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Introduction

• Quantum Chromodynamics (QCD)
• Degrees of freedom: quarks and gluons
• Rich spectrum of bound states predicted
• Outstanding questions remain  

e.g., What is the role of gluonic degrees 
of freedom?

• New understanding gained by studying 
spectrum of bound QCD states
• Recent progress in understanding hadron 

spectrum driven by large, high-quality 
data sets 

• New theoretical tools essential for 
accurately interpreting this data
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QCD and Hadron Spectroscopy

• Idea: study QCD through spectrum 
of bound states
• Static properties of known 

hadrons well described by first- 
principals calculations

• Modern experiments provide 
unprecedented data sets to push 
boundaries of our knowledge

• Open questions:
• What is the origin of confinement?
• Which color-singlet states exist in 

nature?
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QCD and Hadron Spectroscopy

• Idea: study QCD through spectrum 
of bound states
• Static properties of known 

hadrons well described by first- 
principals calculations

• Modern experiments provide 
unprecedented data sets to push 
boundaries of our knowledge

• Open questions:
• What is the origin of confinement?
• Which color-singlet states exist in 

nature?
• Do gluonic degrees of freedom 

manifest themselves in the 
bound states that we observe?
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Meson Quantum Numbers
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gluonic field excitation → “constituent gluon”
(JPC) = 1+−

“Normal” Meson “Hybrid” Meson

J=L+S  P=(-1)L+1  C=(-1)L+S

Hybrid−Meson mass splitting ~ 1.0 − 1.5 GeV

Allowed JPC :    0−+, 0++, 1−−, 1+−, 2++, 2−+,…
Forbidden JPC: 0−−, 0+−, 1−+, 2+−, …

  Hybrid JPC :  0−+, 0+−, 1−−, 1−+, 
                      2−+, 2+−, …

Mesons are arranged in groups of 9 (“nonets”) with same JPC
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Light Meson Spectrum from Lattice QCD
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Light Meson Spectrum from Lattice QCD
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HadSpec: Dudek, Edwards, Guo, Thomas, PRD 88, 094505 (2013)

Exotics QN mesons are 
“smoking gun” for existence 
of hybrid mesons

η1ʹ
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Light Meson Spectrum from Lattice QCD
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HadSpec: Dudek, Edwards, Guo, Thomas, PRD 88, 094505 (2013)
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To determine hybrid meson 
properties, need to study full 
spectrum of these states
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Evidence for exotic light-quark mesons 
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• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Resonance character not conclusively established 

A. Jackura et al. [JPAC and COMPASS  
Collaborations], PLB 779, 464 (2018)

D-wave in ηʹπ

Extract resonance parameters with  
unitary reaction model

COMPASS: π1 → ηπ / ηʹπ 

COMPASS: PLB 740, 303 (2015)

a2(1320) a2ʹ(1700)



     S. Dobbs — GSI — Feb. 13, 2019 — Searching for Exotic Hadrons at GlueX: From light quarks to charm

Evidence for exotic light-quark mesons 
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• Coupled channel analysis in progress for P-waves and D-waves
• High precision data & theoretical advances required to describe data

A. Rodas et al. (JPAC) [Phys. Rev. Lett. 122, 042002 (2019)]

P/D-wave in ηπ / ηʹπ 
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Meson Photoproduction
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• Photon couples to exchanged QN via 
VMD, generates mesons with wide variety 
of JPC 

• All expected hybrids can be produced!

• Variety of hybrid decays expected: 

• π1 → ρπ, πb1, πf1

• η1 → ηf2, πa2, ηf1

• Little existing photoproduction data. 
Neutral final states at these energies are 
mostly unexplored 

• Photon polarization provides constraints 
on production processes

p,n,…

X

𝐏(0++), π(0−+), 
ρ(1−−), …

(ρ,ω,ɸ)

ρ

ρ

ρ

π,ω

ω

ω

η1 η1

π1
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Meson Photoproduction & Amplitude Analysis
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• Multiple states are produced which 
decay to the same set of particles and 
interfere
• Need to study production and 

decay mechanisms
• Must understand photon beam 

characteristics and have detailed 
detector model

• Improved theoretical models for 
amplitudes also needed, work closely 
with JPAC and others

p,n,…

X
Production
Amplitude

Decay
Amplitude

“Stable”
Hadrons

X
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The GlueX Experiment in Hall D @ JLab
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• The GlueX experiment is located in  
Hall D, newly constructed as part of 
the Jefferson Lab 12 GeV upgrade. 

