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Non-strange baryons

1. The CLAS N* program


2. Photoproduction off the proton


3. Photoproduction off the neutron



The status of the nucleon resonances (PDG 2018)
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Improvements since

2016:


Δ(2200)7/2-


Δ(1900)1/2-


Δ(1600)3/2+


now 12 3☆, 4☆ Δ

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) 

Results from the CLAS collaboration 
contributed significantly to that progress.



Missing-resonance problem and relevant degrees of freedom
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Quark Models


• Constituent Quark Models predict many more of excited states than have been observed; some of the states 
may only couple weakly to πN.


• Quark-Diquark Models with a tightly bound diquark predict fewer states.

• Adding additional gluonic degrees of freedom increases number of bound states (hybrids).

CQM: U. Löring, B.C. Metsch, and H.R. Petry, Eur. Phys. J. A10 395 (2001)
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Lattice QCD solutions consistent with CQM expectation of an 
extensive N* spectrum
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R.G. Edwards, J.J. Dudek, D.G. Richards, and 
S.J. Wallace, Phys. Rev. D 84, 074508 (2011)

LQCD predicts states with the 
same quantum numbers as CQMs 
with underlying SU(6) x O(3) 
symmetry; more states than have 
been identified experimentally.


No signs of parity doubling of 
states.
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numbers of low-lying states for each JP are 
similar to the numbers obtained in the 

nonrelativistic quark model



Two components of the experimental N* program
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Q2 = 0: Spectroscopy

search for new states and accounting 
for the complete excitation spectrum

Q2 > 0: Electroproduction 

study of the internal structure of a 
resonance with transition form factors

N

N*, ∆
πN, ηN, ΚΛ, ππN

γ (*)
various decay channels

⇒ coupled-channel analysis

Photon probes the dressed vertex

⇒ reaction models to separate 
reaction mechanisms from nucleon 
structure

Electromagnetic Excitation of N*’s 

A1/2(Q2), A3/2(Q2), S1/2(Q2)

helicity amplitudes⇒

(Proton and neutron data needed to deduce isospin I=1/2 amplitudes)



Studied decay channels
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γ p→ π 0 p,π +n
γ p→ηp, ′η p
γ p→ω p, ρ p,φ p
γ p→ K +Λ,K +Σ0 ,K 0Σ+

γ p→ π +π − p
…

γ n→ π − p
γ n→ K 0Σ0 ,K 0Λ
γ n→ π +π −n
…
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Unpolarized, circularly polarized, 
linearly polarized beam


Unpolarized, longitudinally polarized, 
transversally polarized target


Recoil polarization (asymmetry in 
the weak decay of the hyperon)

Cross section and polarization 
observables

e.g. CLAS frozen spin target (FROST)

e.g. unpolarized deuterium target (g13),

polarized HD-Ice target (g14)

present 
examples



CEBAF Large Acceptance Spectrometer in Hall B 
(1997 - 2012)
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Polarized electron beam

Energies up to Ee = 6 GeV 
(now up to 11 GeV) 

CEBAF Large 
Acceptance 

Spectrometer

(CLAS)

Photon Tagger Target


unpolarized p or d, 
polarized FROST, 
HDice

Eγ = Ee − E ′e

B.A. Mecking et al., Nucl. Instr. and Meth. A 503, 513 (2003).



Polarized targets for CLAS
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superconducting holding coils (0.5 T) 

transverse polarization (g9b)

longitudinal polarization (g9a)

FROST

Geometry 50 mm x 15 mm ⌀ 50 mm x 15 mm ⌀

Polarization P(p) = 82%; avg. g9a P(D) = 25%; avg. g14

Spin relaxation typ. 2800 h with beam years

Repolarization once per week

Dilution 10/74 (in analysis > 0.5) 1/1 for n, 1/2 for p

H―D

Target FROST HD-ice

γp → π+X

FROST: C.D. Keith et al., NIM A684, 27 (2012), HDice: NIM A737, 107 (2014), NIM A815, 31 (2016)



Double Polarization Observable E
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Partial Wave Analyses Good overall description after fit, however, not with identical results.
S.S. et al. (CLAS Collaboration),  PLB 750, 53 (2015)

!γ !p→ π +n
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New evidence for a Δ(2200)7/2- resonance 
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Δ(1950)7/2+  ☆☆☆☆


Δ(2200)7/2-  ☆  (now: ☆☆☆)

Parity partner of Δ(1950)7/2+ 
was poorly known.

