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Adam Szczepaniak (IU/JLab) 

• Quarkonium near threshold possibly relevant for 
extracting novel nucleon properties (mass radius, 
gravitational form factors, etc.) 

• Signal channel also contains hidden-charm 
pentaquark candidates seen at LHCb.  

• Abundance of new data coming from Jefferson Lab 
on energy  and angular dependence of x-section. 

• New window onto the nature of the XYZ states.
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• Established in 2013 to develop theory and 
phenomenology in support of experimental program 
at JLab12. 

• JPAC served as a liaison between many theoretical 
and experimental analysis efforts 
BaBar,BESIII,COMPASS,EIC, LHCb,JLab 

• Over  40 researchers have been associated with 
JPAC.

• Focus on light exotic hybrids 
 —  predicting their properties  
       from lattice QCD 
— extracting meson 
resonances from experimental 
data 
— interpreting both the 
experiment and theoretical 
results 
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Exp and Theory are working together 3

•Over the past 
50 years data 
has improved 
dramatically 

• It allows 
model 
independent 
analysis  
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Excited Vector Meson Decay into K+K-

• Abundant in GlueX data set

• Photoproduction complementary to e+e- annihilation

• Distinguish light and strange quark composition of states

• GlueX-II with upgraded PID valuable
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results [21–26], but the BABAR data cover the full energy
range, and are more precise. In particular, the dip around
1.8 GeV is mapped with much increased precision.

The systematic uncertainties affecting the bare
KþK"ð!Þ cross section are summarized in Table I. The
overall systematic uncertainty is 7:2% 10"3 in the [1.01–
1.03] GeV mass range, but significantly larger outside the
" region. All the correlations from the various corrections
are fully propagated to the final covariance matrix of the
cross section. Each systematic error is treated as fully
correlated in all mass bins, except for the ones from the
unfolding and the vacuum-polarization correction on the
luminosity (Sec. VII A). The calibration and resolution
uncertainties also affect the final cross section. They
exhibit a rapid variation in the " region (Fig. 25) as well
as strong bin-to-bin anticorrelations (hence they have a
negligible effect on the dispersion integral entering the
a# calculation). The error on the vacuum-polarization

correction—which also has important anticorrelations—
contributes to the cross section uncertainty, but does not
affect the dressed form factor and only slightly affects the
dispersion integral (Sec. VII H).

C. Charged kaon form factor

The square of the kaon form factor is defined by the ratio
of the dressed cross section without final-state interactions,
to the lowest-order cross section for pointlike spin-0
charged particles,

jFKj2ðs0Þ ¼
3s0

$%2ð0Þ&3
K

'KKðs0Þ
CFS

; (8)

where

'KKðs0Þ ¼ '0
KKð!Þðs0Þ
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%ðs0Þ
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"
2

(9)

is the dressed cross section, deduced from the bare cross

section '0
KKð!Þ measured above, &K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" 4m2

K=s
0

q
is the

kaon velocity, and CFS ¼ 1þ %
$(Kðs0Þ is the final-state

correction [27–29]. At the " mass, the 4.2% deviation
from unity of CFS is completely dominated by the
Coulomb interaction between Kþ and K". It is slowly
decreasing at higher masses. The form-factor values and
their covariance matrices are provided in the Supplemental
Material [20].
For purposes of measuring the " resonance parameters

and providing an empirical parametrization of the form
factor over the full range of the measurement, we fit the
kaon form factor with a model [30] based on a sum of
resonances. While the parametrized form factor is conven-
iently compared with the results of experiments at fixed
energy values, the fit is necessary to extract the " reso-
nance parameters in the presence of other small contribu-
tions that need to be determined. Both isospin I ¼ 0 and
I ¼ 1 resonances are considered since KK is not an eigen-
state of isospin. We express the form factor as
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FIG. 23. The measured eþe" ! KþK"ð!Þ bare cross section
(including FSR). Systematic and statistical uncertainties are
shown, i.e., the diagonal elements of the total covariance matrix.
The contributions of the decays of the J=c and c ð2SÞ
resonances to KþK" have been subtracted.
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FIG. 22 (color online). Global acceptance "KK! computed with AFKQED. A zoom on the low-mass region is shown in the right plot.
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BaBar (2009)

Similar spectra 
expected from CLAS12 
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4

Model independent 
(based on S-matrix 
principles) 

QCD    

Nature: real axes 

Model independent analysis 

Models 
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5

1. Amplitudes are analytical 
functions of s1, ⋯t1, ⋯

Amplitude analysis

2. Partial wave amplitudes are 
analytical functions angular momentum 
fl(s) = f(l, s)

3. Physical sheet singularities are given by unitarity

4. Unphysical sheet singularities need to be 
parametrized in order to test microscopic models 
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Learn (S-matrix) 

“Deep learning exotic 
hadrons” L.Ng et al. 
(JPAC)     Phys.Rev.D 
105 (2022) 9, L091501 
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Importance of high quality data : split a2 7

