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1- Ensure the success of JLab experimental efforts on the search for exotic hybrid candidates

2- Develop a spectroscopy program for exotics, at future facilities (EIC/JLab 22)

Provide experimental groups with required theoretical inputs 

Combine experimental, Lattice QCD, and model predictions needed to establish the existence of the hybrids

Develop reaction amplitudes to describe production and decays of hybrids

Capitalize on this exciting opportunity to build a spectroscopy community 

Amplitude analyses at ExoHad

Based on recent ExoHad work, establish optimal experimental configurations (final states, cross-sections, etc…)
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1- Hybrid exotic candidates

• Out of 8 possible decay modes, Lattice QCD predicts a dominant one
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We “know” decay products (final states)
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1- Hybrid exotic candidates

• Out of 8 possible decay modes, Lattice QCD predicts a dominant one
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We “know” decay products (final states)

In position to understand these processes
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1- Hybrid exotic candidates: How (step-by-step + experiment)

Understand the production process, then recover bottom vertex
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Can we obtain unambiguous results for simpler 
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We also need to understand all processes that produce 
the same final state backgrounds
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Milestone 2

Milestones 2, 9

Experiment:

Experiment:

Experiment:

p p

γ
π−

π+

Main goal: Understanding production and decay processes of hybrids



Amplitude analyses Arkaitz Rodas 6

p p

π−γ
π−
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Reconstructing broad resonances from final states requires partial wave analyses 

We need unambiguous extraction of information for known/simple reactions

Novelty: 

GlueX has a linearly polarized beam, which has not been studied extensively before 

Result: 

Discrete ambiguities in partial waves were ruled out for a linearly polarized photon 
beam! Including higher waves does not change this conclusion 

GlueX can implement what we learned during this project, in other analyses 

1- Ambiguities in  photoproduction (Milestone 1)πη

The hybrid lives in =1ℓ

t-channel
exchange
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Problem: 

Production experiments can suffer from ambiguities in the 
partial wave extractions (more than one mathematical 
solution is possible). Only one is physical
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Reconstructing broad resonances from final states requires partial wave analyses 

We need unambiguous extraction of information for known/simple reactions

Novelty: 

GlueX has a linearly polarized beam, which has not been studied extensively before 

Result: 

Discrete ambiguities in partial waves were ruled out for a linearly polarized photon 
beam! Including higher waves does not change this conclusion 

GlueX can implement what we learned during this project, in other analyses 

1- Ambiguities in  photoproduction (Milestone 1)πη

The hybrid lives in =1ℓ
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fm =
`mX

`=0

a`m(s)Y m
` (✓,�)

<latexit sha1_base64="VErqGCiVG/iUnOcK1QPm9eFFT+s=">AAAB6XicdVDLSsNAFJ3UV62vqks3g0VwFSapjemu6MZlFVsLbSiT6aQdOpmEmYlQQv/AjQtF3PpH7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHbZVkktAWSXgiOyFWlDNBW5ppTjuppDgOOb0Lx5cz/+6eSsUScasnKQ1iPBQsYgRrI930pv1yBdm+hzy3CpFddb16zTfErfl15EPHRnNUwBLNfvm9N0hIFlOhCcdKdR2U6iDHUjPC6bTUyxRNMRnjIe0aKnBMVZDPL53CE6MMYJRIU0LDufp9IsexUpM4NJ0x1iP125uJf3ndTEd+kDORZpoKslgUZRzqBM7ehgMmKdF8YggmkplbIRlhiYk24ZRMCF+fwv9J27Udz/auzyqNi2UcRXAEjsEpcMA5aIAr0AQtQEAEHsATeLbG1qP1Yr0uWgvWcuYQ/ID19gkkJI3M</latexit>

}
Problem: 

Production experiments can suffer from ambiguities in the 
partial wave extractions (more than one mathematical 
solution is possible). Only one is physical

Phys.Rev.D 108 (2023) 076001



Amplitude analyses Arkaitz Rodas 8

1- Double Regge contributions (Milestones 10, 11)

Other processes (right) produce the same final states as direct  production (left)  

We need a full understanding of all these backgrounds

π1

Solution: 

1- Working together with COMPASS/GlueX and theory 
input to find the correct parametrization that describes 
multi-dimensional event distributions 