Evidence found for ∆(2200)7/2− 
in an analysis of the  
Bonn/Gatchina group.

M(Δ7/2-) ≈ 2180 MeV

… and not ≈ 1950 MeV. 
Chiral symmetry is not 
restored in high-mass 
hadrons.

BnGa analysis incl. recent CLAS and CBELSA/TAPS data
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A.V. Anisovich et al., Phys. Lett. B766 (2017) 357-361 
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Kaon-data-constrained Jülich-Bonn solutions describe new π0 
photoproduction data well
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JüBo w/o recent Kaon constraints

JüBo w recent Kaon constraints

preliminary FROST data

g9b analysis by Hao Jiang (South Carolina); model: Deborah Rönchen (Bonn), private communication (2016)
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SAID MA19

MAID

GW-Jülich, EPJA 54, 110 (2018)

Bonn-Gatchina, EPJA 51, 95 (2015), EPJA 52, 284 (2016)

Tight constraints from new FROST data:

Double-polarization Observable G 

( dσ
dΩ ) = ( dσ

dΩ )
0

{1 + PγΣ cos(2α) + PγPzG sin(2α)}

Fair description at low energies.

Poor description at higher energies.

γp → π+n

PWA predictions of preliminary data:

W = 1.4 - 2.3 GeV

g9 analysis by N. Zachariou (2019, University of York) 
- under collaboration review

Examples: 3 out of 23 W-bins
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Helicity asymmetry E in eta photoproduction on the proton

η photoproduction isolates N*(I=1/2) states 
in the resonance spectrum.


Narrow structure seen in MAMI γp → ηp 
cross section data.

[predicted in πN PWA: Phys. Rev. C 69, 035208 (2004)]


Present CLAS E data do not demand the 
presence of a narrow resonance with a 
width of 40 MeV or less at about  
1.7 GeV.
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I. Senderovich et al. (CLAS Collaboration), Phys.Lett. B 755 (2016) 64-69 

γp → ηp



Σ

Observable 𝝨 for 𝜼 and 𝜼’ 
photoproduction
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g8b: P. Collins et al., PLB 771, 213 (2017)

A.V. Anisovich et al., PLB 772, 247 (2017) 

Both new BnGa solutions indicate


N(1895)1/2−   (2018: ☆☆☆☆) dominance near threshold,  
N(1900)3/2+  (2018: ☆☆☆☆) presence,  
N(2100)1/2+   (2018: ☆☆☆) presence,  
N(2120)3/2−   (2018: ☆☆☆) strong contribution.

⃗γp → ηp, W = 1700 − 2079 MeV
⃗γp → η′�p, W = 1900 − 2079 MeV

γp → η′�p

SAID SM05

ETA-MAID

Nakayama and Haberzettl 

Bonn-Gatchina (fit, solution 1)

Bonn-Gatchina (fit, solution 2)

◻○ GRAAL

◼			CLAS (g8b)
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Double-polarization observables E in 𝞈 photoproduction
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Z. Akbar et al., Phys. Rev. C 96, 
065209 (2017)

A partial-wave analysis within the Bonn-Gatchina framework found dominant contributions from the 3/2+ 
partial wave near threshold, which is identified with the subthreshold N(1720)3/2+ nucleon resonance.

