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Outline:
• Physics case: pentaquarks,  hybrid baryons and the role of the glue
• Hybrid baryons signature
• πN KY and ππ photo-and electro-production at CLAS
• L(1520) SDME  measurements at GlueX/  W production at ALICE
• Pentaquark production at BESIII
• Outlook & conclusions



Critical QCD Question Addressed
• QCD allows much richer hadron spectrum than conventional q!𝑞 mesons and qqq

baryons.  
Exotic hadrons

glueballs GG,   GGG
multiquark states q q !𝑞 !𝑞 ,  q q q q !𝑞
hybrids q !𝑞 G,   q q q G,   q q !𝑞 !𝑞 G
molecular hadrons [D#𝐷*] , [#𝐷* Σ!]

• The light N* spectrum: what is the role of glue?
Search for new baryon states

• The heavy baryon sector: hidden charm pentaquarks 
Investigate the properties of  pentaquark-like resonances

Derek B. Leinweber – University of Adelaide 
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N*

Quark Gluon Plasma
(color deconfined)

Hadron Gas
(color confined)

Strong QCD is born ~ 1μsec after the Big Bang
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Dramatic events occur in the microsecond old Universe.
! The transition from the QGP to the baryon phase is dominated by excited baryons.

A quantitative description requires more states than found to date => missing baryons.
! During the transition the quarks acquire dynamical mass and the confinement of color occurs.

T ~ 700, 000, 000 yrs: Galaxies

T ~ 400, 000 yrs: Atoms

T ~ : 102 s: Nuclei

T ~ 10-6 s: Nucleons

T~ 10-9 s: QGP

T ~ 10-6 s: Transition from
the QGP to Nucleons

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



N* Program – photo- & electro-production of mesons
The N* program is one of the key physics foundations of CLAS@JLab, A2@MAMI and CB@ELSA

Detectors have been designed to measure cross sections and spin observables 
over a broad kinematic range for exclusive reaction channels:

pN, wN, fN, hN, h’N, ppN, KY, K*Y, KY*

- N* parameters do not depend on how they decay
- Different final states have different hadronic decay parameters and different 

backgrounds 
- Agreement offers model-independent support for findings

• The program goal is to probe the spectrum of N* states and their 
structure

- Probe the underlying degrees of freedom of the nucleon through 
studies of photoproduction and the Q2 evolution of the electro-
production amplitudes.

N* degrees of freedom??

CLAS12@JLAB

4STRONG2020,  September 16  2021  - Annalisa D’Angelo 



Establishing the N* and Δ Spectrum
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Hadronic
production

Electromagnetic
production&

Experimental requirements:
• Precision measurements of photo-induced processes in wide

kinematics, e.g.
γp→πN, ηp, KY, .., γn→πN, K0Y0, ..

• More complex reactions, e.g. γp → ωp, pφ, ππp, ηπN, K*Y, ..
may be sensitive to high mass states through direct
transition to ground state or through cascade decays

• Polarization observables are essential

Extract s-channel 
resonances

Engaging theoretical groups

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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R. K. BRADFORD et al. PHYSICAL REVIEW C 75, 035205 (2007)

FIG. 1. (Color online) In the overall reaction center of mass, the
coordinate system can be oriented along the outgoing K+ meson
{x̂ ′, ŷ ′, ẑ′} or along the incident photon direction {x̂, ŷ, ẑ}. The dotted
box represents the rest frame of the hyperon and the coordinate system
used for specifying the polarization components. The red arrows
represent polarization vectors.

chosen along the incident beam direction (i.e., the helicity axis
of the photons) or along the momentum axis of the produced
K+. Because a polarization vector transforms as a vector in
three-space, this choice is of no fundamental significance.
In this paper, we select the z axis along the photon helicity
direction because it will be seen that the transferred hyperon
polarization is dominantly along ẑ defined in Fig. 1. Model
calculations for Cx and Cz supplied to us in the {x̂ ′, ẑ′} basis
were rotated about the ŷ axis to the {x̂, ẑ} basis.

With the axis convention chosen to give the results their
simplest interpretation, we correspondingly define our Cx and
Cz with signs opposite to the version of Eq. (1) given in
Ref. [26]. This will make Cz positive when the ẑ and ẑ′ axes
coincide at the forward meson production angle, meaning that
positive photon helicity results in positive hyperon polarization
along ẑ.

