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Can we observe explicit 
gluonic degrees of freedom 
in nature’s bound states?
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Gluonic DOF in Spectroscopy?

Hybrid meson: 
flux tube in  

excited state 
m=1


PC=(-1) S

In the first-excited state we have two 
degenerate transverse modes  

– clockwise and counter-clockwise –  
that lead to  

 JPC =  or JPC=  
for the excited glue string.

1+− 1−+
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JPC = 1+�, 1�+

N N

Xπ/Κ

~L = 0, ~S = 0

JPC = 1��, 1++

Conventional

N N

Xγ

~L = 0, ~S = 1

JPC = 0�+, 1+�, 2�+

JPC = 0+�, 1�+, 2+�
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LQCD Meson Spectrum
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JPC

Past searches have focused on the lightest hybrid π1(1600) with                                                1−+

Dudek et al.  
PRD 88 (2013) 094505 

HSC
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• Hall-D Collaboration formed in 1998 
• UofR joined in 1999. 
• GlueX name adopted in 2003. 
• 2004: Google  

– GlueX player – Scripting Language (JPN) 
– GlueX – Active X software (JPN) 
– Gluex – Enzyme (DE) 
– glueX – public static java.awt.Component 
– Glue X – Preschool Ideas for teaching alphabet 

- glue X's using colored paper, make an X ray 
– X-Logic Glue - enables diverse  languages and logical tools to 

be integrated in the solution of complex problems. 

• 2010: 98/100 of first Google links are related to ‘our’ GlueX. 

• 2026: all about ‘the’ GlueX except for one 
“competitor”
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•Board, EDI, Code of Conduct  
•Spokesperson, Deputy, Executive 
•Working Groups, Technical Committees 
•Membership; service contributions

Collaboration

GlueX Collaboration
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~130 scientists, 32 Institutions

Important: students, postdocs!

GlueX Collaboration



Jefferson Lab
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Newport News

2012 Upgrade: 
6 12 GeV 

4th Hall GlueX
→

CEBAF 

Newport News

Regina Electron linear accelerator

Hall D turned-on in 2016  
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The Experiment
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GlueX Productivity
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Year Theses Physics Techical
2019 4 2 1
2020 5 1 5
2021 4 1 3
2022 4 2 3
2023 6 2 3
2024 10 1 3
2025 5 4 3
2026 3 2 3
Total 56 (12) 15 (3) 59 (8)

Many new analyses underway

 Peta bytes of data collected∼ 23
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 Reconstructionη1

• Final states is:   
• Event reconstruction: putting the 

pieces of a puzzle together.

Source: savagechickens.com

ρ, ω, ϕ
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Proton is in lower vertex 
(t-channel).

 Reconstructionη1
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Combinatorics to decide 
how 4 γ should be 
combined to form 2 η

 Reconstructionη1
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Combinatorics to decide 
which η has decayed 
from the ηʹ

 Reconstructionη1
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Combinatorics to decide 
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from the ηʹ
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Multi-dimensional fits of spectra
Illus25

 Reconstructionη1
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Methodology: Partial Wave Analysis 

Illustration*

How does one extract JPC contributions from this spectrum? 
• Using only mass spectrum is insufficient. 
• Study and analyze intensity in more “dimensions”: 
• decay angles of the constituent particles. 

• Develop model from scattering theory.
→
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Illustration*

How does one extract JPC contributions from this spectrum? 
• Using only mass spectrum is insufficient. 
• Study and analyze intensity in more “dimensions”: 
• decay angles of the constituent particles. 

• Develop model from scattering theory.
→

Source: alamy.com
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Methodology: Partial Wave Analysis 

Partial Wave Analysis (PWA):
Intensity distribution under amplitude analysis 
framework can be written as:

which can be solved to give:

PWA - A framework to solve a scattering 
problem by extracting JPCs via spectrum 
intensity and multiple decay angles
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Angular Distributions 
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Angular Distributions 
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JPC

•GlueX Machinery works: 
• π1 upper limit - xsection 

• a2 meson - PWA 

GlueX published - a2, π1

PRC 112, 015204 (2025)

PRL 133, 261903 (2024)



η1 meson

• The  has  that are exotic.

• Goal: test whether  events in GlueX are 
consistent with the  state discovered by BESIII.

• This is a two-pseudo scalar meson decay.

η1 (IG)JPC = (0+)(1−+)

γp → ηη′￼p
η1(1855)

30

Beijing Electron-Positron Collider II operates at c.o.m. 
energy of 2.0-4.6 GeV, optimized at 1.89 GeV to study 

the J/ψ resonance and others.