γp → ωp

• CLAS FROST, ω ➝ π+π-(π0)

▪ CBELSA/TAPS, ω ➝ π0γ

- BnGa PWA

W = 1700 - 2300 MeV



Observables 𝝨 and T in 𝞈 photoproduction
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★ g8b: P. Collins et al. (CLAS Collaboration), PLB 773, 112 (2017)

● FROST: P. Roy et al. (CLAS Collaboration), PRC 97, 055202 (2018)

s-channel resonance production and t-channel exchange processes contribute to the reaction.

Data help to fix the magnitudes of the interference terms in the BnGa PWA.


γp → ωp

- BnGa-PWA

ω → π+π−π0

Σ T



Double-polarization observables  
F, P, and H in 𝞈 photoproduction
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P. Roy et al., Phys. Rev. Lett. 122, 162301 (2019), 


consistent with single-channel PWA: M. Williams et. al, Phys. Rev. C80, 065208 (2009) and M. Williams et. al, Phys. Rev. C80, 065209 (2009)

The results reveal significant contributions from several nucleon (N*) resonances.


Evidence was found for the poorly known states N(1880)1/2+ ☆☆☆, N(2000)5/2+ ☆☆, N(1895)1/2− ☆☆☆☆, 
and N(2120)3/2− ☆☆☆. 

γp → ωp
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Polarization Transfer Observables Cx, Cz
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Cx (•), Cz (○) for K+Λ channel

!γ p→ K +
!
Λ

Bonn-Gatchina coupled-channel isobar model: 
N(1900)3/2+ needed in PWA of Nikonov et al.  

without N(1900)3/2+

CLAS Data: R. Bradford, et al., Phys. Rev. C 75, 035205 (2007).  
Analysis: V.A. Nikonov et al., Phys. Lett. B 662, 245 (2008)

State confirmed in more recent analyses 
and is now a ☆☆☆☆ resonance.


N(1900)3/2+ found in qqq models, not 
expected in some quark-diquark models.

with N(1900)3/2+
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Strengthened evidence for set of 3/2+, 5/2+ resonances
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g8: C.A. Paterson et al. (CLAS Collaboration),  PRC 93, 065201 (2016)

ANL-Osaka coupled-channels calculations,

Bonn-Gatchina partial wave analysis (2014),

Bonn-Gatchina calculations after a refit including the present 
data, which include additional N*(3/2+) and N*(5/2+) resonances.

!γ p→ K +
!
Λ
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Λ

θcm
z

xy

CLAS g8 data for 
observables Σ, T, Ox, Oz



Double-pion photoproduction as a tool in the 
study of excited nucleons

Nππ is a dominant decay channel 
of highly excited nucleons.


Essential part in coupled-channel 
calculations.


Allows for the study of 
sequential decays, e.g.,
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γ p→ N * →πΔ
γ p→ N * → ρp

cm

k
p'

π+

π−

z’
x’

θ
θ∗φ∗

p α

transversely

polarized target

circularly

polarized beam

d 5σ
dm(π +π − ) dΩπ+

* d cosθ

Example:

W. Roberts and T. Oed, Phys. Rev. C 71, 055201 (2005) 

γ p→ π +π − p



Parity conservation yields to symmetry 
properties of observables
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M −λN − ′λN
−λγ (θ ,θ1,φ1) = (−1)

λγ −λN + ′λN M λN ′λN
λγ (θ ,θ1,2π −φ1)

g9 analysis: Aneta Net (USC)
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Example:


circularly polarized 
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transversely 
polarized target

γ p→ π +π − p
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cm

k
p'

π+

π−

z’
x’

θ
θ∗φ∗

p α

Preliminary results (g9b)
W = 1600 MeV data binned in cosθcm,

γ !p→ π +π − p

Fix and H. Arenhövel, Eur. 
Phys. J. A 25, 115 (2005); 


Preliminary FROST g9b data:  
Aneta Net (USC)

* * *N N N∆

π π
ρ

π
π σ

π
π

Effective Lagrangian Model (A. Fix)