π− + p → X− + p

1965-1970 
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Pc(4450) → Pc(4440) + Pc(4457)

split Pc
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XYZP’s : real or not ? 9

Many XYZ’s are unconfirmed 
but some appear more “real” 
then other    

•    or X(6900) a  
resonance  ( ) ? 
Tψψ ψ ψ

ccc̄c̄

9
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XYZP’s : real or not ? 1010

X(3872) (χc1(3872))

X(3872) (χc1(3872))

Very close to  thresholdDD̄*

MX(3872) − MD0 − MD̄*0

= − 0.01 ± 0.14MeV

Is X(3872) a molecule ? _Virtual OPE

Real OPE

Even Virtual OPE 
exchange is tricky 

−
⃗q2

μ2 + ⃗q2
= − 1 +

μ2

μ2 + ⃗q2

Attractive  = Attractive + Repulsive 
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 Need to understand Production ! 11
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∼ 0.1 %

a1(1460)

COMPASS, 2021
LHCb 2019

Burns, Swanson 

Triangles are everywhere 
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Kinematic reflections 13

Z(3900)

Y → J/ψππ

Kinematic effects from K* decays ? 

B → ψ′ π−K+

Z−K+ → ψ′ π−K+

K*0ψ′ → π−K+ψ′ 

Z(4430)

Are the Z’s true resonances or kinematic effects 

B → ψ′ πK

K+

π−ψ′ 

Mψ,π θπ

e+e− → Y → J/ψπ+π−
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Understanding production cont. 14

LoI RF7_RF0_120

arXiv:2203.08290

arXiv:2112.00060

JLab++
EIC/JLab++ explore 
the complementarity 
of diffraction, 
peripheral and/or 
direct production  
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Spectroscopy at the future facilities 15

   Production @JLab++, EICZ+
c,b

M. Albaladejo et al. [JPAC], PRD (2020) 
D.Winney et al. (JPAC) .

𝑍+
𝑐 𝑛𝑍−

𝑐 Δ++

0.2nb

3nb

• Couplings from data as much as possible, not relying on the nature of XYZ 
• The model is expected to hold in the highest x- bin  
• Model underestimates lower bins, conservative estimates

γp → b+
1 X

https://github.com/dwinney/jpacPhoto

C++ code available online (D. Winney)

Implementation in simulation with El-Spectro (D. Glazier)
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• Production at EIC 

F-K Guo @ EIC Workshop 
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XYZP’s : real or not ? 1717

Threshold effects ? Du et al, EPJC 80, 1053 (2020) 

ΛcD̄(*)

… but
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 photo production J/ψ 18

Kharzeev et al. (1999), Brodsky et al 
(2001) Ji et al.Guo et al. (2021)  Z, Mamo, 
Zahed, (2020) 

J/𝝍-007 [Nature 615 (2023) 7954, 813-816] GlueX [arXiv:2304.03845]

• Two (distinct) approaches:


—t-channel partial waves





 


—s-channel partial waves


A(s, t) = ∑
l

fl(t)Pl(zt)

A(s, t) = ∑
l

fl(s)Pl(zs)

mass radius, gravitational 
form factors, etc.

s-channel thresholds 

lmax ≤ 3

lmax ≤ 2

Du et al [Eur. Phys. J. C 80 (2020) 1053]

smooth s-dependence 
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Fit results/conclusions 19

• “Exponential” behavior from the few  
lowest partial waves 

lmax ≤ 3

• The expected hierarchy of 
partial waves S>P>D>F with 
the flattening at larger-t 
accounted for by p.w 
interferences 
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Fit results/conclusions 20

• Elastic   scattering length 
 found incompatible 

with VMD expectations (albeit with 
large errors) 


• Inclusion of open charm reduces the 
discrepancy 

ψp → ψp
aS ∼ O(0.1fm)

• Need more precise data, including 
open charm production 

• Fits also suggests relevance of open 
charm production and compatible 
with  pentaquark production   
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Summary
• Discoveries of XYZP phenomena show there is a 

large “hadronic landscape” yet to be discovered 
(also in the light flavor sector).  

• Properly constrained S-matrix amplitude analysis 
can determine if these “exotic” states are real (e.g. 
true partial wave poles) or something else (e.g. 
kinematic artifacts). 

• At JLab++(EIC) yields are expected to be 
comparable to colliders at  ~1034 (higher luminosity, 
lower energy)  and triggers optimized for 
charmonium final states; 

• Direct (photo) production needed for confirmation 
particularly true for the Z’s which so far seen only in 
3body final states.  Null results are as important as 
observations ! 

• In a decade we will have a very different view of 
hadrons compared to that proposed by Gell-Mann 
and Zweig. 

D.Dean, Physics Today 60, 11, 48 (2007)

(quasi) stable 
nuclei 

Terra incognita

F-K.Guo 

Terra incognita

(quasi) stable 
charmonia  