BESIII:  in η1 J/ψ → γηη′￼

31

parameters. The statistical significances of all resonances in
the PDG-optimized set are reevaluated in the presence of the
η1 state. Resonances with significance less than 5σ are
removed. The resulting baseline set of amplitudes contains a
significant contribution from an isoscalar state with exotic
quantum numbers JPC ¼ 1−þ, denoted as η1ð1855Þ. Its
statistical significance is 21.4σ, and its mass and width are

ð1855%9statÞMeV=c2 and ð188%18statÞMeV, respectively.
In addition, the baseline set of amplitudes includes four 0þþ

resonances [f0ð1500Þ, f0ð1810Þ, f0ð2020Þ, f0ð2330Þ], two
2þþ resonances [f2ð1565Þ, f2ð2010Þ], a nonresonant con-
tributionmodeled by a 0þþ ηη0 systemuniformly distributed
in phase space (PHSP), and two 1þ− resonances [h1ð1415Þ,
h1ð1595Þ] in the γη system. In addition, a 4þþ resonance
f4ð2050Þ with statistical significance 4.6σ is included.
The results of the PWA with the baseline set of

amplitudes, including the masses and widths of the reso-
nances, the product branching fractions J=ψ → γX → γηη0

or J=ψ → ηð0ÞX → γηη0, and the statistical significances,
are summarized in Table I. The measured masses and
widths of the f0ð2020Þ and f2ð2010Þ are consistent with
the PDG [34] average values. The measured mass of the
f0ð2330Þ, which is unestablished in the PDG [34], is
consistent with the results of Ref. [35], but our measured
width is 79 MeV smaller (3.4σ).
Figure 1 shows the invariant mass distributions of

Mðηη0Þ, MðγηÞ, and Mðγη0Þ for the data (with background
subtracted) and the PWA fit projections. Figure 1 also
shows the cos θη distribution, where θη is the angle of the η
momentum in the ηη0 (Jocob and Wick) helicity frame [37].
This angle carries information about the spin of the particle
decaying to ηη0. Figure 2 shows the Dalitz plots for the
PWA fit projection, the selected data, and the background
estimated from the η0 sideband.

TABLE I. The masses, widths, BðJ=ψ → γX → γηη0Þ or
BðJ=ψ→η0h1→γηη0Þ (B.F.), and statistical significances (Sig.)
for each component in the baseline set of amplitudes. The first
uncertainties are statistical, and the second are systematic.

Resonance M (MeV=c2) Γ (MeV) B.F.(×10−5) Sig.