• Large acceptance solenoidal 
spectrometer  

• Linearly polarized photon beam 
peaking at 9 GeV 

• Detects all decay products from full 
hadronic photoproduction rate 

• 100+ Collaborators from 26 institutions

Hall D

CEBAF
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The GlueX Experiment
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• 2016: 10 pb−1                (~80 hours of physics-quality commissioning data) 
• 2017: 45 pb−1                (used for most results shown here)
• 2018: ~150 pb−1            GlueX Phase-I complete!

Large acceptance spectrometer
for charged and neutral particles
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The GlueX Experiment: Photon Beam
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• Photon beam generated via coherent 
bremsstrahlung off thin diamond radiator

• Photon energies tagged by scattered 
electrons
• Energy measurement precision < 25 MeV

• Photon linear polarization Pɣ ~ 40% in peak
• Intensity of ~1–5 ⨉ 107 ɣ/s in peak

& Triplet Polarimeter12 GeV e−

e−

ɣ
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data

Understand production mechanisms
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data

Understand production mechanisms

Measure cross sections
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data

Understand production mechanisms

Measure cross sections

Identify known mesons

Search for exotics

Amplitude
Analysis
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data

Understand production mechanisms

Measure cross sections

Identify known mesons

Search for exotics

Amplitude
AnalysisTheoretical

Models
(JPAC, ….)
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Searching for Exotics in Photoproduction
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• Detailed understanding of light-quark meson spectrum requires 
amplitude analysis.

Collect Data

Understand production mechanisms

Opportunistic measurements
& New Ideas

Identify known mesons

Search for exotics

Amplitude
AnalysisTheoretical

Models
(JPAC, ….)

Measure cross sections
Current Efforts
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Beam Asymmetries: ɣ p → p + π0 / η
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• Understanding production mechanisms necessary to determine JPC of 
mesons in amplitude analyses, look at simplest reactions first

• Beam asymmetry Σ yields information on production mechanisms
• Combining data taken with different beam polarization cancels most 

acceptance effects

JPAC: Mathieu et al., PRD 92, 074013
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Beam Asymmetries: ɣ p → p + π0 / η
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• Understanding production mechanisms necessary to determine JPC of 
mesons in amplitude analyses, look at simplest reactions first

• Beam asymmetry Σ yields information on production mechanisms
• Combining data taken with different beam polarization cancels most 

acceptance effects

‖
⟂

Production plane 

Polarization plane
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Beam Asymmetries: ɣ p → p + π0 / η
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• Understanding production mechanisms necessary to determine JPC of 
mesons in amplitude analyses, look at simplest reactions first

• Beam asymmetry Σ yields information on production mechanisms
• Combining data taken with different beam polarization cancels most 

acceptance effects

‖
⟂
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Beam Asymmetries: ɣ p → p + π0 / η
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• Understanding production mechanisms necessary to determine JPC of 
mesons in amplitude analyses, look at simplest reactions first

• Beam asymmetry Σ yields information on production mechanisms
• Combining data taken with different beam polarization cancels most 

acceptance effects

‖
⟂

Measure with ɣ e− → e− e+ e−

Isolate Σ
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Beam Asymmetries: ɣ p → p + π0 / η

 30

• First step towards study of 
photoproduction amplitudes made 
using 2016 data 

• Σ ≈ 1 indicates vector exchange 
dominates at this energy 

• First η measurement at this 
energy

• Constrains background to baryon 
resonance production at lower 
energies  [e.g. arXiv:1708.07779]
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First JLab 12 GeV publication:
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Beam Asymmetries: ɣ p → p + η / ηʹ

 31

• Initial studies of η and η’ beam 
asymmetries using 2017 data 
and additional decay modes 

• Expect similar mechanism for 
exotics

• Production is consistent with 
vector exchange dominance

• Full GlueX-I data will provide 
a factor 5 more events

• Program of production amplitude 
studies is well underway
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Statistical uncertainties only
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Beam Asymmetries: ɣ p → π− Δ++

 32

• Charged pseudoscalar beam asymmetry 
has more complicated t-dependance

• Preliminary results use order of magnitude 
more data than previous measurements 

X = π, ρ, a2

(16 GeV)

J. Nys (JPAC), arxiv: 1710.09394v1 (8.5 GeV)

Phys. Rev. D 20, 1553 (1979)

Unnatural exchange favored (e.g. !) 

