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Abstract. Baryon spectroscopy is an essential tool in the study of nucleon resonances. The use of polarization

observables can greatly clarify the spectrum of broad and overlapping nucleon excitations. The N∗ program
with the CEBAF Large Acceptance Spectrometer (CLAS) at the Thomas Jefferson National Accelerator Facility

includes experimental studies with linearly- and circularly-polarized tagged-photon beams, longitudinally- and

transversely-polarized nucleon targets, and recoil polarizations. An overview of these experimental studies and

recent results are presented.

1 Introduction

The CLAS Collaboration is pursuing an experimental

study of baryon resonances with two components. The

first is the spectroscopy of excited baryon states with

photoproduction experiments. These experiments aim to

search for new states and improve the understanding of

known states. The experimental data are used in phe-

nomenological analyses or theoretical models to extract

resonance information. The extraction is a problem en-

compassing many short-lived, wide, and overlapping res-

onances with multiple decay-channels. It is particularly

important to include in the analysis data from a variety

of excitation and decay channels, as some of the missing

states may couple only weakly to, e.g., the πN final state.

The CLAS experiments that are reported here include the

π0p, π+n, ηp, η′p, ωp, K+Λ, K∗Λ, and π+π−p reaction

channels for reactions off the proton, and π−p, K0Λ, and

K0Σ0 for quasi-free reactions off the neutron. The deter-

mination of a set of polarization observables, along with

cross-section measurements, is essential in placing strin-

gent constraints on the amplitude of the reaction. The

second component of the CLAS N∗ program is the mea-

surement of transition form factors of known resonances

in electroproduction experiments to study their internal

structure and confining potential. R. Gothe presented the

CLAS and CLAS12 transition-form-factor experiments at

this NSTAR 2019 conference.

The following gives a brief overview of recent exam-

ples of photoproduction experiments that were performed

with the CEBAF Large Acceptance Spectrometer (CLAS)

detector [1] at the Jefferson National Accelerator Facil-

ity (JLab). In these experiments, unpolarized, circularly-

, or linearly-polarized tagged [2] Bremsstrahlung photon

beams were incident on unpolarized, longitudinally, or

transversally polarized hydrogen or deuterium targets. The

newly developed polarized targets were key to the suc-

cess of the campaign. The frozen-spin target (FROST)
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[3] provides dynamically polarized protons in TEMPO-

doped butanol. In the g9a run, the average proton polar-

ization was approximately 82% [4]. The dilution factor,

the fraction of the number of free to the total number of

protons that contribute to the reaction, depends on the re-

action channel and kinematics; for the γp → π+n reac-

tion, it was typically well above 0.5. Spin-lattice relax-

ation times up to 4000 h were observed with FROST [3].

The polarized solid deuterium-hydride (HDice) [5, 6] tar-

get provided polarized neutrons. In the g14 run, the D po-

larization of the HDice target averaged 25% [7]. The spin

relaxation time of the HDice target can reach years. Final-

state particles were detected in the CLAS or reconstructed

through invariant and missing masses. The measured ob-

servables include total and differential cross-sections, as

well as single- and double-polarization observables with

combinations of a polarized beam, target, and (in the case

of hyperon production) the polarization of the recoiling

baryon.

2 Photoproduction off the proton

Measurements of the beam-target observable, E, in the

γp → π+n reaction with circularly-polarized photons in-

cident on longitudinally-polarized protons were the first

results from the FROST experiment [4]. Over 900 data

points were obtained in a center-of-mass energy range

from W = 1.25 GeV to 2.23 GeV. For most of the cov-

ered energy range, previous partial-wave analyses (PWA)

showed significant deviations; only at low energies, the

agreement with the data was fair. The inclusion of the data

in new analyses led to a better description of the data and

an improved amplitude determination. These more tightly

constrained amplitudes also help fix the πN components

of broader multi-channel analyses. One particularly inter-

esting result is the strengthened the evidence for the, at the

time, poorly known Δ(2200)7/2− resonance by improving

the Bonn-Gatchina (BnGa) fit at the highest energies [8].

