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Joint Physics 
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• JPAC: theory, phenomenology and analysis 

tools in support of experimental data from 
JLab12 and other accelerator laboratories

• Contribute to education of new generation 
of practitioners in physics of strong 
interactions : Graduate course on reaction 
theory 

http://ceem.indiana.edu/jpac

https://jpac.jlab.org
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Outline: 3

•Why ?  Aspects of QCD and Confinement   

•High precision data calls for precision in 
theoretical analysis — Amplitude analysis 

•Sample of JPAC recent results  
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 Why spectroscopy

Are constituent quarks (gluons?) real ? 
→ How is mass generated  

What about gluons ?  
→ confinement vs Higgs behavior 

(Most) Hadrons are composed 
from valence quarks   
What does it mean ? 
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 The dual role of gluons 

⟨A0
A

0⟩

long range instantaneous potential

Possible scenario : 
Color interactions 
between external 
sources emerges 
through chromo-
magnetic 
condensate

�����

����

⟨A⊥A⊥⟩

“constituent gluon” of large 
effective mass 

massive, effective particle

JPC
gluon = 1+−

0-+ 1-+  2-+  1--

“stringless states”: How collimated 
fluxes emerge (how power-law 
becomes an exponentials) ? 

E⃗2

L(x/R → ∞) ∼
R2

x4

Stringless,   σC ∼ 3σW

Wilson   σW

 “stringy states”  from constituent gluon chains  lowest-mass 
 hybrid multiplet

See C.Roberts
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Quark Model with Gluons : Hybrid States 6

J.Dudek et al.  JLab 

quark model states

π

ρ

large overlap with
 gluonic operators
includes 1-+ exotic 

NEW states

|hybrid� = |JJgLQQ̄S�

JgPC=1+-

HASPEC@JLab : Isovector 
states ~700MeV pion
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Plenty of signatures: hybrids   
• Exotic JPC=1-+ (hybrid) mesons expected (VES, 

GAMS,E852, COMPASS, and theory) 

•  In low-t pion diffraction (COMPASS) exotic wave 
production compatible with one pion exchange 
(but not at high-t)   

• Large exotic wave 
seen in η(‘) π 
production : Golden 
Channel 

• In photoproduction 
(GlueX,CLAS12) exotic 
mesons  produced via pion 
exchange (both good and 
bad) 

π- p → η(‘) π- p 

Green : pion exchange  
Red : Exotic resonance Low-t 

High-t

COMPASS (2018) 

• Dualities : “reggeons”-
resonances”, “pomerons/
gluons”, “quarks-hadrons”, ect 
— analytical amplitudes  
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8

Bottom → Up

Data

Microscopic model  

Amplitudes

Rules 
(bubbles,  
regularization, 
renormalization, 
etc. )

Top → Bottom 

Amplitudes

Physical 
interpretation of  
poles, cuts, 

Microscopic model  

c

uc

u

Mesonic-Molecules

u

c
c

d

Tetraquarks

c

uc

u

Mesonic-Molecules

u

c
c

d

Tetraquarks

Data

Amplitude analysis : connecting data to QCD
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The π1 (exotic) meson candidate 9

M = 1370 ±16−3 0
+5 0  MeV / c2

Γ = 385± 40−105
+65  MeV / c2π−p→ ηπ−p

M = 1597 ±10−1 0
+4 5 MeV / c2

Γ = 340 ± 40−50
+50  MeV / c2π−p→ $ η π−p

π1 (1400)  E852, also GAMS, 
VES, Crystal Barrel 

π1 (1600) 

E852, also COMPASS,CLEO 

E852

E852

Is it 1400 or 1600 ? 

COMPASS consistent with both 
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COMAPSS data,   JLab data coming soon ! 10
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Bootstrap + model variations 13
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Regge factorization 

• Need to establish 
factorization between 
beam and target 
fragmentation 
(Regge factorization) 

• Single Regge pole 
exchange dominate 
over cut other 
singularities (cuts, 
daughters)  
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Global analysis of single Regge factorization

• Test Regge pole hypothesis and 
estimate corrections (daughters, 
cuts)

• Factorizable Regge pole exchange 

• NData=1271, Npar=9

(6 SU(3) couplings, 1 mixing angle, 2 exp. slopes )
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Global Regge pole analysis 
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Finite Energy Sum Rules 

• No kinematic singularities 
• No kinematic zeros 
• Discontinuities:  

• Unitarity cut 
• Nucleon pole
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Combine energy regimes 
● Low-energy model ((SAID, MAID, Bonn-

Gatchina, Julich-Bonn,…) 
● Predict high-energy observables

[V. Mathieu, J.Nys. et al. (JPAC) 1708.07779 (2017)]

Two applications 
● Understand high-energy dynamics 
● Constraining low-energy models

Finite Energy Sum Rules 

• MAID
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Constraining the resonance spectrum

    

A1 A2 A4

Ambiguities in the low-energy model (η-MAID) 
→  Mismatch with high-energy data  

Possibilities 
● Low-energy model inconsistent 
● Cut-off not high enough 

○ High mass resonances!