Natural exchange 
favored (e.g. ",	%&) 

±	7%	*+,-.
/*01,2%3*24

5	6	 → !8Δ::
(~8.5 GeV)

π−

Δ++ B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV)
J. Nys (JPAC), arxiv: 1710.09394v1 (8.5 GeV)
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Light Meson Spectrum from Lattice QCD
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Spectroscopy Prospects: ɣ p → p + π+ π−

 34

ρ(770)

ρ’?

f2(1270)?Ebeam = 20 GeV

Ebeam ~ 9 GeV

• Take fresh look at π+ π− photoproduction
• Using two-orders of magnitude more 

data than SLAC
• Enhancements seen with M > 1 GeV
• Moment / amplitude analysis underway

• K+ K− photoproduction also being studied
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Work Towards Vector Meson Production Cross Sections

• Vector meson production cross 
sections provide important 
benchmarks

• Comparison with previous 
measurements

• Additional insight into 
production mechanisms

• Very preliminary “Work In 
Progress” shows similar beam 
energy dependence to previous 
measurements

• Recent data at lower beam 
energies taken for better 
comparison with CLAS results

 35
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Spectroscopy Prospects: ɣ p → p + π η 
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• πη / πηʹ promising channels for 
early hybrid searches

• With 20% of GlueX-I data, we see 
several well-known mesons

• Statistics are competitive with 
previous experiments

π0η mass
a0(980)

a2(1320)

ɣ p → p + π0 η, η → ɣɣ
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Spectroscopy Prospects: ɣ p → p + π η 
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• πη / πηʹ promising channels for 
early hybrid searches

• With 20% of GlueX-I data, we see 
several well-known mesons

• Statistics are competitive with 
previous experiments

π0η mass
a0(980)

a2(1320)

ɣ p → p + π0 η, η → ɣɣ ɣ p → p + π0 η, η → π0π+π−

ɣ p → Δ++ + π− η, η → ɣɣ

a0(980)

a2(1320)

a2(1320)

M(π+π−π0π0) (GeV/c2)

M(π−η) (GeV/c2)

a0(980)
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Prospects for Cascade Spectroscopy
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• The Cascade (ssd, ssu) spectrum is 
poorly known — nothing new since 1988!
• LQCD predicts rich spectrum, many 

narrow states
• CLAS observed photoproduction of 

ground states
• Production of excited cascades via a 

forward-going kaon?

ɣ + p → K+ K+ (Ξ−, Ξ−* → Ξ0 π−)

State Quality
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Hunting for Excited Cascades

 39

• GlueX can reconstruct these multi-step reactions in 2017 data
• Full GlueX-I data opens door for more detailed studies

Ξ−(1820)?

M(Λπ−) [GeV] M(ΛK−) [GeV]

Ξ−(1320)
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• Threshold production is experimentally 
clean, ideal for studying J/ψ+N interaction 
• Probes gluon distributions in proton, 

trace anomaly 
[Kharzeev et al., NPA 661, 568 (1999)]

• Also multiquark correlations  
[Brodsky et al., PLB 498, 23 (2001)] 

J/ψ Photoproduction Near Threshold

 40
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• Threshold production is experimentally 
clean, ideal for studying J/ψ+N interaction 
• Can also study coupling of resonant  

J/ψ+p states to photon 
• Pc(4450) produced at E(ɣ) ~ 10.3 GeV

J/ψ Photoproduction Near Threshold

 41

Pc(4450)
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s-channel photoproduction  
probes nature of  
5-quark interaction! Pc(4450)