2- Understanding these couplings from quark models/
lattice QCD

p p

π−

η(′ )π−

p p

η(′ )π−

π−

π1
Issues: 

The existing models suffer from pathologies (infinite narrow resonances) 
No detailed comparison between these models and modern data exists

𝑉
𝐴

𝐵

𝐶

𝐵

𝐴

𝐶
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1- Pion exchange (Milestone 2)

Pion exchange is the most constrained by theory, but there are still issues 

We need to understand this exchange to move forward

Issues: 

• t-channel pion exchange is not gauge invariant 

• Naively, this mixes t- and s-channel exchanges 

Solution: 

• Regge  exchange accounts for both t- and s-channel processes π

π+

p
n

γ

π−
t-channel
exchange

π+

p
n

γ
t-channel
exchange

π+

p
n

γ

π−

π+

p n

γ
s-channel
exchange

p
+

Pr
el
im
in
ar
y

π+

p n

γ

p =+
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1- Pion exchange (Milestone 2) π+

p
n

γ

π−
t-channel
exchange

π+

p n

γ
s-channel
exchange

p

Pr
el
im
in
ar
y

π+

p
n

γ
t-channel
exchange

π+

p
n

γ

π−
π+

p n

γ

p =

+

+

Pion exchange is the most constrained by theory, but there are still issues 

We need to understand this exchange to move forward

Issues: 

• t-channel pion exchange is not gauge invariant 

• Naively, this mixes t- and s-channel exchanges 

Solution: 

• Regge  exchange accounts for both t- and s-channel processes π
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Main exotic decay is π1 → b1π
Need first to understand  photoproductionb1

γp → b0
1 pγp → b−

1 Δ++

1-  photoproductionb1(1230)

p
p

π−

π0

γ
b−

1

π+

π−ω

π+

Δ++

Aλγ,λ1,λ2
=

1

∑
Λ=−1

3
2

∑
λΔ=− 3

2

Vλγ,Λ;λ1,λΔ
(s, t)

1

∑
λ=−1

FλDJ*
Λ,λ(Ωω)Y1

λ (ΩH)GF̃λ2
D

3
2 *
λΔ,λ2

(Ωp)

Model/Decay chain:

Result1: 

Pion exchange cross-section in agreement (prediction, not 
fit!) with preliminary data

Also (right plot)

π
p p

b1γ

Pr
el
im
in
ar
y

Result2: 

Derivation of cross-section formula for AmpTools (GlueX) 
analysis software (Integration of theory input on AmpTools)



Amplitude analyses Arkaitz Rodas 12

1- Hybrid: other decays

<latexit sha1_base64="Or+OXev5TFQjxudfqekyv8t+2zw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7AekoWy2m3bpJht2J0Ip/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcMirTjDeZkkp3Qmq4FAlvokDJO6nmNA4lb4eju5nffuLaCJU84jjlQUwHiYgEo2glv5uKnlfxaq570SuV3ao7B1klXk7KkKPRK311+4plMU+QSWqM77kpBhOqUTDJp8VuZnhK2YgOuG9pQmNugsn85Ck5t0qfRErbSpDM1d8TExobM45D2xlTHJplbyb+5/kZRjfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQpFW0I3vLLq6R1WfVq1drDVbl+m8dRgFM4gwp4cA11uIcGNIGBgmd4hTcHnRfn3flYtK45+cwJ/IHz+QMNyI/Q</latexit>

⇡1(1600)

<latexit sha1_base64="xA24zJksyulV5f7EBYRPZMx0zsM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ76ai5/WqNbfuzkCWiVeQGhRo9qpf3X7CspgrZJIa0/HcFIOcahRM8kmlmxmeUjaiA96xVNGYmyCfHTshJ1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnnpC80ZyjHllCmhb2VsCHVlKHNp2JD8BZfXiaPZ3Xvsn5xf15r3BRxlOEIjuEUPLiCBtxBE3xgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AeeeOew==</latexit>⇡1