The mass of the Δ(2200)7/2− resonance is significantly
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higher than the mass of its parity partner Δ(1950)7/2+,
which is the lowest-mass Δ∗ resonance with spin-parity

JP = 7/2+. The observation conflicts with the predic-

tion of models assuming a phase transition in high-mass

resonances. The Δ(1950)7/2+ is now listed as a three-star

resonance by the Particle Data Group [9].

Two CLAS analyses of single-pion photoproduction

data from FROST have recently been completed and are

being prepared for publication. The first is the extraction

of the beam, T , and beam-target, F, polarization observ-

ables in γp → π0p from data with circularly-polarized

photons and transversally-polarized protons [10]. The

results are in good agreement with previous experimen-

tal data but extend to much higher energies, up to about

W = 2.5 GeV. Although these results have not yet been

included in fits of recent partial-wave analyses, the PWA

solutions are already in fair agreement with the data, even

at the highest covered energies. The second analysis deter-

mined the beam-target observable, G, from data with lin-

early polarized photons on a longitudinally polarized pro-

ton target in the π0p and π+n channels for energies from

W = 1.425 GeV to 2.290 GeV [11]. While present PWA

predictions are in fair agreement with the data, they do

not describe the G data well at higher energies. Figure. 1

shows example angular distributions forG in the π+n chan-

nel for two out of the 23 energy bins in the experiment.
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Figure 1. Beam-target polarization observable −G in the γp →
π+n reaction from FROST for two selected energy bins out of

23 (red data points) [11]. The curves are predictions from SAID

MA19 (blue) [12], MAID (magenta), GW-Jülich (cyan) [13], and

BnGa (black) [14, 15].

The η meson is an isoscalar particle (I = 0), and its

production in the s-channel process can proceed via N∗
states with I = 1

2
but not via Δ∗ resonances with I = 3

2
;

the channel ηp serves as an isospin filter. The polarization

observable E has been measured with FROST in the γp →
ηp reaction from threshold to W = 2.15 GeV [16]. Initial

investigation of these results with the Jülich-Bonn dynam-

ical coupled-channel model show pronounced changes in

the description of this observable when these new CLAS

data are included. This analysis gave a good descrip-

tion of the data without the need for an additional and

previously suggested narrow resonance near 1.68 GeV.

The CLAS Collaboration has also measured the linearly-

polarized photon-beam asymmetry, Σ, in the γp → ηp and

γp → η′p reactions. The data significantly extend the

range of previous measurements to energies up to about

W = 2.08 GeV [17]. Based on the Jülich-Bonn approach

and the BnGa partial-wave formalism, initial analyses of

the data corroborate the evidence for the nucleon res-

onances N(1895)1/2−, N(1900)3/2+, N(2100)1/2+, and
N(2120)3/2− [17]. The analysis by Anisovich et al. [18]
indicates that those four resonances are the most signifi-

cant contributors to the η′ photoproduction process. This

analysis of the CLAS data also allowed for the determina-

tion of the decay branching ratios of these resonances into

Nη′ final states. The Particle Data Group now recognizes

these states as three- and four-star resonances [9].

Like the η and η′, ω mesons have isospin zero. The

ω photoproduction selects isospin- 1
2
resonances in the nu-

cleon resonance spectrum. The CLAS Collaboration has

studied cross-sections and numerous polarization observ-

ables in the γp → ωp reaction using the ω → π+π−π0
decay mode. In a measurement with circularly polarized

photons and the longitudinally polarized FROST target,

the helicity asymmetry E was determined from thresh-

old to about W = 2.3 GeV [19]. An analysis of the

data within the BnGa framework found as leading par-

tial waves at the reaction threshold the 3/2+, identified
with the sub-threshold N(1720)3/2+ resonance, and 5/2+