Theory papers: 
Wang, Liu, and Zhao, PRD 92, 034022 (2015).  
Kubarovsky and Voloshin, PRD 92, 031502 (2015).  
Karliner and Rosner, PLB 752, 329 (2016).  
Hiller Blin et al. (JPAC), PRD 94, 034002 (2016). 
and many more…

VMD
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J/ψ Photoproduction at GlueX

 42

side view from beam right (south)

top view (looking down from above detector)

• Reconstruct  p ɣ → p + J/ψ, J/ψ → e+e− 
• Kinematically fit fully reconstructed events
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J/ψ Photoproduction at GlueX: Mass Spectrum
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J/ψ Photoproduction at GlueX: Mass Spectrum

 44

• Reconstruct  p ɣ → p + J/ψ, J/ψ → e+e− 

464 ± 25 J/ψ
𝝈 = 13 MeV
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J/ψ Photoproduction at GlueX: Mass Spectrum

 45

• Calculate J/ψ cross sections normalized by non-resonant e+e−
• Absolute acceptances and efficiencies currently under study
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J/ψ @ GlueX: Cross sections vs. theory

 46

• SLAC points calculated from measured d𝜎/dt and dipole t-dependence 
• Cornell horizontal error bars illustrate acceptance

GlueX
25% syst.

SLAC:  
U. Camerini et al. 
PRL 35, 1975


Cornell:  
B. Gittelman et al. 
PRL 35, 1975
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J/ψ @ GlueX: Comparison with Pentaquark Predictions

 47

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

• JPAC model includes non-
resonant production and 
pentaquark B-W via VMD
• Sensitive to Br(Pc→J/ψp)

• Simple analysis indicates we can 
set limits (3𝝈 separation)  
for Pc(4450) production of 
2% for JP = 3/2−  
and less for JP = 5/2+ 

• Final UL systematics will include:
• Description of t-channel 
• Interference between  

s- and t-channels
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J/ψ @ GlueX: Unbinned E(ɣ) vs. t

 48

• JPAC model: 2% Pc(4450), JP = 5/2− 
• Points: GlueX data in J/ψ mass region

No evidence  
for s-channel 
production

Not corrected 
for beam 
spectrum or

acceptance
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GlueX Experimental Program

 49

• Detector upgrades underway: DIRC for enhanced π/K separation being 
installed, CompCal for precision luminosity

• Rich menu of future ideas being developed: KL beam,  
ω-photoproduction in nuclei, other ideas

Experiment Description Beam Time
(PAC days)

GlueX-I Spectroscopy of light and hybrid 
mesons (low-intensity) 80

GlueX-II Spectroscopy of hadrons with strange 
quark decays (high-intensity) 220+

PrimEx-eta Eta radiative decay width 79

CPP Charged pion polarizability 25

JEF Rare eta decays 42
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GlueX-II: Enter the DIRC

 50

• To study hybrids containing strange quarks, need clean identification of 
charged pions and kaons

• New addition: DIRC (Detection of Internally Reflected Cherenkov light) 
• Installation & commissioning currently underway

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

start
counter

DIRC
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Summary

 51

• GlueX has started mapping the normal meson spectrum! 
First step towards establishing the hybrid meson spectrum.
• Phase I run completed, program of production & cross section 

measurements well underway
• Initial running will focus on spectroscopy of up/down quark states, 

initial studies of J/ψ and other rare processes
• High-luminosity running will begin this year, extend reach to 

strange-quark states.
• A rich physics program is underway!

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam
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magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer
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central drift
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forward drift
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start
counter

DIRC  / ndf 2χ  31.53 / 35
p0        15.96± 24.61 
p1        5.112±7.307 − 
p2        5.5±  50.6 
p3        0.001± 3.091 
p4        0.000708± 0.007472 

3 3.05 3.1 3.15 3.2

0

10

20

30

40

50

60
 / ndf 2χ  31.53 / 35

p0        15.96± 24.61 
p1        5.112±7.307 − 
p2        5.5±  50.6 
p3        0.001± 3.091 
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Backup Slides

 52
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Spin Density Matrix Elements (SDMEs): ɣ p → p + ω

 53

• SDMEs measure the transfer 
of polarization from the photon 
to the vector meson