<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡

<latexit sha1_base64="uB8KSR4ClqBbpbRpnqzCgAZgekw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviAU31nW/ndLa+sbmVnm7srO7t39QPTxqmyjRDFssEpHuBtSg4ApblluB3VgjlYHATjC5y/3OE2rDI/VopzH6ko4UDzmjNpf6Ma8MqjW37s5BVolXkBoUaA6qX/1hxBKJyjJBjel5bmz9lGrLmcBZpZ8YjCmb0BH2MqqoROOn81tn5CxThiSMdFbKkrn6eyKl0pipDLJOSe3YLHu5+J/XS2x446dcxYlFxRaLwkQQG5H8cTLkGpkV04xQpnl2K2FjqimzWTx5CN7yy6ukfVH3ruqXD5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kjnxXl3PhatJaeYOYY/cD5/AIfwjeo=</latexit>⇡
<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>⇢
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1- Rescattering effects in 3b decays (Milestone 26)

COMPASS
“freed isobar”

In experiments, intermediate resonance estates are simplified as “freed isobars”, 
simple phenomenological descriptions fitted to data

<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>⇢

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

(⍴π)S

(σπ)Pf0(500)
f0(980)
to be included

ar
b.

 u
ni

ts

(⍴π)D

(ππ)I=2π

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="dQXSfiKUvymNFbsxD7Yuvkq2K08=">AAAB9XicbVDLSgNBEOyNrxhfUY9eFoMQQcKuSPQY9OIxgnlANobZyWwyZB7LzKwSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXGDOqjed9O7mV1bX1jfxmYWt7Z3evuH/Q1DJRmDSwZFK1Q6QJo4I0DDWMtGNFEA8ZaYWjm6nfeiRKUynuzTgmXY4GgkYUI2Olh0ANZXBWDjQdcHTaK5a8ijeDu0z8jJQgQ71X/Ar6EiecCIMZ0rrje7HppkgZihmZFIJEkxjhERqQjqUCcaK76ezqiXtilb4bSWVLGHem/p5IEdd6zEPbyZEZ6kVvKv7ndRITXXVTKuLEEIHni6KEuUa60wjcPlUEGza2BGFF7a0uHiKFsLFBFWwI/uLLy6R5XvGrlerdRal2ncWRhyM4hjL4cAk1uIU6NACDgmd4hTfnyXlx3p2PeWvOyWYO4Q+czx+pz5H8</latexit>

⇢ (�)

<latexit sha1_base64="S3ArUb+j6acSKW3edSXDVlZdNF0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzGaHzGOZmRVCyC948aCIV3/Im3/jbLIHjRY0FFXddHdFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvwoZyJmnbMstpL9UUi4jTbjS5zf3uI9WGKflgpykNBR5LFjOCbS4NdKKG1Zpf9xdAf0lQkBoUaA2rn4ORIpmg0hKOjekHfmrDGdaWEU7nlUFmaIrJBI9p31GJBTXhbHHrHJ05ZYRipV1Jixbqz4kZFsZMReQ6BbaJWfVy8T+vn9n4OpwxmWaWSrJcFGccWYXyx9GIaUosnzqCiWbuVkQSrDGxLp6KCyFYffkv6VzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQCCBJ3iBV094z96b975sLXnFzDH8gvfxDSM+jlI=</latexit>⇢

IG(JPC) = 1-(1++) 
 (⍴π)S, (⍴π)D ,

(σπ)P , (ππ)I=2π,…
                     πππ

+ + ⋯
<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}

Naive isobar(dashed line)

Determination of resonances with 3-body decays depends on “lineshape” of two-body subsystems

Unitarity provides constraints on coupled-channel 3-body rescattering that 
add to full “isobars”, modifying the lineshapes beyond a constant 
multiplicative factor

Final goal:

• How does coupled-channel rescattering compare to “freed isobars” 

<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit>

}

Rescattering
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1- Towards complete understanding of photoproduction reactions
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Understanding  production is underway 
(Milestone 2)

Δ++

p
p

γ

π+

Δ++

π−

p p

γ
π−

π++
<latexit sha1_base64="gA+KaQ8q4BwMGmTB+QI+KZDk2aQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALAzjOE=</latexit>

R

+ ⋯

Two-pion photo production project almost completed 
(impressive data agreement)
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High quality data from CLAS, more expected from CLAS12 and GlueX
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1- Ensure the success of JLab experimental efforts on the search for exotic hybrid candidates

2- Develop a spectroscopy program for exotics, at future facilities (EIC/JLab 22)