The connection between the measured hyperon recoil
polarization P⃗Y and the spin correlation observables P,Cx ,
and Cz is obtained by taking the expectation value of the
spin operator σ⃗ with the density matrix ρY via the trace
P⃗Y = Tr(ρY σ⃗ ). This leads to the identifications

PYx = P⊙Cx, (3)

PYy = P, (4)

PYz = P⊙Cz. (5)

Thus, the transverse or induced polarization of the hyperon,
PYy , is equivalent to the observable P , while the x̂ and ẑ
components of the hyperon polarization in the reaction plane
are proportional to Cx and Cz via the beam polarization
factor P⊙. Physically, Cx and Cz measure the transfer of
circular polarization, or helicity, of the incident photon on
an unpolarized target to the produced hyperon.

A. Hyperon decay and beam helicity asymmetries

Hyperon polarizations P⃗Y are measured through the decay
angular distributions of the hyperons’ decay products. The
decay # → π−p has a parity-violating weak decay angular
distribution in the # rest frame. The decay of the %0 always
proceeds first via an M1 radiative decay to a #. In either
case, P⃗Y is measured using the angular distribution of the
decay protons in the hyperon rest frame. In the specified
coordinate system, i ∈ {x, y, z} is one of the three axes. The
decay distribution Ii(cos θi) is given by

Ii(cos θi) = 1
2 (1 + ναPYi cos θi), (6)

where θi is the proton polar angle with respect to the given
axis in the hyperon rest frame. The weak decay asymmetry
α is taken to be 0.642. The factor ν is a “dilution” arising in
the %0 case due to its radiative decay to a #, and which is
equal to −1/3 in the # rest frame. A complication arose for us
because we measured the proton angular distribution in the rest
frame of the parent %0. This led to a value of ν = −1/3.90,
as discussed in Appendix A. For the K+# analysis ν = +1.0.
Extraction of PYi follows from fitting the linear relationship
of Ii(cos θi) vs cos θi .

The components of the measured hyperon polarization P⃗Y

are then related to the polarization observables using the
relations in Eqs. (3)–(5). The crucial experimental aspect is
that when the beam helicity is reversed (P⊙ → −P⊙), so are
the in-plane components of the hyperon polarization.

In each bin of kaon angle cos θ c.m.
K+ , total system energy W ,

and proton angle cos θi , let N± events be detected for a positive
(negative) beam helicity according to

N± (cos θi) = ϵKϵpQ± [SIi(cos θi) + NBG] . (7)

Q± represents the number of photons with net helicity ± P⊙
incident on the target. S designates all cross section and target
related factors for producing events in the given kinematic bin.
The spectrometer has a bin-dependent kaon acceptance defined
as ϵK . The protons from hyperon decay distributed according
to Eq. (6) are detected in bins, usually 10 in number, that each
have an associated spectrometer acceptance defined as ϵp. In
fact, ϵK and ϵp are correlated, since the reaction kinematics
connect the places in the detector in which these particles will
appear. This correlation is a function of W, cos θ c.m.

K+ , and cos θi ,
but is assumed to be beam helicity independent. We denote the
correlated acceptance as ϵKϵp. The method used here avoids
explicitly computing this correlation. The term NBG designates
events due to “backgrounds” from other physics reactions
or from event misidentifications. The hyperon yield-fitting
procedure discussed in Sec. IV B removes NBG, and the
associated residual uncertainty is discussed in Sec. IV D.

If the beam helicity P⊙ can be “flipped” quickly and often,
then by far the most straightforward way to obtain the Ci values
is to construct the ensuing asymmetry A as a function of proton
angle. In each proton angle bin, we record the number of events
N± in each beam helicity state and compute the corresponding
asymmetry as

A(cos θi) = N+ − N−

N+ + N−
= ανP⊙Ci cos θi . (8)

035205-4

• Process described by 4 complex, parity conserving amplitudes 
• 8 well-chosen measurements are needed to determine amplitude.
• Up to 16 observables measured directly
• 3 inferred from double polarization observables
• 13 inferred from triple polarization observables

Λ weak decay 
has large 
analyzing power

The holy grail of baryon resonance analysis

A. Sandorfi, S. Hoblit, H. Kamano, T.-S.H. Lee, J.Phys. 38 (2011) 053001

Polarization Observables: Complete Experiment

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



Establishing the N* spectrum – Precision & Polarization are essential
Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 16

The fit of the �p� K� differential cross section
(CLAS 2009)