f0ð1500Þ 1506 112 1.81% 0.11þ0.19
−0.13 > 30σ

f0ð1810Þ 1795 95 0.11% 0.01þ0.04
−0.03 11.1σ

f0ð2020Þ 2010% 6þ6
−4 203% 9þ13

−11 2.28% 0.12þ0.29
−0.20 24.6σ

f0ð2330Þ 2312% 7þ7
−3 65% 10þ3

−12 0.10% 0.02þ0.01
−0.02 13.2σ

η1ð1855Þ 1855% 9þ6
−1 188% 18þ3

−8 0.27% 0.04þ0.02
−0.04 21.4σ

f2ð1565Þ 1542 122 0.32% 0.05þ0.12
−0.02 8.7σ

f2ð2010Þ 2062% 6þ10
−7 165% 17þ10

−5 0.71% 0.06þ0.10
−0.06 13.4σ

f4ð2050Þ 2018 237 0.06% 0.01þ0.03
−0.01 4.6σ

0þþ PHSP & & & & & & 1.44% 0.15þ0.10
−0.20 15.7σ

h1ð1415Þ 1416 90 0.08% 0.01þ0.01
−0.02 10.2σ

h1ð1595Þ 1584 384 0.16% 0.02þ0.03
−0.01 9.9σ
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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a),(b),(c) the invariant mass distributions of
(a) ηη0, (b) γη, and (c) γη0, and (d),(e) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 (Jocob and Wick)
helicity frame for (d) all ηη0 masses and (e) ηη0 masses between 1.7 and 2.0 GeV=c2. The red lines are the total fit projections from the
baseline PWA. The blue lines are the total fit projections from a fit excluding the η1 component. The dashed lines for the
1−þ; 0þþ; 2þþ; 4þþ, and 1þ− contributions are the coherent sums of amplitudes for each JPC. Note that the process J=ψ → ϕη0, ϕ → γη
is rejected, which leads to the depletion of events around 1.02 GeV=c2 in MðγηÞ.
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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a),(b),(c) the invariant mass distributions of
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Figure 1: The results of the BESIII partial-wave analysis for the J/ω → εϑϑ→ process in Ref. [2].
The small purple contribution is the exotic ϑ1 signal. While the mass distributions don’t seem to
need the exotic signal, the angular distributions are significantly improved by including it.
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h1ð1595Þ 1584 384 0.16% 0.02þ0.03
−0.01 9.9σ
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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a),(b),(c) the invariant mass distributions of
(a) ηη0, (b) γη, and (c) γη0, and (d),(e) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 (Jocob and Wick)
helicity frame for (d) all ηη0 masses and (e) ηη0 masses between 1.7 and 2.0 GeV=c2. The red lines are the total fit projections from the
baseline PWA. The blue lines are the total fit projections from a fit excluding the η1 component. The dashed lines for the
1−þ; 0þþ; 2þþ; 4þþ, and 1þ− contributions are the coherent sums of amplitudes for each JPC. Note that the process J=ψ → ϕη0, ϕ → γη
is rejected, which leads to the depletion of events around 1.02 GeV=c2 in MðγηÞ.

PHYSICAL REVIEW LETTERS 129, 192002 (2022)

192002-5

Figure 2: The results of the BESIII partial-wave analysis for the J/ω → εϑϑ→ process in Ref. [2].
This is a pdf of the table of resonances in their baseline fit.
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Phys.Rev.D.106.072012 (2022)

•Nominal model given in the table  - includes significant  component. 

•Solid red line contains  contribution, dashed blue does not. 

•Need for exotic component most obvious looking at the moments.

η1(1855)

η1(1855)



BESIII:  PWAη1
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JPCMoment analysis= decomposition of angular distribution into spherical harmonics  
YLM(θ, ϕ); Expansion coefficients are the moments H(L, M) with L, M ∈Z≥0

M(ηη′￼)(GeV/c2) = E2
ηη′￼

− p2
ηη′￼

BESIII Collaboration:  
signature of an exotic η1(1855) 

Phys.Rev.D.106.072012 (2022)



GlueX Two-pronged Approach

• Measure cross section for   

• Use to set upper limit on  
production rate 

• Note: many phenomenological 
models predict   

• Combine with moment analysis: 
greater sensitivity to exotic hybrid 
meson waves if we include 
angular moment info in the limit 
of the cross section

γp → ηη′￼p

η1(1855)

ℬ(η1 → ηη′￼) = 0
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• Pursue PWA AmpTools analysis 

• Start with input/output tests: 

• Use machinery from  and  

• Examine event selection 

• Carry out mass-independent 
analysis 

• Longer time scale

a2 b1

Will Harsimran



GlueX:  cross sectionη1

• BESIII used both  and 
  

• 15,000 signal events across both 
decay modes 

• GlueX shows 12,000 events in 
Phase-I + Spring 2020 + Spring 
2023 (much more data available in 
Phase-II and -III) 

• Use additional decay modes:

η′￼→ γπ+π−

η′￼→ π+π−η
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Will
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GlueX:  PWAη1
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highest polarization t-channel physics

PWA

cross section

Harsimran



GlueX:  PWAη1

Harsimran
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Summary & Outlook
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• Hybrid mesons help explore role of gluons in hadron dynamics. 
• PWA can extract individual JPC contributions. 
• exotic  is accessible in GlueX. 
• Next steps (cross section and PWA): 
• Study signal and background Monte Carlo; optimize S/B. 
• Extract a clean ηηʹ signal from data. 
• Examine constrained and unconstrained  mass fits. 
• Project moments from cross section fits. 
• Fit that data with PWA to find signatures of .

η1(1855)(1−+) → ηη′￼

η

η1

https://gluex.org/thanks.html



Summary & Outlook
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Thank you / Merci

• Hybrid mesons help explore role of gluons in hadron dynamics. 
• PWA can extract individual JPC contributions. 
• exotic  is accessible in GlueX. 
• Next steps (cross section and PWA): 
• Study signal and background Monte Carlo; optimize S/B. 
• Extract a clean ηηʹ signal from data. 
• Examine constrained and unconstrained  mass fits. 
• Project moments from cross section fits. 
• Fit that data with PWA to find signatures of .

η1(1855)(1−+) → ηη′￼

η

η1

https://gluex.org/thanks.html