Provide experimental groups with required theoretical inputs 

Combine experimental, Lattice QCD, and model predictions needed to establish the existence of the hybrids

Develop reaction amplitudes to describe production and decays of hybrids

Capitalize on this exciting opportunity to build an spectroscopy community 

Amplitude analyses at ExoHad

Based on recent ExoHad work, establish optimal experimental configurations (final states, cross-sections, etc…)

<latexit sha1_base64="Or+OXev5TFQjxudfqekyv8t+2zw=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7AekoWy2m3bpJht2J0Ip/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcMirTjDeZkkp3Qmq4FAlvokDJO6nmNA4lb4eju5nffuLaCJU84jjlQUwHiYgEo2glv5uKnlfxaq570SuV3ao7B1klXk7KkKPRK311+4plMU+QSWqM77kpBhOqUTDJp8VuZnhK2YgOuG9pQmNugsn85Ck5t0qfRErbSpDM1d8TExobM45D2xlTHJplbyb+5/kZRjfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQpFW0I3vLLq6R1WfVq1drDVbl+m8dRgFM4gwp4cA11uIcGNIGBgmd4hTcHnRfn3flYtK45+cwJ/IHz+QMNyI/Q</latexit>

⇡1(1600)

Tetraquarks Molecules

Glueballs Hybrids
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Need to assess the impact of existing models in this sector 

Main goal:  

Determine if data is described by smooth (non-resonant) 
models or by the existence of intermediate states  
pentaquarks 

Current results are not conclusive

→

16

Future work: 

GlueX II+III runs would produce conclusive results  
(GlueX III proposal for PAC2024, right plot)

Combined analysis of J/ -007 and GlueX Iψ

Model Used for
Pseudoexperiments
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Significance Test Statistic:  

GlueX I + II + III
Model Used for

Pseudoexperiments
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Significance Test Statistic:  

GlueX I + II

2- Exotics at future facilities: J/  photoproduction at GlueX (Milestone 8)ψ

GlueX I+II vs. GlueX I+II+III discrimination power

Phys.Rev.D 108 (2023) 054018
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Phys. Rev. D 106 (2022) 09, 094009 
arXiv:2404.05326

2-XYZ searches in future facilities: Photoproduction

These predictions suggest that the extraction of exotics at JLab 22 is a possibility  
(XZ searches might be better at JLab 22, Y searches better at EIC)

Semi-inclusive processes have more backgrounds than exclusive ones, but higher cross sections! Ideal for the first observation 

Predictions are based on one-particle exchange mechanisms and are likely a conservative underestimation of total production rates

p p

<latexit sha1_base64="/2BpZWEJmcR/Gq4fFhJNUIgp3QI=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsW7AOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/ndLG5tb2Tnm3srd/cHhUPT7pGpVqyjpUCaX7ITFMcMk6wEGwfqIZiUPBeuH0Pvd7T0wbruQjzBIWxGQsecQpASv5g5jAhBKRtefDas2tuwvgdeIVpIYKtIbVr8FI0TRmEqggxviem0CQEQ2cCjavDFLDEkKnZMx8SyWJmQmyReQ5vrDKCEdK2ycBL9TfGxmJjZnFoZ3MI5pVLxf/8/wUotsg4zJJgUm6/ChKBQaF8/vxiGtGQcwsIVRzmxXTCdGEgm2pYkvwVk9eJ92ruteoN9rXteZdUUcZnaFzdIk8dIOa6AG1UAdRpNAzekVvDjgvzrvzsRwtOcXOKfoD5/MHjDCRcg==</latexit>

Q

<latexit sha1_base64="Xkq4BH1lUyTtxtm6OJXsRsBrw4I=">AAAB/3icbVDLSgMxFM3UV62vquDGTbAI4qLOiFSXRRFcVrAPaMdyJ820oUlmSDJCGbvwV9y4UMStv+HOvzF9LLT1QOBwzr3ckxPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79R0lChCqyTikWoEoClnklYNM5w2YkVBBJzWg/7VyK8/UKVZJO/MIKa+gK5kISNgrNTO77UEmB4Bnl4P8QludUEIuD9u5wtu0R0DzxNvSgpoiko7/9XqRCQRVBrCQeum58bGT0EZRjgd5lqJpjGQPnRp01IJgmo/Hecf4kOrdHAYKfukwWP190YKQuuBCOzkKK2e9Ubif14zMeGFnzIZJ4ZKMjkUJhybCI/KwB2mKDF8YAkQxWxWTHqggBhbWc6W4M1+eZ7UToteqVi6PSuUL6d1ZNE+OkBHyEPnqIxuUAVVEUGP6Bm9ojfnyXlx3p2PyWjGme7soj9wPn8A2B+VWw==</latexit>

