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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* in the History of the Universe

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.

N*

Quark Gluon Plasma
(color deconfined)

Hadron Gas
(color confined)

Electrons 
Machines

N*
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N* Program – meson electro-production
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
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Establishing the N* and Δ Spectrum

5

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
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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

• KY 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



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)
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The fit of the �p� K� differential cross section
(CLAS 2009)
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Hyperon photoproduction γp→K+Λ→K+pπ-
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The fit of the �p� K� differential cross section
(CLAS 2009)
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Fit by BnGa group
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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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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

8

Study these states in electroproduction and extend to higher masses



p+p-p CLAS data - Newly Discovered N’(1720)3/2+

9

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) 

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

Ø First result on Q2 evolution of new resonance electrocoupling

N(1720)3/2+
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Measurements of polarization observables 

𝝅!𝝅" 𝐩𝐡𝐨𝐭𝐨𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐩𝐨𝐥𝐚𝐫𝐢𝐳𝐞𝐝 𝐩 𝐭𝐚𝐫𝐠𝐞𝐭

Preliminary results by: A. Filippi

HD-ice frozen-spin 
polarized target 𝐼⊙ polarized p
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Measurements of polarization observables 

𝝅!𝝅" 𝐩𝐡𝐨𝐭𝐨𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 − 𝐩𝐨𝐥𝐚𝐫𝐢𝐳𝐞𝐝 𝐩 𝐭𝐚𝐫𝐠𝐞𝐭

Preliminary results by: A. Filippi

HD-ice frozen-spin 
polarized target

𝑃"
⊙

polarized p



Studying Baryons in g*p → KΛ/Σ ?

Ø Strangeness electroproduction is a fertile ground in studying S=0 baryon states with masses above 1.6 GeV.

N(1900)3/2+ N(1710)1/2+

Electroproduction

N(1710)1/2+ N(1900)3/2+ 

Photoproduction

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

1.6 1.8 2.0
W (GeV)
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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 0-- , 1-+, 1--,  ….GlueX, MesonEx, COMPASS, PANDA ….   

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

Theoretical predictions:
² MIT bag model - T. Barnes and F. Close, Phys. Lett. 123B, 89 (1983).
² QCD Sum Rule - L. Kisslinger and Z. Li, Phys. Rev. D 51, R5986 (1995).
² Flux Tube model - S. Capstick and P. R. Page, Phys. Rev. C 66, 065204 (2002).
² LQCD - J.J. Dudek and R.G. Edwards,  PRD85, 054016 (2012).
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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. Can we do it?

1.3GeV

clustered
in mass

LQCD 
The nucleon 

mass is shifted 
~300 MeV to 

higher masses

Hybrid Baryons in LQCD

regular states

hybrid states

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

N
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Electrocouplings of the ‘Roper’ in 2002

In 2002 Roper amplitude A1/2
measurements were more
consistent with hybrid state
but data were limited with
large uncertainties.

N(1440)1/2+

Lowest mass hybrid baryon should be JP =1/2+ (same as Roper)
15



Separating q3g from q3 States?

q3g

q3

q3g

q3

q3

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

• A1/2 and S1/2 amplitudes at high Q2 >2 GeV2 indicate 1st radial q3 excitation 
• Significant meson-baryon coupling at small Q2

Precise CLAS results on electrocouplings clarified nature of the Roper 

EFT
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MC Quasi-data Blind Extraction: JP=1/2+ + JP=3/2+

Two hybrid baryon resonances with Jp = 1/2+ and Jp = 3/2+ were inserted in the ep e K+Λ Gent RPR2011
reaction amplitude and quasi-data were generated dσq.d.

Typical 3-dim map of χ2 as a function of the two resonance masses, 
evolving in time for increasing A1/2 (A3/2) strength.

χ 2  minimum

17

CLAS12 detector ability
to identify new resonances



CLAS12 - Run Group K Data Production

18

CHARGE

EVENTS
15.6 G

Q~45mC = 7% of 
Expected 648mC  

12 PAC
days

FT OFF

Opportunistic Run

RUN CONDITIONS – FALL 2018

Torus Current 100% (3375 A)  - negative outbending

Solenoid -100 %

FT ON @ 7.5 GeV   ->  OFF @ 6.5 GeV

Beam/Target Polarized electrons, unpolarized LH2 target

Luminosity ~ 5 10 34 cm-2s-1  @ 7.5 GeV 
10 35 cm-2s-1  @ 6.5 GeV   FULL 

LUMINOSITY



RG-K Kinematic Coverage

19

Q2<1 GeV2:
search for: 
• hybrid baryon signature
• meson-baryon contributions to 

the N* structure

Q2 vs. W

Ee =7.5 GeV

e’ in the FT

e’ in the FD

0.4 GeV2≤Q2 ≤ 5 GeV2

0.05 GeV2≤Q2 ≤ 0.25 GeV2

Q
2 

(G
eV

2 )

Q2>1 GeV2:
• Evolution of active degrees of 

freedom in the N* structure  

ep        epp+p-
ep        eK+Y

Reactions of interest for the N*/hybrid 
program:

KY



RGK  7.5 GeV p(e,e’K+)X       electron in CLAS

1.6 GeV < W < 3 GeV

MM(K+)

