in which case the hadronic gleg@ths of all known resonances
remain inside the ranges reported in the PDGO03 [26].

Further studies of the CLAS,p — n*x p electroproduction cross sections [9] have been carried
out within the framework of the current version of the JM midg@e 7, 11] outlined in Sec. 2. All
nine single-diferential cross sections were included in the data fit. In thevié varied simultaneously
electrocouplings, hadronic decay widths tottdeandpN final states for all resonances that contribute
to the region of the structure & ~ 1.7 GeV. We also simultaneously varied the non-resonaatpar
eters of the JM model. The hadronic decay width of each resmneemains the same in alPQins
for the electroproduction data. The preliminary CLAS phpotaluction data [12] and the CLAS elec-
troproduction data [9] were fit independently, allowing ogkamine the consistency of the resonance
hadronic parameters extracted from the photo- and elecidogtion data independently.

Two fits of the nine single-dlierentialy,,p — 7*x~p cross sections have been carried out: a)
assuming only the contribution from conventional resoear(tit A), or b) aN’(1720)32* candidate
state was implemented in addition to the contributions ftbenconventional resonances (fit B). Both
fit A and fit B provide a good description of the CLAS,p — #*n~p photo- and electroproduc-
tion cross sections aV/ from 1.61 to 1.81 GeV with thg?/d.p. less than 3.03 and less than 2.80,
respectively. A reliable description of the resonant cohieplies a valuable restriction on the reso-
nance hadronic decay widths inferred afefient values of photon virtualityQ The hadronic decay
widths of each resonance should b&i@dependent. The hadronic decays widths of the convealtion
N(1720)32* resonance obtained from fit A of the charged double pion pdrottuction data [12] are
listed in the Table 2 in comparison with those inferred in fib#he electroproduction cross sections

9.
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Table 2. N(1720)32" hadronic decays determined from the independent fits toateah charged double pion
photo- [12] and electroproduction [9ffgorotons accounting only for contributions from convensibn

resonances.
Resonance N* total width | Branching fraction| Branching fraction
states MeV for decays torA for decays t@N
N(1720)32*
electroproduction 126.0+ 14.0 64% - 100% <5%
photoproduction| 160.0+ 65.0 14% - 60% 19% - 69%

The branching fractions for the(1720)32* decays into theN final state inferred by fit A of the
data on charged double pion photo- and electroproductioprotons difer by more than a factor of
four. Moreover, the branching fractions for tN€1720)32* decays into theA final states obtained
fitting the photo- and electroproduction data are also radfféerent. This makes it impossible to
describe both the charged double pion photo- and electdoptimn cross sections when only contri-
butions from conventional resonances are taken into a¢cc8yrimplementing a newil’(1720)32*
baryon state , a successful description of all nine singlentialy, ,p — 7* 7~ p photo- and electro-
production cross sections has been achieved. Furtherthedeadronic decay widths of all resonances
in the third resonance region as inferred from the fits fiedéntQ? remainQ?-independent in the
entire range of photon virtualities up to 1.5 Getiiat is covered by the CLAS measurements [9, 12]
(Table 3.)

Table 3. Hadronic decays into theA andpN final states of the resonances in the third resonance redgtbn w
major decays to the &k final states determined from the fits to the data on chargeblegion photo- [12] and
electroproduction [9] implementing a néW/(1720)32* baryon state.

Resonance N* total width | Branching fraction| Branching fraction
states MeV for decays torA for decays t@N
A(1700)32-
electroproduction 288.0+ 14.0 77% - 95% 3% - 5%
photoproduction| 298.0+ 12.0 78% - 93% 3% - 6%
N(1720)32*
electroproduction 116.0+ 7.0 39% - 55% 23% - 49%
photoproduction| 112.0+ 8.0 38% - 53% 31% - 46%
N (1720)32*
electroproduction 119.0+ 6.0 47% - 64% 3% - 10%
photoproduction| 120.0+ 6.0 46% - 62% 4% - 13%

The implementation of a neN’(1720)32* baryon state represents the only way that allows us
to achieve a good description of the CLAS data on chargedldquibn photo- and electroproduction
in all four Q? bins covered by the CLAS measurements, centered at & @e85 Ge\f, 0.95 GeVf,
and 1.30 GeV, with Q*-independent hadronic decay widths of each relevant resenaT his suc-
cess provides sound evidence for the first observation dfltte720)32* baryon state in the CLAS
data [9, 12]. The electrocouplings of the two close-lyingomances, the nel’(1720)32* and the
conventionaN(1720)32*, are superimposed in Fig. 3.
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Figure 3. (Color online) Photo- and electrocouplings of the Mgw1720)32* (blue squares) and conventional
N(1720)32* (black triangle) states as determined from the analysig®fQLAS charged double pion photo-
and electroproduction datdf@rotons [9, 12] within the framework of IM15 model [6, 7, 11itlined in Sec. 2.

The analysis of the CLAS data within the framework of the recBM model version [6, 11]
revealed the contribution of a conventioh{(L720)32* and a newN ' (1720)32* baryon state to the
n*n~ p photo- and electroproduction cross sectiond/at 1.7 GeV. The two states have close masses
(1.743 GeV to 1.753 GeV faK(1720)32+ and 1.715 GeV to 1.735 GeV fdi'(1720)32*) and the
same spin-parities/3*, but their hadronic decay widths of the, pN final states an@?-evolution
of their electrocouplings (Fig. 3) are distinctivelyffidirent. All this further strengthens the claim of a
newN’(1720)32* baryon state found in the CLAS charged double pion photoeteatroproduction
data.
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