E/�⇤

<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�
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J/psi photoproduction studies hint that older predictions for pentaquark searches need not be correct

Studies of XYZ states at future facilities are feasible

Amplitude analyses at ExoHad: Summary

Partial wave extraction issues/ambiguities have been addressed

Milestone 1: Phys.Rev.D 108 (2023) 076001

Models for / / /  production are getting closer to completionπ Δ++ b1 ππ

Quasi-3b amplitudes for  have been developed. We provided them to GlueX and we are starting to analyze them furtherπ1 → b1π

Milestone 2

Milestone 9 (evolved to better align with GlueX priorities)

Milestone 8: arXiv:2404.05326

Milestone 8: Phys.Rev.D 108 (2023) 054018

Double Regge underway, COMPASS analysis moving in the right direction

Milestones 10, 11

1- Ensure the success of JLab experimental efforts on the search for exotic hybrid candidates

2- Develop a spectroscopy program for exotics, at future facilities (EIC/JLab 22)

Tetraquarks Molecules

Glueballs Hybrids
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Backup slides!!
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1- Double Regge contributions (COMPASS) (Milestone 10)
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Reconstructing from final states in experiments is not easy. Other processes (right) produce the same final states as our 
direct  production (left)π1

Shimada, Martin, Irving, NPB 142, 344 (1978)

Issues: 

The original model (right) is too restrictive/rigid, not fully consistent with Regge physics 

Solution: 

Working together with COMPASS and GlueX to find a Regge-inspired phenomenological 
parametrization that describes data at high energy in all kinematic variables

p p

π−

η(′ )π−

p p

η(′ )π−

π−

π1
Original model described in 

JPAC, EPJC 81 (2021)

(Talk about their pathologies)
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1- Double Regge contributions (Milestone 11)

High energy
~ 𝑉1(−𝑠 )𝛼1(−𝑠2)𝛼2−𝛼1 + 𝑉2(−𝑠 )𝛼2(−𝑠1)𝛼1−𝛼2∑

J1, J2

J1 J2

p

γ
η

p

π0

Quark string-breaking models allow for analytic calculation of helicity dependence, giving us insight into these Regge couplings

⟨𝜓𝐵, 𝜓𝐶 𝑉 𝜓𝐴⟩ = ∫ 𝑑3𝑘 𝑉 𝜓𝐴(→𝑘 )𝜓∗
𝐵(→𝑘 + →𝑃 𝑐)𝜓∗

𝐶(→𝑘 + →𝑃 𝐶)

High energy

Physical, explicitly helicity-dependent couplings valid 
in double Regge-region!

We understand these processes in the High energy limit (right). The problem is making the diagrams above consistent with one another.

p p

π0

γ η(′ )

These double Regge exchanges can be described in different energy regimes. They all must be consistent with one another

These couplings could also be extracted from lattice QCD (ExoHad)

𝑘4

𝑞1

𝑞2

𝑘1

𝑘2

𝑘3

𝑉𝐴
𝐵

𝐶
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First starting process: 

Issues: 

• Our previous base model reproduces the cross-section but not the spin density matrix elements SDMEs accurately 

1- Delta production (Milestone 2)

p
p

γ

π+

Δ++

π−

Solution: 

• A richer structure is required by the data (fitted below), we are working on 
identifying the relevant physics 
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Phys.Lett.B 779 (2018) 77-81
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1- Two-pion photoproduction

p
p

γ

π+

Δ++

π−

p p

γ
π−

π+

High quality data from CLAS, more expected from CLAS12 and GlueX

At larger |t|, competing production mechanisms produce 
comparable P+ and P0 partial waves. Qualitatively different to 
small |t|!

Impressive agreement between fit and data!

Hierarchy of P-waves for various helicities: 

Complicated dynamics give rise to other helicity structures for |t|≳0.45 
GeV2

+ +⋯

To appear soon…
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