partial waves. Pomeron t-channel exchange was seen to

grow with energy and to dominate all other contributions

above W ≈ 2 GeV; t-channel pion exchange was found

to remain small in the studied energy range [19]. The

magnitudes of the interference terms between the lead-

ing Pomeron-exchange and the resonant portion of the

JP = 3/2+ partial waves, as well as the smaller waves

with JP = 1/2−, 3/2−, and 5/2+, were fixed with the help

of recent CLAS measurements of the photon-beam asym-

metry Σ [20]. The data significantly increase the size of

the database for this observable and extend its coverage

to energies up to W = 2.1 GeV. First-time measurements

of the target asymmetry T in the γp → ωp reaction were

obtained with the FROST target from the reaction thresh-

old up to 2.8 GeV [21]. The observed asymmetries are

rich in structures and significant; with |T | reaching 0.3–

0.4 in the third-resonance region. The FROST data also

allowed to determine a new set of results for the observ-

able Σ [21] that were found to be in overall fair agree-

ment with previous data, including the earlier CLAS data

[20]. Finally, the double-polarization observables F, H,

and P in ω photoproduction have been obtained from the

FROST experiment using circularly polarized and linearly

polarized photons [22]. The results of partial-wave anal-

yses, including these new data, provide evidence for sev-

eral poorly known states; the recently added N(1875)3/2−
and N(2120)3/2− states, the new N(1880)1/2+, and the

poorly established N(2000)5/2+. The latter state was also
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observed in a single-channel partial-wave analysis by the

CLAS Collaboration [23].

Hyperon photoproduction is an important tool in the

study of nucleon resonances. The parity-violating weak

decay of hyperons allows access to recoil polarization ob-

servables through the measurement of the decay-proton

angular distribution. Earlier CLAS measurements of the

hyperon-photoproduction reactions γp → K+Λ and γp →
K+Σ0 included the determination of the Λ recoil polariza-

tion P from measurements with unpolarized photon beams

[24, 25], as well as the polarization-transfer observables

Cx and Cz with circularly-polarized beams [26]. Among

other data, these CLAS findings were particularly impor-

tant in an analysis by the BnGa group [27, 28] that estab-

lished further evidence for the, at the time, poorly known

N(1900)3/2+ resonance. This resonance is predicted by

symmetric three-quark models but is not expected to ex-

ist in some quark-diquark models [28]. By now, this res-

onance is recorded as a firmly established four-star res-

onance by the Particle Data Group [9]. New hyperon-

photoproduction data for the reactions γp → K+Λ and

γp → K+Σ0 from CLAS were extracted from measure-

ments with linearly-polarized photons off an unpolarized

proton target with energies up to W ≈ 2.2 GeV [29]. The

linearly-polarized beam, together with the recoil polariza-

tion of the hyperon, give access to five polarization observ-

ables: Σ, P, T , Ox, and Oz. These data greatly increase the

world database in accuracy and kinematic coverage; the

beam-recoil observables, Ox and Oz, in the K+Σ0 channel
have not been reported before. An earlier 2014 solution

of the BnGa partial-wave analysis did not describe most

data from this experiment. An updated solution that in-

cluded the new CLAS data and additional N∗(3/2+) and
N∗(5/2+) resonances describes the KΛ data well, whereas

the agreement with the KΣ data is fair [29]. Hyperon pho-
toproduction data from the FROST experiment have been

analyzed [30]; final results are not yet available.

Furthermore, the CLAS Collaboration reported first

measurements of the spin-density matrix elements of

K∗+(892) mesons in the reaction γp → K∗+Λ where the

K∗+ was identified in the observation of K∗+ → KS π
+ with

a subsequent KS → π+π− [31]. The measurement covered

a photon-energy range from threshold to 3.9 GeV. The re-

sults from this experiment — differential cross-sections,

spin density matrix elements, and the Λ recoil polarization

— were analyzed in the BnGa framework. This analysis

found very significant contributions of the nucleon reso-

nances N(1895)1/2− and N(2100)1/2+ to the reaction, and
some indications for three new resonances that decay into

K∗Λ [31].