• Two matrix elements are 
particular sensitive to 
exchange particle in  
ω polarization transfer

• Pomeron: +1/2 and −1/2

• Pion:        −1/2 and +1/2

• We observe around  
+0.35 and −0.35

• Updating with full GlueX-I data

• ɣ p → p + ɸ and p + ρ 
also under analysis
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Spectroscopy Prospects: ɣ p → p + η π+ π−

• Large sample of multiparticle decays collected as well

• Example: η π+ π− can have contributions from η1 and b1 hybrids

• Will analyze with models built from experience with 3-body reactions

 54

Contributions from:

ɣ p → p a2± π∓

ɣ p → p f2 η

ɣ p → p ρ η
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J/ψ Photoproduction at GlueX — Pentaquark Production

 55
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Sidebar: Experiment and Theory Working Hand-in-Hand

 56

A. Jackura et al. [JPAC and COMPASS  
Collaborations], PLB 779, 464 (2018)

D-wave in π−p → p ηπ−

Extract resonance parameters with  
unitary reaction model

a1(1420) → f0(980) π

M. Mikhasenko et al. [JPAC and COMPASS  
Collaborations], in preparation

Describe non-qq  
candidate as 
triangle singularity
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Evidence for exotic light-quark mesons 

 57

• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Resonance character not conclusively established 

420k
 π−π−π+

events

50M π−π−π+ events

PRD 95, 032004 (2017)COMPASS: PRL 104, 241803 (2010)
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Evidence for exotic light-quark mesons 

 58

• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Resonance character not conclusively established 

420k
 π−π−π+

events

50M π−π−π+ events

PRD 95, 032004 (2017)COMPASS: PRL 104, 241803 (2010)
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Evidence for exotic light-quark mesons 
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• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Resonance character not conclusively established 

420k
 π−π−π+

events

50M π−π−π+ events

arXiv:1802.05913COMPASS: PRL 104, 241803 (2010)
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Evidence for exotic light-quark mesons 

 60

• Many searches, strongest evidence for π1 in ηʹπ and ρπ P-waves
• Resonance character not conclusively established 

50M π−π−π+ events

PRD 95, 032004 (2017)
M. Mikhasenko, HADRON 2017

Describe non-qq ̅ 
candidate as 
triangle singularity

a1(1420) → f0(980) π ?
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Evidence for exotic light-quark mesons 

 61

x105
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Evidence for exotic light-quark mesons 

 62
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Light Meson Spectrum from Lattice QCD

• Many broad, overlapping states.  Overpopulation of states?
• Progress requires multiple channels, amplitude analysis…

 63
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 243 ⇥ 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems in the next subsections.

E. The low-lying pseudoscalars: ⇡, ⌘, ⌘0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ⇡ and ⌘ mesons are exactly stable and ⌘

0

is rendered stable since its isospin conserving ⌘⇡⇡ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the ⌘ and ⌘

0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4
Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in

Eqn 5.
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 243 ⇥ 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems in the next subsections.

E. The low-lying pseudoscalars: ⇡, ⌘, ⌘0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ⇡ and ⌘ mesons are exactly stable and ⌘

0

is rendered stable since its isospin conserving ⌘⇡⇡ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the ⌘ and ⌘

0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4
Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in

Eqn 5.

Not

ss̄
uū+ dd̄

! =
��uū+ dd̄

↵� = |ss̄i

⇡0 =
��uū� dd̄

↵
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Beam Asymmetries: ɣ p → p + π0 / η

 64

• Understanding production mechanisms necessary to determine JPC of mesons 
in amplitude analyses  

• Beam asymmetry Σ yields information on production mechanisms
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Angular Correlations in  ɣ p → p + 4ɣ 

 65

• Production near cos θ ~ 1 corresponds to meson production
• Stronger signal in ηʹπ0 than ηπ0

ηπ0 invariant mass (GeV)ηʹπ0 invariant mass (GeV)
co

s 
θ 

co
s 
θ 



GlueX Detector, October 2014 (w/ Curtis Meyer, Spokesman)
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The GlueX Experiment in Hall D @ JLab

 67

• The GlueX experiment is located in  
Hall D, newly constructed as part of 
the Jefferson Lab 12 GeV upgrade. 