0

0.2
1625

dσ/dΩ, µb/sr
1635 1645 1655 1665

0

0.25

1675 1685 1695 1705 1715

0

0.25

1725 1735 1745 1755 1765

0

0.25

1775 1785 1795 1805 1815

0

0.25

1825 1835 1845 1855 1865

0

0.25

1875 1885 1895 1905 1915

0

0.25

1925 1935 1945 1965 1975

0

0.25
1985 1995 2005 2015 2025

0

0.25
2035 2045 2055 2065 2075

0

0.25
2085 2095 2105 2115 2125

0

0.2
2135 2145 2155 2165 2175

0

0.2
2185 2195 2205 2215 2225

0

0.2
2235 2245 2255 2265 2275

0

0.2
2285 2295 2305 2315 2325

0

0.2
2335

-0.5 0 0.5

2345

-0.5 0 0.5

2355

-0.5 0 0.5

2365

-0.5 0 0.5

2375

-0.5 0 0.5
cos θcm

Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 16
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Hyperon photoproduction γp→K+Λ→K+pπ-

Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 16

The fit of the �p� K� differential cross section
(CLAS 2009)
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Fit by BnGa group

Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 17

The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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The fit of the �p� K� differential cross section
(CLAS 2009)
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More N* from polarized K+ Λ photoproduction?

New Multipole
Extraction

PRC96,055202 
(2017)

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



State
N(mass)JP

PDG 
pre 2010

PDG 2020 KΛ KΣ Nγ Np

N(1710)1/2+ *** **** ** * **** ****

N(1880)1/2+ *** ** * ** *

N(2100)1/2+ * *** * ** ***

N(1895)1/2- **** ** ** **** *

N(1900)3/2+ ** **** ** ** **** **

N(1875)3/2- *** * * ** **

N(2120)3/2- *** ** * *** **

N(2060)5/2- *** * * *** **

D(1600)3/2+ *** **** **** ***

D(1900)1/2- ** *** ** *** ***

D(2200)7/2- * *** ** ** ***

Evidence for New N* in KY

9

Measure more polarization observables, study these states in electroproduction and extend to higher masses
P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Naming scheme has 
changed:

L 2I 2J(E)               JP(E)

STRONG2020,  September 16  2021  - Annalisa D’Angelo 

https://pdg.lbl.gov/2020/html/authors_2020.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
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p+p-p CLAS data - Newly Discovered N’(1720)3/2+

10

N’(1720)3/2+

N(1720)3/2+

Resonant part

Resonant part w/o 
N’(1720)3/2+,
& N(1720)3/2+

p+p-p photoproduction

N’(1720)3/2+

p+p-p electroproduction
V.I. Mokeev et al., Phys. Lett. B 805, 135457 (2020) 

" Evidence of a new N’(1720)3/2+ resonance from the combined analysis of CLAS 
photo- and electroproduction of the π+π-p channel

" First result on Q2 evolution of new resonance electrocoupling

N(1720)3/2+

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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Measurements of polarization observables 

𝝅!𝝅" 𝐩𝐡𝐨𝐭𝐨𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐩𝐨𝐥𝐚𝐫𝐢𝐳𝐞𝐝 𝐩/𝐧 𝐭𝐚𝐫𝐠𝐞𝐭

HD-ice frozen-spin 
polarized target 𝐼⊙ polarized p

STRONG2020,  September 16  2021  - Annalisa D’Angelo 

I⊙

f(p+)

neutron target

Courtesy  of A. Filippi
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Measurements of polarization observables 

𝝅!𝝅" 𝐩𝐡𝐨𝐭𝐨𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐩𝐨𝐥𝐚𝐫𝐢𝐳𝐞𝐝 𝐩/𝐧 𝐭𝐚𝐫𝐠𝐞𝐭

HD-ice frozen-spin 
polarized target polarized target

STRONG2020,  September 16  2021  - Annalisa D’Angelo f(p+)

neutron target

𝑃"
⊙

P z
⊙

Courtesy  of A. Filippi
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Search for Neutron States: g n → K+ S-

Beam-Target 
helicity asymmetry E

Kaon-Maid2000

Kaon-Maid2017
Bonn-Gatchina 2017 

Bonn-Gatchina 2019
N(1895)1/2- N(1720)3/2+  

N(1900)3/2+  

modified photo-couplings

Bonn-Gatchina 2019
+ N(2170) 3/2

N. Zachariou et al Phys lett B 808 (2020) 135662 

STRONG2020,  September 16  2021  - Annalisa D’Angelo Courtesy  of N. Zachariou
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FIG. 4. Beam spin asymmetry, ⌃, as a function of kaon angle in the c.m. The di↵erent panels show bins in photon energy.