Exchange mesons, π,ρ,σ, and resonances, Δ(1232), 
N*(1440), N*(1520), N*(1535), Δ(1620), N*(1675), 
N*(1680), Δ(1700), N*(1720), Nucleon and Delta 
Born terms; Resonance terms:



Intermediate Δ(1232) Resonance

�23

π

N(1520)

 (1232)∆

p = N(938)
π−

+

CLAS Data: S.S. et al (CLAS Collaboration), Phys. Rev. Lett 95, 162003 (2005); Model: A. Fix and H. Arenhövel, Eur. Phys. J. A 25, 115 (2005)
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sequential decays
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First determination of excited neutron multipoles for 
N(1440)1/2+, N(1535)1/2−, N(1650)1/2−, N(1720)3/2+ resonances

Extensive data set with over 8400 data points


The data made possible


• the extraction of N* → γn photodecay 
amplitudes (SAID), 


• the first determination of the excited 
neutron multipoles for the N(1440)1/2+, 
N(1535)1/2−, N(1650)1/2−, and N(1720)3/2+ 
resonances.


These new precision γn → π−p data will provide 
important and necessary constraints to advance 
coupled-channel analysis fits.
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Measurement of Σ in π− photoproduction on the 
neutron from the g13b dataset 
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γd → π−p(p)

g13: Daria Sokhan (University of Glasgow) - finalized analysis

Examples of three out of 20 angular bins; 1200 data points in total
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Figure 6.17: ⌃ vs W , 0 < cos✓ < 0.4, W bin width 5 MeV, cos✓ bin width 0.1. Black circles: g13b, all

datasets except the ones with 1.3 GeV coherent edge. Red squares: g13b, data from the 1.3 GeV coherent

edge settings. Blue open circles: (GRAAL) [4]. Pink circles: (Yerevan ‘89) [3]. Green down triangles: (Moby

Dick) [1].
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Figure 6.19: ⌃ vs W , 0.8 < cos✓ < 1, W bin width 5 MeV, cos✓ bin width 0.1. Black circles: g13b, all

datasets except the ones with 1.3 GeV coherent edge. Red squares: g13b, data from the 1.3 GeV coherent

edge settings. Blue open circles: (GRAAL) [4]. Green up triangles: (Yerevan ‘79) [2].
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W bin width 5 MeV, cos✓ bin width 0.1
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Figure 6.15: ⌃ vs W , �0.8 < cos✓ < �0.4, W bin width 5 MeV, cos✓ bin width 0.1. Black circles: g13b,

all datasets except the ones with 1.3 GeV coherent edge. Red squares: g13b, data from the 1.3 GeV coherent

edge settings. Blue open circles: (GRAAL) [4].
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• Inclusion of these results in new PWA calculations has resulted in revised γnN* couplings and, in the case 
of the N(2190)7/2−, convergence among different PWA groups. 


• Couplings are sensitive to the dynamical process of N* excitation; provide important guides to nucleon 
structure models. 

Significant revisions for several γnN*  
resonance photocouplings 
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Asymmetries with Linearly Polarized Beams and 
Longitudinally Polarized Targets 
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g14: H Haiyun Lu, CLAS Collaboration, 
Few-Body Syst 80, 18 (2018).

• Σ results (not shown) are in 
quite good agreement with the 
model prediction.


• G results are generally very 
much smaller than the PWA 
values.

cos 𝜃π

18 Page 8 of 9 H. Y. Lu

Fig. 10 G dependence on cos(θπ ) with SAID model predictions. Points with error bars are from this work for the W ranges from
1980 to 2060 MeV (left), and from 2060 to 2140 MeV (right). Shaded regions are as in Fig. 7

the interval is greater than 4 cm, the value is stable. The final value is taken as the average of the stable values,
namely 1.066.