[J.Nys et al., PRD95 (2017) 034014]
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• Global fits indicate weak unnatural exchanges  
• Possible tension between GlueX and SLAC data ? 

Beam asymmetry: measurement of the exchange process
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η/η’ asymmetry probes coupling to strangness 

V.Mathieu et al. (JPAC) Phys. Lett. B774, 362  (2017)

Based on the FESR for η: 
predict beam asymmetry for η’ 
● Same exchanges 
● Natural exchanges (⍴,⍵) dominant 

○ Couplings from radiative decays 
○ Mixing angle cancels in ratio 

● Unknown behavior of  
○ ϕ exchange 
○ unnatural exchanges (b,h) 

Prediction: ≈ same beam asymmetry
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πΔ photoproduction 

J.Zarling (GlueX): preliminary

π

⍴, a2

Comparison to GlueX data 
● Confirmation of interference pattern 
● High -t: natural, low -t: unnatural 
● Mismatch: oddly behaved π exchange 

○ Ongoing analysis 
○ Experimental or theoretical? Łukasz Bibrzycki  et al. (Cracow,JPAC)

π

● Stringent  test of one-
pion-exchnage production 

● Possible to make 
parameter-free 
predictions 

J.Nys et al. (JPAC) Phys.Lett. B779, 77  (2018)



N* in inclusive electron scattering
A. N. Hiller Blin et al., PRC 100 (2019) 035201
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resonant background:

quark-hadron duality studies

Exclusive CLAS data for computation of N* contribution to inclusive observables:

non-trivial      dependence and interplay between resonance tailsQ2
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Other exotics 

• JPC=1-+ I=1, light exotic hybrid ?  

• Zc(3900)  in J/ψ π π, DD* ?   
_

• Pc(4312) in Λb→ J/ψ p K 

BESIII

E852

Yes  :  “Normal resonance” 

Inconclusive 

No : Unbound  
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Pentaquarks (or not) 25
10

8 9 10 20, GeV            γE

1−10

1

10

p)
, n

b
ψ

 J
/

→
p γ(

σ

GlueX
SLAC
Cornell

 BR=2.9%-(4312) 3/2+
cJPAC P

 BR=1.6%-(4440) 3/2+
cJPAC P

 BR=2.7%-(4457) 3/2+
cJPAC P

FIG. 4: GlueX results for the J/ total cross-section vs beam energy, Cornell [15], and SLAC [16] data compared to
the JPAC model [6] corresponding to B(P+

c
(4312) ! J/ p) = 2.9%, B(P+

c
(4440) ! J/ p) = 1.6%, and

B(P+
c
(4457) ! J/ p) = 2.7%, for the JP = 3/2� case as discussed in the paper.

B(P+
c ! J/ p) Upper Limits, % �max ⇥ B(P+

c ! J/ p) Upper Limits, nb
p.t.p. only total p.t.p only total

P+
c (4312) 2.9 4.6 3.7 4.6

P+
c (4440) 1.6 2.3 1.2 1.8

P+
c (4457) 2.7 3.8 2.9 3.9

TABLE V: Summary of the estimated upper limits for the P+
c

states at 90% confidence level, as discussed in the
paper. Separately shown are the results when using the errors of the individual data points (p.t.p.) only and the

total ones that include the uncertainties in the model parameters and the overall normalization.

that they are due to attractive interactions between the two
hadrons. For example, in the region of the Pcð4450Þ there
could be weakly bound D̄#Σc and D̄#Σ#

c states [10–16], and
even in the absence of resonance or bound states it is possible
to generate peaks from nearby cross-channel exchanges
[17–20]. Such ambiguities in the interpretation highlight the
need for additional measurements, especially with different
beam-on-target configurations. The use of photoproduction
[21–25] is especially appealing since it reduces the role of
kinematic effects and minimizes the model dependence of
the partial-wave analysis. Furthermore, photoproduction at
high energies is an efficient process for charm production
[26,27], while production near threshold has long been
advertised as a tool for studies of the residual QCD
interactions between charmonium and the nucleon [28,29].
The search for the Pcð4450Þ—the narrower of the first