• Large acceptance solenoidal 
spectrometer  

• Linearly polarized photon beam 
peaking at 9 GeV 

• Detects all decay products from full 
hadronic photoproduction rate 

• 100+ Collaborators from 26 institutions

Hall D

CEBAF



GlueX Detector, August 2014
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The GlueX Experiment: Calorimetery

 69

FCAL
2800 lead glass 
blocks

BCAL — lead/scin. fiber
         3840 SiPM readout
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The GlueX Experiment: Tracking

 70

CDC —28 layers,
3500 straws, r = 8 mm

FDC — 4 x 6 planes
2300 wires, 10400 cathodes
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The GlueX Experiment: Particle ID

 71

TOF — 2 planes
48 scin. paddles ea.

Start Counter
30 scin. paddles



S. Dobbs — DNP/HAW2018 — October 25, 2018 — Precision and Exotics in Photoproduction with GlueX

GlueX Calorimetry Performance 

 72

Measured using ɣ p → p ɣ ɣ ɣ ɣ events
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GlueX Tracking Performance 
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GlueX Particle ID Performance 
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Precision and Spectroscopy:  BES III & J/ψ → ɣ ηʹπ+π−

 75

X(1835)
JPC = 0−

• Search by BES for resonances in  
J/ψ → ɣ ηʹπ+π− in e+e− annihilation
• Structure seen near 2M(p)
• Understanding evolves as more data 

collected

BES II: PRL 95, 262001 (2005) 

58x106 J/ψ



S. Dobbs — GSI — Feb. 13, 2019 — Searching for Exotic Hadrons at GlueX: From light quarks to charm

Precision and Spectroscopy:  BES III & J/ψ → ɣ ηʹπ+π−
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X(1835)
JPC = 0−

BESIII: PRL 106, 072002 (2011)

• Search by BES for resonances in  
J/ψ → ɣ ηʹπ+π− in e+e− annihilation
• Structure seen near 2M(p)
• Understanding evolves as more data 

collected

BES II: PRL 95, 262001 (2005) 

58x106 J/ψ

225x106 J/ψ
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Precision and Spectroscopy:  BES III & J/ψ → ɣ ηʹπ+π−
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X(1835)
JPC = 0−

BESIII: PRL 106, 072002 (2011)

• Search by BES for resonances in  
J/ψ → ɣ ηʹπ+π− in e+e− annihilation
• Structure seen near 2M(p)
• More data reveals more complexity, 

more sophisticated analysis required 

BES II: PRL 95, 262001 (2005) 

BESIII: PRL 117, 042002 (2016)

58x106 J/ψ

225x106 J/ψ

1.1x109 J/ψ
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Precision and Spectroscopy:  BES III & J/ψ → ɣ ηʹπ+π−
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X(1835)
JPC = 0−

BESIII: PRL 106, 072002 (2011)

• Search by BES for resonances in  
J/ψ → ɣ ηʹπ+π− in e+e− annihilation
• Structure seen near 2M(p)
• More data reveals more complexity, 

more sophisticated analysis required 

BES II: PRL 95, 262001 (2005) 

BESIII: PRL 117, 042002 (2016)

58x106 J/ψ

225x106 J/ψ
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Introduction

• Quantum Chromodynamics (QCD)

• Degrees of freedom: quarks and gluons

• Rich spectrum of bound states predicted

• Outstanding questions remain  
e.g., What is the nature of confinement?

• New understanding gained by studying 
spectrum of bound QCD states

• Recent progress in understanding hadron 
spectrum driven by large, high-quality 
data sets 

• New theoretical tools essential for 
accurately interpreting this data

 79
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QCD and Hadron Spectroscopy

• Idea: study QCD through spectrum 
of bound states
• Static properties of known 

hadrons well described by first- 
principals calculations

• Modern experiments provide 
unprecedented data sets to push 
boundaries of our knowledge

• Open questions:
• What is the origin of confinement?
• Which color-singlet states exist in 

nature?
• Do gluonic degrees of freedom 

manifest themselves in the 
bound states that we observe?
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mesons baryons

tetraquark pentaquark

hybrid meson glueball

q
q

g g
g