Experimental data from this work are shown with solid blue circles, whereas magenta points show the previously published

results from LEPS [27]. Statistical uncertainties are indicated with the errors bars, whereas the total systematic uncertainties

of the CLAS results are shown by the shaded bar chart. The black dashed line indicates the full solution of the isobar model

as described in the text and the red solid line indicates the new Bonn-Gatchina solution that was fit to our data.

squares in Figs. 3 and 4. The LEPS data are limited
to very forward kaon angles and have larger statistical
and systematic uncertainties than our data. Neverthe-
less, the results from CLAS are in good agreement with
these previously published data (note the LEPS data
were obtained in 100-MeV wide photon energy bins). The
improvement in the quality and range of available data
with this new measurement is apparent in Fig. 4.

The solutions of the Bonn-Gatchina group BG2016 [41]
(not shown here) predicted the beam asymmetry for the
�n ! K+⌃� reaction above 1850 MeV to be negative at
the backward and the central angular region. The most
recent predictions from the Bonn-Gatchina model [29]
with (without) the proposed D13 resonance are shown
by the dash-dotted green (dashed black) lines in the left
panels of Fig. 3 (only four representative photon energy
bins are shown). These predictions were fit to the cur-
rent world dataset in meson photoproduction, including
the unpolarised di↵erential cross section, the data on the
beam-target helicity asymmetry measured by the CLAS
Collaboration, and the LEPS data on the beam asymme-
try, but excluding data from this work. The beam-spin
asymmetry data from LEPS were measured only in the
very forward angular region and mostly were defined by

the contribution from the t-channel exchange amplitudes.
Moreover, the CLAS data on the unpolarized cross sec-
tion and beam-target helicity asymmetry did not cover
the very backward angular region, which allowed ambigu-
ous solutions. It is clear that neither of these solutions
can reproduce the angular dependence of the beam-spin
asymmetry ⌃, with discrepancies especially apparent at
photon energies above 1.3 GeV. Clearly, the new data
have the potential to impact this partial-wave analysis
and, therefore, the excited nucleon spectrum therein.

The inclusion of the new beam asymmetry data in the
full combined analysis led to significant changes in the
�-n couplings of the resonances that have small branch-
ing ratios to the ⇡N channel. The largest changes were
found in the D13 and P13 partial waves: here the states
in the region above 1850 MeV were mostly seen in the
reactions with open strangeness. The newly obtained so-
lution is indicated by the red solid curves in Figs. 3 and 4.
The detailed and systematic analysis of this solution will
be presented in a separate paper, which will follow the
present publication.

The full predictions from an isobar model [42] for
the beam-spin asymmetry, ⌃, are shown by the black
dashed line in Fig. 4. These are based on an e↵ec-

14

Single Polarization observable S: g n → k+ S-

N. Zachariou et al arXiv:2106.13957v2 submitted to Phys. Lett. B (2021)

STRONG2020,  September 16  2021  - Annalisa D’Angelo 

Isobar Model

Bonn-Gatchina fit

N(1720)3/2+, 
∆(1900)1/2−
N(1895)1/2−

Courtesy  of N. Zachariou

4

by appropriately orienting the diamond radiator. Data
were obtained for di↵erent electron beam energies, vary-
ing from 3.3 to 5.2 GeV, to enhance the degree of photon
polarisation in six coherent peak positions, in steps of
200 MeV between 1.1 and 2.3 GeV.

3. BEAM-SPIN ASYMMETRY

The di↵erential cross section for meson photoproduc-
tion o↵ an unpolarised target with a linearly polarised
photon beam is given by [36]:

d�

d⌦
=

✓
d�

d⌦

◆

0

[1 � Plin⌃ cos(2⌘)], (1)

where Plin is the magnitude of the beam polarisation
vector at an angle ⌘ to the reaction plane2. The above
equation is obtained by integrating over the angular dis-
tribution of the hyperon decay products 3 (⌃� ! n⇡�

with a 99.85% branching ratio). The determination of
the beam-spin asymmetry was done using a maximum
likelihood approach. The likelihood function for a given
event, i, taken from the cross-section Eq. (1) is

Li = c
⇥
1 � P i

lin⌃ cos(2⌘i)
⇤
A, (2)

where c is a normalisation coe�cient and A is the detec-
tor acceptance. In the construction of the log-likelihood
function an approximation was made concerning the de-
tector acceptance. Specifically, an acceptance that is
largely independent of the kinematic variable ⌘ was as-
sumed, which resulted in a normalisation coe�cient that
is independent of the value of the polarisation observ-
able. This approximation significantly simplified the ex-
traction of the observable, but could potentially result in
systematic biases. Extensive studies of such systematic
e↵ects showed that any residual e↵ects on the polarisa-
tion observable are negligible.