Λ(
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20
)

MM(K+)

Λ(
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)
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)

Λ(
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Λ(
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)
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Λ(
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Λ(
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80K KL events from 1 G triggers in CLAS 4 M total KL events already collected
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K+Y Analysis Status/Plans

d⇥

d⇥
= (⇥T + �⇥L) + �⇥TT cos 2�+

p
�(1 + �)⇥LT cos�+ h

p
�(1� �)⇥LT 0 sin�

• Analysis objectives:  (RG-K datasets at both 6.6 and 8.8 GeV)
• Extract the separated structure functions sT + esL, sTT, sLT, sLT’ in bins of Q2, W, cos qKcm, F
• Extract the recoil and beam-recoil hyperon polarization in bins of Q2, W, cos qKcm

• To extract the resonance electrocouplings to access the N* structure information, 
development of a suitable KY reaction model is essential (work in progress by several 
phenomenology/theory groups) Work in conjunction with RG-A KY analysis

K+ forward K+ central

co
s 
q K

cm

F [deg] F [deg]
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K+Y Yield Extraction Fits

MM(e’K+) [GeV] MM(e’K+) [GeV]

22

W = 1.925 GeVW = 1.725 GeV

Fit MM(e’K+) with MC K+Y templates convoluted with Gaussian + bck to minimize c2

7.5 GeV



K+Y Yield Estimates 
Estimate for full 6.5 RG-K dataset  (analyzed stat. x10) 

Full statistics for RG-K will allow for:
• KY electroproduction measurements up to Q2 = 3 GeV2 with 

statistics comparable to  photoproduction

Q
2

[G
eV

2 ]

W [GeV]

Kinematic phase space for RG-K 
@ 6.5 GeVQ2

GeV2
W

GeV
RG-K

K+L Yield
RG-K

K+S0 Yield
CLAS e1f 
K+L Yield

CLAS e1f 
K+S0 Yield

0.3 – 0.8

1.7 - 1.75

967810 123250 - -

0.8 – 1.4 514170 74980 - -

1.4 - 2.2 240520 41050 10092 1032

2.2 – 3.0 81630 14170 7808 810

3.0 – 3.9 39550 6620 3925 450

4.0 – 5.0 8970 2190 - -

0.3 – 0.8

1.9 – 1.95

1241070 824020 - -

0.8 – 1.4 536520 309710 - -

1.4 - 2.2 245160 124080 11365 3843

2.2 – 3.0 83430 37440 7954 2537

3.0 – 3.9 37790 17190 3466 1122

4.0 – 5.0 5420 2290 - -

CLAS e1f data
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e’ in the FD

Total Yield
K+L 35618500

K+S0 17702300



Full statistics for RG-K will allow for:
• KY electroproduction measurements down to Q2 = 0.05 GeV2

K+Y Yield at Low Q2 - Electron Detected in FT

Estimate for full 7.5 RG-K dataset (analyzed stat. x10) 

Q2

GeV2
W

GeV
RG-K
K+L
Yield

RG-K
K+S0 Yield

0.05– 0.25 1.6 – 3 361250 196250
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W (GeV)
RG-K

K+L Yield
RG-K

K+S0 Yield

thresh. – 2.0 75580 7830

2.0 – 2.5 198130 95410

2.5 – 3.2 101670 78360
Fully exclusive kinematics

CLAS12 momentum correction implementation 
will allow for analysis via e’K+ final state to 
maximize statistics



Transferred L  Polarization 

0.750

~0.9

Hyperon polarization integrated
over the Φ angle (x’, y’, z’)

Angle between the 
quantization axes (x’, y’, z’) 
and the proton from the  Λ

decay

X ’

•Electrons in the FD
•Electrons in the  FT

Preliminary results 
by Lucilla Lanza



Inclusive Electron Scattering
Electron Identification:
• Energy deposition in ECAL

Separate showering from minimum-ionizing particles

• Matched hit in HTCC
• Track in Drift Chamber

Q
2 
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2 )

W (GeV)

Electron in ECAL

Large acceptance spectrometer covers 
broad range in Q2 and W

7.5 GeV
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Nucleon resonance contributions to unpolarized inclusive electron scattering

Hiller-Blin et al (JPAC) PRC100 (2019) 035201

𝑁∗ and Δ∗ electrocoupling from 
CLAS analyses used to evaluated 
resonance contribution in
inclusive 𝑒−𝑝 → 𝑋

Difference between resonance and 
data compared to background 
parametrisation from 
Christy&Boosted PRC81 2010



Double polarization observables in pentaquark photoproduction

Winney et al (JPAC) PRC100 (2019) 034019

Model for pentaquark production + background

Prediction from polarized observables



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 on 𝜋𝜋 photoproduction and KY

electroproduction which are expected to 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 by JPAC for the inclusive unpolarized
electroproduction.

• Double polarization observables in pentaquark photoproduction have also been
evaluated.
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Why N* ? From the Hydrogen Spectrum  to QCD

Spectral series of hydrogenNiels Bohr (1922)

• Understanding the hydrogen atom’s ground
state requires understanding its excitation
spectrum.

From Bohr model of the atom to QED.

• Understanding the proton’s ground state 
requires understanding its excitation spectrum.

From the Constituent Quark model to QCD.
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