two LHCb candidates—through a scan of the photopro-
duction cross sections has been proposed by the Hall C,
CLAS12, and GlueX experiments at JLab [30–32]. The first
results from GlueX are already available, and there is no
evidence of narrow peaks [32]. Recently, an update on
photoproduction studies based on the most recent LHCb
results has been performed [25,33,34], albeit using the spin-
parity assignment of the older LHCb amplitude analysis.
Furthermore, the use of polarization observables has been
recently proposed for an experiment at the Super BigBite
Spectrometer (SBS) in Hall A at JLab [35]. It has been
argued that these may reach higher signal-to-background
ratios than the usual study of differential cross sections, at
least in certain parts of the parameter space, and the
discovery of a double-peak structure in thePcð4450Þ region
makes these experiments even more relevant.
In this paper we detail the study of polarization observ-

ables to access the pentaquark signals. The polarization
observables are sensitive to the interference between reso-
nant and nonresonant contributions as well as between
different resonance states. Polarization observables are
determined by the photoproduction amplitudes of different
helicities for the initial photons, while the unpolarized cross
sections are determined by the squared absolute values of the
photoproduction amplitudes. Therefore, the polarization
data offers new information that is relevant in the evaluation
of the resonance photo- and hadronic couplings and it is
helpful in accessing the contributions from overlapping
resonances. The polarization observables extend our capa-
bilities to validate the mechanisms of the reaction models
used in the data analyses through a combined fit of
unpolarized cross sections and polarization measurements.
Here we specifically focus on accessing the sensitivity
needed to investigate the properties of the pentaquarks,
by studying the helicity correlations between the polarized
photon beam and the polarized target (ALL) or recoil (KLL)
proton. The latter can be assessed by measuring the
polarization transfer with the one-arm polarimeter in Hall
A at JLab [35]. Given that there is no spin-parity assignment

for the newPcð4440Þ andPcð4457Þ states,which is essential
for making photoproduction predictions, and that the reso-
lution might prevent the distinction between the two, we use
the previous Pcð4450Þ information in this feasibility study.
In the following, by Pcð4450Þ we refer to the collective
effect of bothPcð4440Þ andPcð4457Þ peaks.We also use the
information on the broadPcð4380Þ state, while disregarding
the newPcð4312Þ, since its spin-parity is unknown, although
a similar study can be applied in this lower mass region. If
photoproduction experiments prove to be successful in
identifying the Pc signals, an amplitude analysis of spin-
dependent observables will be mandatory, for which this
paper lays the groundwork.
The paper is organized as follows. In Sec. II we describe

the reaction model for J=ψ photoproduction off the proton.
In Sec. III we show the fits to the data and the predictions
for the KLL and ALL asymmetries for different Pc spin-
parity assignments and values of the photocouplings.
Section IV focuses on sensitivity studies for measuring
these asymmetries at Hall A of JLab. Finally, Sec. V
summarizes our conclusions.

II. REACTION MODEL

Starting from the reaction model of Ref. [24] we
incorporate spin-dependent interactions at energies near
the threshold for J=ψp production. Furthermore, we
incorporate both a narrow peak, compatible with the
original Pcð4450Þ state, and the broader Pcð4380Þ.

A. Background contribution

The dominant nonresonant contribution, as shown in
Fig. 1, is assumed to be that of diffractive photoproduction
of the J=ψ off the proton target. This is taken as the main
background to the Pc signals and it is realized by an
effective t-channel Pomeron exchange model [36]. The
kinematic factors and spin dependence in the model
correspond to a vector exchange, to enforce that the
Pomeron has an intercept which is close to unity [37].
The resulting covariant amplitude is given by

hλψλp0 jTPjλγλpi ¼ Fðs; tÞūðpf; λp0Þγμuðpi; λpÞ
× ½εμðpγ; λγÞqν − ενðpγ; λγÞqμ&
× ε#νðpψ ; λψ Þ: ð1Þ

FIG. 1. Relevant processes considered for near-threshold J=ψ
photoproduction off proton targets. The t-channel process on the
left describes the background, while the s-channel diagram to the
right describes the resonant contributions from pentaquarks.

D. WINNEY et al. PHYS. REV. D 100, 034019 (2019)

034019-2

• Pomeron exchange + Pc excitation 
• Vector meson dominance assumed

A(K )LL =
dσ( ↑ ↑ ) − dσ( ↑ ↓ )
dσ( ↑ ↑ ) + dσ( ↑ ↓ )

Polarization observables expected to have 
higher sensitivity to signals
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D. Winney et al., PRD 100 (2019) 034019

A.N.Hiller Blin et al., PRD 94 (2016) 034002
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Regge trajectories 26

J. A. Silva-Castro et al. [JPAC]
Phys. Rev. D99, 034003 (2019) 
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More hints  from Regge 27

“quark model” states

2-- (L=2,S=1)

JLab, LQCD
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JPAC 28
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