The log-likelihood function that was maximized to ob-
tain the polarisation observables is thus given by

logL = b +
X

i

log
⇥
1 � P i

lin⌃ cos(2⌘i)
⇤
, (3)

where the constant b is the observable-independent con-
stant that absorbs the normalisation coe�cient (associ-
ated with the photon flux) and the detector acceptance.

2 The reaction plane is defined by the cross product of the incoming
photon and the outgoing meson.

3 The full cross section equation as shown in Ref. [36] depends on
additional double polarisation observables accessible by studying
the angular dependence of the hyperon decay products. Inte-
grating over the nucleon angle in the hyperon rest frame would
eliminate such contributions only when the detector acceptance
is uniform in these kinematics. In principle, the detector accep-
tance might a↵ect the implied integration over the angles of the
hyperon decay products. However, as the self-analyticity of the
⌃� hyperon is very small (↵ = 0.068), any double polarisation
observables contributions/e↵ects to the beam-spin asymmetry
are negligible compared to the quoted systematics.

The summation is over all events within a given kine-
matic bin. A transformation from the reaction frame
(where the y axis is perpendicular to the reaction plane)
to the lab frame (where the y axis is vertical to the Hall B
floor) was done using the following equations for the two
orthogonal orientations of the photon polarisation (Para
and Perp)

⌘Para = �(�� �0)

⌘Perp =
⇡

2
� (�� �0),

where � is the meson azimuthal angle as measured in the
lab frame, and �0 is the o↵set of the photon polarisation
with respect to the lab x (for Para) or y (for Perp) axis.
Using the above two equations, Eq. (3) can be written as

logL = b +
X

i

log
⇥
1 � Pi

lin⌃ cos(2�i � 2�0)
⇤
, (4)

where Pi
lin = P i

lin for Para events, and Pi
lin = �P i

lin for
Perp events4. This likelihood function was maximized
using MINUIT [37] to obtain the value of the beam-spin
asymmetry observable, ⌃, and its uncertainty. The �0

o↵set was determined using a high-statistics channel from
the same dataset (single pion photoproduction), found to
be consistent with zero.

The determination of the beam-spin asymmetry re-
quires a precise knowledge of the degree of photon polar-
isation, P i

lin. The determination of P i
lin involved using

the coherent and incoherent bremsstrahlung spectra to
obtain an enhancement distribution that was then fit by
a spectrum obtained from theoretical bremsstrahlung cal-
culations (referred to as the Analytical Bremsstrahlung
Calculation – ANB). Specifically, the enhancement dis-
tribution was obtained by taking the ratio of the pho-
ton energy spectrum from the diamond radiator to one
obtained using the amorphous radiator, and was used to
constrain the relative contribution of the coherent and in-
coherent bremsstrahlung to the total photon yield. This
ratio also removed Tagger channel e�ciency fluctuations
allowing a precise determination of the degree of photon
polarisation. Subsequently, the enhancement plot was fit
with the theoretical spectrum from ANB. More details
on the procedure can be found in Refs. [35, 38, 39].

The ANB calculation takes into account 17 experimen-
tal parameters characterizing the geometry of the radi-
ator, collimator, and photon beam. Several of these pa-
rameters were measured experimentally (such as the pho-
ton beam energy and beam spot size), whereas others
(such as electron beam divergence on the radiator) were
varied until a good agreement was obtained between the
enhancement plot and the ANB calculation. These pa-
rameters were then used to calculate the degree of polar-
isation as a function of photon energy. An example of a

4 The sign of P� absorbs the sign from the trigonometric function
when translating ⌘ to �, since cos(180� 2�) = � cos(2�).

Impact on D13 and P13
partial waves
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Double Polarization observable G: g p → p0 p

STRONG2020,  September 16  2021  - Annalisa D’Angelo 

7

FIG. 4. Double-polarisation observable, G, for the reaction ~�~p ! ⇡0p as a function of the pion angle in the c.m. frame. The

di↵erent panels denote bins in c.m. energy W , with the mean values and widths indicated in each plot. The experimental data

from this work are shown by the red circle with error bars denoting the total uncertainties. The new SAID ZA19 description

(black solid curve), and the Bonn-Gatchina solutions (solution 1 - blue dotted, solution 3 cyan dash dotted-dotted, and solution 4

magenta dash-dotted; see text for details on solutions) are also indicated in the panels (solution 2 not shown). Di↵erences

between the four Bonn-Gatchina solutions are only evident at higher W .