4 Results

Using events that pass through all the selection criteria, Σ and G are separated with the method described in
Sect. 2. The results for Σ are shown in Figs. 7 and 8, while the results for G are plotted in Figs. 9 and 10.

The predictions of SAID partial wave analysis (PWA) are also shown in these figures. (These SAID PWA
have not yet been fitted to these new asymmetry data.) The shaded areas are the PWA prediction for the
corresponding W range. As shown, the Σ results are in quite good agreement with the model prediction, while
the G results are generally very much smaller than the PWA values. Because of these large differences, we
expect these new G results to have a significant impact on future PWA, and through them on the determination
of N∗ resonance parameters.
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Fig. 7 Σ dependence on cos(θπ ) with SAID model predictions. Points with error bars are from this work for the W ranges from
1820 to 1900 MeV (left), and from 1900 to 1980 MeV (right). The shaded region shows the SAID predictions bounded by the
upper and lower limits of the invariant mass interval

Fig. 8 Σ dependence on cos(θπ ) with SAID model predictions. Points with error bars are from this work for the W ranges from
1980 to 2060 MeV (left), and from 2060 to 2140 MeV (right). Shaded regions are as in Fig. 7

Fig. 9 G dependence on cos(θπ ) with SAID model predictions. Points with error bars are from this work for the W ranges from
1820 to 1900 MeV (left), and from 1900 to 1980 MeV (right). Shaded regions are as in Fig. 7

in the left panel of Fig. 6 as the red and blue histograms, respectively. They are normalized by matching
the number of events in the normalization area around the Z = +1 Kel-F peak. The normalization area is
determined by the region of integration around this Z = +1 cm peak, as indicated by the two vertical lines.
When this interval is varied, the dilution factor varies as shown on the right side of Fig. 6. When the width of

G

G

W = 1860 ± 40 MeV W = 1940 ± 40 MeV

W = 2020 ± 40 MeV W = 2100 ± 40 MeV

γd → π−p(p)

Preliminary CLAS (HD-ice)

W = 1820 - 2140 MeV

SAID (not yet fitted to the data)



Constraints for models describing nucleon resonances that 
couple strongly to the KY decay channels
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γd → K0Λ(p)

The first differential and total cross-
section measurements (○, ◻) of the 
reaction γd → K0Λ︎(p) where the proton 
is a spectator.

N(1900)3/2+  couples strongly to 
KY decay channels.


γd → K0Λ(p) has suppression of 
t-channel terms.  
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Missing interference terms? 

Interference of N(1900)3/2+ and 
t-channel background processes

g10+g13 (deuterium): N. Compton et al. (CLAS Collaboration),  PRC 96, 065201 (2017). 
g11 (proton): M. E. McCracken et al. (CLAS Collaboration), PRC 81, 025201 (2010). 



Beam-target helicity asymmetry E in hyperon photoproduction 
on the neutron, 1.70 GeV < W < 2.34 GeV 

�29D. Ho et al. (CLAS Collaboration),  PRC 98, 242002 (2017)

γd → K0Λ(p)γd → K0Σ0(p)

Analysis of clean p𝜋+𝜋-𝜋- sample with intermediate hyperons; limited by small cross section.
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First induced polarization, P, and polarization-
transfer, Cx and Cz, data in K0Λ photoproduction
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g13: C. Gleason, Y. Ilieva, CLAS Collaboration, 
Few-Body Syst 59, 129 (2018).

ANL Osaka

Bonn-Gatchina

Bonn-Gatchina

γd → K0Λ(p)
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Summary and outlook

CLAS polarized photoproduction data off


 polarized and unpolarized,

 proton and neutron targets


continue to contribute to complete or nearly complete experiments and help 
establishing new nucleon resonances.


Recent analyses of the data


‣ strengthened evidence of previously poorly known resonances,

‣ provided improved values for γpN* and γnN* couplings,

‣ clarified background and interference terms.


Large impact expected as data analyses are being finalized. 
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