Highly excited nucleons, in the mass region above

1.6 GeV, have substantial branching ratios into the ππN
final state; the decay proceeds typically through either the

πΔ or ρN intermediate states. The study of ππN photopro-

duction is, therefore, a sensitive tool in the search for new

baryon states that couple weakly to other decay channels,

especially to πN. The CLAS Collaboration recently re-

ported on the first measurement of nine single-differential

cross sections for the γp → π+π−p reaction in the energy

range from W = 1.6 GeV to 2.0 GeV [32]. The various

cross-sections are differential in the invariant masses, as

well as polar and azimuthal angles for different pairs of

final-state particles. The extensive data set was analyzed

with the updated Jefferson Lab-Moscow State University

meson-baryon reaction model, and a good description of

the data was achieved [32]. The analysis provided the first

extraction of the photocouplings of all prominent nucleon

resonances in this mass region from π+π−p photoproduc-

tion data. Compared to previous πN analyses, the accuracy

of the photocouplings of the resonances with dominant de-

cay into the ππN final state, Δ(1620)1/2−, Δ(1700)3/2−,
N(1720)3/2+, and Δ(1905)5/2+, were greatly improved

[32].

Beyond differential cross sections, polarization ob-

servables provide further constraints on the extraction of

the amplitudes of the photoproduction process. A review

of the polarization observables for the two-pion produc-

tion off the nucleon is given in Ref. [33]. The CLAS

Collaboration was first to study the π+π−p photoproduc-

tion with a circularly polarized beam and to measure the

beam-helicity asymmetry, I�, in the energy range between
W = 1.35 and 2.30 GeV [34]. The use of linearly polarized

photons and the FROST target allows for the extraction of

a large number of polarization observables. The FROST

group is working on the determination of twelve polariza-

tion observables determined from γp → pπ+π− data; pre-

liminary results are reported in Refs. [35, 36]. Figure 2

illustrates the quality of data that is expected from those

analyses. Here, the azimuthal angular distributions of the

double-polarization observable P�y are shown for various

polar angular ranges for one center-of-mass energy bin

raging from W = 1550 MeV to 1650 MeV [36]. The data

are compared with model calculations by Fix [37] and are

fitted with a low-order polynomial in sinΦ∗. This partic-
ular observable is accessible in measurements with circu-

larly polarized photons off transversally polarized protons.

Other observables accessible with these experimental con-

ditions include I�, P�x , Px and Py. [33].

3 Photoproduction off the neutron

Compared to the scale of photoproduction data with pro-

ton targets, the world database for neutron targets is sparse.

However, data from both proton and neutron targets are

needed, for example, to completely specify the amplitude

of the γN → πN reaction. The amplitude of the reaction

contains two parts with isospin I = 1
2
and I = 3

2
, respec-

tively. While the excitation of I = 3
2
Δ∗ states can be en-

tirely determined from proton target data, measurements

with both neutron and proton targets are required to deduce

the isospin I = 1
2
amplitudes, and separate γpN∗ and γnN∗

couplings [38]. The couplings provide essential guides to

nucleon-structure models. A complication associated with

the extraction of neutron data from experiments on nuclear

targets, like the deuteron, is the model-dependent interpre-

tation of the results.