tions, gave a much better description of the data although
it was still far from being satisfactory. The refit of all
data allowed us to obtain a good description of these new
G data. We refer to this as Solution 1 and is indicated
by the blue dotted curves in Figs. 4 and 5. Contributions
from high-spin states were investigated by removing such
states and refitting the data set. Contributions from the
�(2400)9/2� state (solution 2, not shown in figures) was
first established. In this fit, the �

2 for the description of
other pion photoproduction data increased slightly, how-
ever, the description of the new polarisation data for the
~�~p ! ⇡

+
n reaction did not change, and a slight improve-

ment was observed in the description of G for the reaction
~�~p ! ⇡

0
p. This indicates that this state does not play a

direct role in the description of the new data, although
it provides better consistency between the old and new
data. In solution 3 (cyan dash dotted-dotted curves), the
N(2220)9/2+ state was also removed (in addition to the
�(2400)9/2�). This solution resulted in a small increase
of the reduced �

2 from 2.10 to 2.13. From Figs. 4 and 5
it is evident that the N(2220)9/2+ state has some influ-
ence on the high-energy tail of the G distribution, how-
ever, both of the 9/2 states do not contribute notably
to the description of the data. Finally, solution 4 (ma-
genta dashed dotted curves) was obtained by removing
the �(2200)7/2� in addition to the �(2400)9/2�. The
reduced �

2 for G for the reaction ~�~p ! ⇡
+
n increased

from 2.10 to 2.32 and for reaction ~�~p ! ⇡
0
p increased

from 2.10 to 2.74. This is a notable e↵ect since it a↵ects
only a few high-energy bins and we can conclude that
contributions from the �(2200)7/2� are much stronger.

The most notable change in solution 4 was con-
nected with re-determination of the properties of the
N(2190)7/2� state. In the main solution 1, the mass
of this state was found to be 2120±20 MeV, which is
30 MeV lower than in the analysis [12], with a width of
380±25 MeV, which is larger by 15%. Although the elas-
tic residue and its phase practically did not change, the
A1/2 helicity coupling in the pole was found to be �40±
8 [GeV�1/210�3] compared to �68 ± 5 [GeV�1/210�3]
in Ref. [12], with phase of 15� ± 10� compared to 10� ±
12� in Ref. [12]. The A3/2 helicity coupling increased

from 25 ± 10 [GeV�1/210�3] [12] and was optimized at
67 ± 15 [GeV�1/210�3], with a phase of 0� ± 15� com-
pared to 22� ± 10� in Ref. [12]. The new values are very
close to those obtained in the analysis [38]. This analy-
sis clearly indicates that the contribution of both states
(N(2190)7/2� and �(2200)7/2�) are important for the
description of the current data. The �(2200)7/2� is an
important state for checking for chiral restoration at high
energy. In the case of chiral restoration its mass should
be close to the mass of the �(1950)7/2+ state, however it
appeared to be 200-250 MeV higher. In the present anal-
ysis the pole position was found to be 2120±30 MeV with

𝑑𝜎
𝑑Ω

𝑊, 𝜗!".$., 𝜂 =
𝑑𝜎
𝑑Ω

𝑊, 𝜗!".$. |% 𝑝&Σ'((𝑐𝑜𝑠 2𝜂 + 𝑝&𝑝)
'((𝔾𝑠𝑖𝑛 2𝜂

New important 
addition to the 

world data. 

Extended 
kinematic 

coverage to 
higher energies 
and all angles. 

N. Zachariou et al Phys. Lett. B 817, 136304 (2021)

SAID ZA19
Bonn-Gatchina

Courtesy  of N. Zachariou
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Double Polarization observable G: g p → p+ n

N. Zachariou et al Phys. Lett. B 817, 136304 (2021)

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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FIG. 5. Double-polarisation observable, G, for the reaction ~�~p ! ⇡+n as a function of the pion production angle in the c.m.
frame. The di↵erent panels denote bins in c.m. energy W , with the mean values and widths indicated in each plot. The

experimental data from this work are shown by the red circle with error bars denoting the total uncertainties. The new SAID

ZA19 description (black solid curve), and the Bonn-Gatchina solutions (solution 1 - blue dotted, solution 3 - cyan dash dotted-

dotted, and solution 4 - magenta dashed dotted; see text for details on solutions) are also indicated in the panels (solution 2

not shown). Di↵erences between the four Bonn-Gatchina solutions are only evident at higher W .

a width of 430±30 MeV. This indicates that the present
solution finds a notably broader state than the solution
presented in Ref. [37]. The A1/2 helicity coupling at the

pole was found to be 100±15 [GeV�1/210�3] with phase
�20�±20� and A3/2 at 25±10 [GeV�1/210�3] with phase
�10� ± 20�, which presents an increase by a factor of 1.6
for the helicity coupling for the A1/2, whereas the helic-
ity coupling A3/2 changed its sign. This sign could not
be defined on the basis of the other observables and the
measurement of the G observable provided the critical
information needed to establish it.

Interestingly, the N(2190)7/2� pole position from
Bonn-Gatchina has moved into closer agreement with
the SAID determination [39]. The helicity amplitudes
for this state are now also in closer agreement with those
found in Ref. [38]. These two 7/2� states are found in
both the Bonn-Gatchina and Jülich-Bonn analyses [40],
but the � state is absent from the SAID fit. From the
SAID analysis, the N(2190)7/2� partial waves have re-
mained fairly stable with a tuning of lower-spin states,
resulting in an improved fit to data. It should be noted
that the SAID fits, by construction, cannot include states
undetected in their analyses of pion-nucleon scattering
data.

VI. SUMMARY

We present the first precise measurement of the double-
polarisation beam–target observable G, employing a lin-
early polarised photon beam and a spin-polarised tar-
get, for ~�~p ! ⇡

+
n up to c.m. energies W = 2280 MeV,

while significantly extending the available kinematic cov-
erage for ~�~p ! ⇡

0
p up to c.m. energies W = 2265 MeV.

The new G data are an important addition to the world
database and have a large e↵ect on the determined ampli-
tudes, especially at c.m. energies above 1800 MeV. Fur-
thermore, the unprecedented quantity of the data im-
pose tight constraints on partial-wave analyses, partic-
ularly for high-L multipoles and at high c.m. energies,
where missing resonances are expected to exist. The new
data were fit in the frameworks of the SAID and Bonn-
Gatchina partial-wave analyses, which resulted in tightly
constrained amplitudes. The Bonn-Gatchina analysis
has illustrated the importance of the N(2190)7/2� and
�(2200)7/2� states in describing the data, while further
constraining their masses and widths, whereas the SAID
analysis allowed us to fine tune the lower-spin states. A
more detailed analysis in the SAID and Bonn-Gatchina
frameworks will be presented in a later paper.

SAID ZA19

Bonn-Gatchina

N(2190)7/2− 

∆(2200)7/2

Courtesy  of N. Zachariou
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Electroexcitation of N*/Δ resonances 

N(1675)5/2-
N(1520)3/2-

N(1535)1/2-

N(1710)1/2+

N(1440)1/2+
Δ(1232)3/2+

N(940)

L3q

0

1

0 1 2

2

N [ħω]

N(1680)5/2+

N(1720)3/2+

[56,0+]

[70,1-]

[56,2+]

[70,0+]

Central question in hadron physics:
what are the relevant degrees of freedom 
at varying distance scale?

Probe resonance strength vs photon 
virtuality Q

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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Total cross section at W < 2.1 GeV
γ* + p        π+ + n

Data: K. Park et al. PRC 77 (2008) 015208; K. Park et al. PRC 91 (2015) 045203  

Analysis with UIM & fixed-t DR;   Recent review: I. Aznauryan, V. Burkert, Prog. Part. Nucl. Phys. 67 (2012) 1. 

Different states respond differently to changes in Q2

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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Hybrid Baryons: Baryons with Explicit Gluonic Degrees of Freedom

Hybrid hadrons with dominant gluonic contributions are predicted to exist by QCD.
Experimentally:
• Hybrid mesons |qqg> states may have exotic quantum numbers JPC not available to pure      

|qq> states GlueX, MesonEx, COMPASS, PANDA ….   

• Hybrid baryons  |qqqg> have the same quantum numbers JP as |qqq> electroproduction
with CLAS12 (Hall B).   

Theoretical predictions:
# MIT bag model - T. Barnes and F. Close, Phys. Lett. 123B, 89 (1983).
# QCD Sum Rule - L. Kisslinger and Z. Li, Phys. Rev. D 51, R5986 (1995).
# Flux Tube model - S. Capstick and P. R. Page, Phys. Rev. C 66, 065204 (2002).
# LQCD - J.J. Dudek and R.G. Edwards,  PRD85, 054016 (2012).

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



Hybrid states have same JP values as qqq baryons. How to identify them?
• Overpopulation of N 1/2+ and N 3/2+ states compared to QM projections. ?
• A1/2 (A3/2) and S1/2 show different Q2 evolution. 