The CLAS Collaboration measured the differential

cross sections for the quasi-free γd → π−p(p) reaction
(with proton spectator) in the energy range from W =

1.31 GeV to 2.37 GeV. After corrections of the γd data
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Figure 2. Preliminary Φ∗ azimuthal angular distributions of the beam-target polarization observable P�
y for the γp → π+π−p reaction

in the energy range W = 1550 MeV to 1650 MeV [36]. The seven panels correspond to bins in the polar angle Θ∗. The solid green

histograms are CLAS-acceptance averaged results of model calculations from A. Fix [37]. To guide the eye, the data are also fitted with

low-order polynomials in sinΦ∗ (red curves). The angles Φ∗ and Θ∗ are, respectively, the azimuthal and polar angles of the final-state

π+; see Ref. [36] for details.

for final-state interactions, 8428 differential cross-section

data points were extracted for the γn → π−p reaction,

nearly tripling the corresponding world statistics [12]. A

SAID multipole analysis was performed on the data set

and resulted in the extraction of several photo-decay am-

plitudes N∗ → γn with small uncertainties, and, in partic-

ular, it allowed the first-ever determination of the excited

neutron multipoles for the N(1440)1/2+, N(1535)1/2−,
N1650)1/2−, and N(1720)3/2+ resonances [12]. CLAS

data with a linearly polarized photon beam have been used

to extract about 1200 data points of the polarization ob-

servable Σ in γd → π−p(p) covering an energy range from
W = 1.62 GeV to 2.36 MeV [39]. The final results are not

yet available.

The CLAS Collaboration has taken production data

with circularly- and linearly-polarized photons off a po-

larized solid deuterium-hydride target (HDice) [5, 6] up to

center-of-mass energies of W ≈ 2.3 GeV. The run condi-

tions were optimized for polarized neutron reactions. A

first result is the determination of the beam-target double-

polarization asymmetry E in the γd → π−p(p) reaction
[7]. New partial-wave analyses that included the data re-
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sulted in updated γnN∗ photocouplings [7]. Additional

work on the experimental data is ongoing to extract the po-

larization observables Σ and G. Preliminary results for Σ

are consistent with existing partial-wave analyses, whereas

the results for G deviate strongly [40]. The data hint at the

prospect of providing valuable constraints for new partial-

wave analyses.

Hyperon photoproduction data off the proton were key

to elucidate the nucleon resonance spectrum. Now, the

CLAS Collaboration has reported on the first measure-

ment of the differential and total cross sections for the

γd → K0Λ(p) reaction with energies up to W = 2.5 GeV

[41]. Consistent cross-sections were extracted from two

different CLAS experiments with a partial overlap in the

photon-energy range. First, partial-wave analyses were

performed that describe the data without the introduction

of new resonances. Two independent solutions from the

BnGa-fit describe the cross-section data equally well [41].

The induced polarization P and the polarization-transfer

coefficients Cx and Cz were also extracted for the K0Λ(p)
channel from data with circularly polarized photons on a

deuterium target in the energy range up to W = 2.4 GeV

[42]. The preliminary results in Fig. 3 indicate that Cz ≈ 1

at forward kaon-angles for photon energies up to 1.4 GeV.

The preliminary data have been compared to results from

the ANL Osaka and BnGa groups, and the significant de-

viations hint at the potential of these data to further con-

strain the N∗ amplitude analysis. The beam-target helicity

asymmetry E in K0Λ and K0Σ0 photoproduction on the

neutron were extracted for the first time [43]. The ex-

periment made use of the HDice target and the identifi-

cation of π+π−π−p(X) with intermediate hyperons in the

final state in the CLAS. The data cover an energy range

from W = 1.70 GeV to 2.34 GeV. Regrettably, this analy-

sis is limited by small statistics.

4 Summary

Much of the progress in the understanding of the baryon

spectrum is owed to a large amount of new photoproduc-

tion data. The data include reaction cross sections and

polarization observables from experiments with polarized

beams or targets, as well as recoil polarization observ-

ables. Many final states have been studied in the experi-

ments. The progress in the field is evident in the increased

number of known N and Δ resonances, as reported by the

Particle Data Group [9]. The N∗ program of CLAS has

been a critical contributor to these studies, and ongoing,

and future analyzes of CLAS data will continue to eluci-

date the nucleon resonance spectrum.
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