1.3GeV

clustered
in mass

LQCD 
The nucleon 

mass is shifted 
~300 MeV to 

higher masses

20

Hybrid Baryons in LQCD

regular states

hybrid states

J.J. Dudek and R.G. Edwards,  PRD85, 054016 (2012)

STRONG2020,  September 16  2021  - Annalisa D’Angelo 
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q3g

q3

q3g

q3

q3

CLAS results on electrocouplings clarified nature of the Roper. 
Will CLAS12 data be able to identify gluonic contributions ? 

Separating  q3g from q3 states ?

For hybrid “Roper”,  A1/2(Q2) drops off faster with Q2 and S1/2(Q2) ~ 0. 

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



CLAS12  K+ electroproduction data 

1.6 GeV < W < 3 GeV
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4 M total KL events already collected
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CLAS12 KY electro-production Cross Section Measurements

STRONG2020,  September 16  2021  - Annalisa D’Angelo 

Courtesy  of Dan Carman
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CLAS12 KY electro-production Cross Section Measurements

Courtesy  of Dan Carman

STRONG2020,  September 16  2021  - Annalisa D’Angelo 



GlueX & CLAS

• Searching for hp- channel
in order to investigate 
exotic mesons production

• Seen at GlueX; ongoing 
partial wave analysis

Courtesy  of L. Biondo



GlueX & CLAS

• Searched for g + p→ p0 + p
reaction at Gluex

• Discrepancies in beam asymmetry 
were found between GlueX & SLAC 
results

Courtesy  of L. Biondo



GlueX & CLAS
• Searched for e + p → e + p0 + p

reaction in CLAS, using RG-A 
Fall 2018 dataset.

• 2g system invariant mass and 
proton missing mass are 
shown, respectively.

Reaction Identification:
1 electron and 2g

(Eg= 500-8500 MeV) detected
in Forward Tagger, with 2ns

coincidence in detection time.
p0 reconstructed via 2g
system invariant mass.

Proton reconstructed via
missing mass to p0.

Objective:
Differential

cross section
ds/dt

measurement

Before cuts 

Selected events 

Courtesy  of L. Biondo
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Measurement of Spin Density Matrix Elements in Λ(1520) Photoproduction at 8.2 - 8.8 GeV

• GlueX has extracted the Lambda(1520) SDME 

• Combinations of SDME may single out specific 
production mechanisms.

In particular the (experimentally extracted) SDME linear 
combinations corresponding to:
- natural parity meson exchange production dominate
- unnatural parity meson exchange production are 
compatible with a Kaon exchange

Courtesy  of V. Mathieu
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Search for hidden-strangeness pentaquark in Λc decay at BESIII
In 2014, BESIII has collected 567 pb-1 close to ΛcΛc production threshold (4.6 GeV)

• The pentaquark is searched in the p𝜙 invariant mass
• The result is limited by statistic
• No evidence of signal is found
• PLANS: BESIII has collected new data between 4.6 to 4.9 GeV in 2020/2021
—> this analysis will be updated (the idea is to start to have a look from the beginning of the next year)

Stimulated by LHCb and 
Belle observation, 
in BESIII we peached for a 
hidden-strangeness 
pentaquark in Λc decay

Courtesy  of I. Garzia
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W (2012) production at LHC energies 

W (2012)± is the newly excited baryon recently   observed by Belle collaboration
J. Yelton et al.,  Phys. Rev. Lett., 121 (2018)052003

• The large colliding energies, the high luminosity reached
at the Large Hadron Collider and the unique
characteristic of tracking and Particle Identification of
the ALICE detector should permit to identify W(2012)
never seen at the LHC energies.

• INFN-Catania team is testing different machine learning
techniques to improve W(2012)± reconstruction
efficiency and signal significance.

• The W(2012)± resonance is reconstructed via its decay
in K0s X± .

Courtesy  of A. Badalà



Summary

• We started a program to search for new states of baryonic matter: hybrid baryons.
• Complementing the international program to search for hybrid mesons.
• Identification of hybrid baryons will verify fundamental expectations of strong QCD on

the role of glue.
• Data on polarization observables are being obtained at CLAS on 𝜋, 𝜋𝜋 , and

KY photoproduction (and electroproduction) which provide important constraints to
theoretical models to identify new N* baryon resonances in the 2.1 – 2.3 GeV mass
range.

• New theoretical results have been obtained at by JPAC for the L (1520) SDME
measurements at GlueX.

• New BESIII results in pentaquark production have been obtained.
• Search for the W (2012) observed at BELLE is foreseen at ALICE.
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