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QCD: masses of hadrons 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

 Quark Model         describes hadron spectrum   
      Flavor SU(3) symmetry for “constituent” quarks 
             &          - most of visible matter in universe 
 
 

 QCD: exact color SU(3) symmetry; 
        Asymptotic freedom; Confinement; 
        The masses are generated dynamically 
 

 Other configurations are allowed in QCD:  
      “Exotic” hadrons; molecules, tetraquark, 
                                       pentaquarks 
 
 
 
 
 
 Lattice QCD predicts states like “hybrids”; 
      additional gluon 
 

color SU(3) singlets 

qq qqq
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QCD; mesons 

 Ordinary mesons are built from the lightest 
     quarks u, d and s and their antiquarks 

 Combine two spin ½ objects to S=0  or  S=1 
 Orbital angular momentum of two quarks:  
     L=0,1,2,3,… 
 Total angular momentum, J=L + S 
     J=0,1,2,3,… 

JPC, P=-(-1)L, C=(-1)L+S  

Each  JPC corresponds  to nine quark-antiquark states, nonets: 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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Predictions from lattice QCD (light quarks – u,d,s) 

J. Dudek et al., PRD 83 (2011); PRD 84 (2011); PRD 88 (2013) 

           Negative parity                                  Positive parity                              Exotics 

Orange frames – lightest hybrids 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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Experimental evidence of ``exotic“ hadrons at COMPASS 

 Relatively weak evidence 

  Experiments: LEAR, E852, VES, COMPASS, etc. 
         &          interactions (COMPASS - 190 GeV π− beam) 
  Strongest evidence for isovector π1 (1400, 1600) in ηπ and η’π P-waves 
  Coupled channel fit in unitary reaction model describes COMPASS data  

pp p 

COMPASS: PLB 740 (2015) 303 
π1 → ηπ / ηʹπ  

a2(1320) 

π1  

π1  

a2(1320) a’2(1700) 

a’2(1700) 

Rodas et al, (JPAC), PRL 122 (2019) 042002 
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Experimental evidence of ``exotic“ hadrons at BES III  

M. Ablikim et al., PRL 129 19 (2023) 192002 

M. Ablikim et al., PRL 130 15 (2023) 159901 

 
  Evidence for “exotic” states 
  Isospin-partner η1(1855) observed? 
  Search for Isoscalar 1‒+  in J/ψ   ɣηη’ 
  News: See next talk by Prokhor Egorov  

Asymmetry largely due to 
                 η1(1855) signal   

1.7 GeV/c2 < M(ηη’) < 2.0 GeV/c2 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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Countinues Electron Beam Accelerator Facility: CEBAF 

Thomas Jefferson National Accelerator Facility in Newport News, Virginia, USA  

HALL D;  GlueX Detector 
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Photoproduction by linearly polarized photons 

 Photoproduction is poorly-studied at this energies 
 Photon couples to exchanged QN via Vector  
     Meson Dominance 
 Photon can fluctuate into a spin-1 particle 
 Do not need charge exchange or isospin-1 final 
     states. Linear polarization filters the exchange 
     mechanisms 

       Exchange                         Final 
         Particle                         states 
----------------------------------------------------------- 
       P      0+ +              2+ –, 0+ –           b0, h, h’ 
       π0     0– +              2+ –                  b2

0, h2, h2’ 
       π±     0– +              1– +                  π1

± 

       ω      1– –              1– +                  π1, η1, η1’ 
----------------------------------------------------------- 
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Photon beam: Coherent Bremsstrahlung  

 12 GeV e– beam: 0.05 – 2.2 μA  

     Diamond thickness: 20 – 50 μm 
 Collimator suppresses the incoherent part:  
     θ < 25 μrad 
 Coherent peak: 8.4 – 9.0 GeV in the peak 
 Tagger Spectrometer measures the energy:  
     σE/E ~0.1%  
 Triplet Polarimeter (γ e–  –>  e– e+ e–  ) 
     measures the polarization:  σp/p~2% 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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The GlueX experiment 

 12 GeV electron beam  

Photo Production of Hybrids, 
Light-quark Mesons  
and Strangeonium States 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

Nucl.Instrum.Meth.A 987 (2021) 164807  
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The GlueX experiment 

 12 GeV electron beam  

Photo Production of Hybrids, 
Light-quark Mesons  
and Strangeonium States 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

Nucl.Instrum.Meth.A 987 (2021) 164807  
Acceptance: θ = 1−120° 
 

Charged particles:  
    drift chambers  σp/p ~ 1-3% 

 

Photons:  

     electromagnetic calorimeters  
     σE/E = 6% / √E ⊕ 2% 

 

Timing:  

     start counter, time-of-flight 

 

PID: all (dE/dx, E/p, β) 

 

Trigger:  

      hadronic, minimum bias, 

      from calorimeters 
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Spin-Density Matrix Elements of φ (1020)   

 First measurement of the t-dependence in this energy range (GlueX-I) 
  Pomeron exchange dominance  in this reaction up to  –t = 1.0 GeV2 


 Contribution of unnatural-parity exchange is small 

  Contribution  from  helicity-double flip amplitudes are negligibly small 
  Further studies of the reaction                              at larger                invariant mass can be 
      expected to provide  more insights into excited vector mesons (next  GlueX data collection) 
 General agreement with Regge-theory based  models: Phys. Rev. D 97 (2018) 094003  

 Phys. Rev. C 112 (2025)  055203  
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Spin-Density Matrix Elements  in  Δ++ (1232)    
𝛾𝑝 → 𝜋−Δ++  (1232)  

 Phys. Lett. B 863 (2025)  139368  

 First precise measurements of the SDMEs for this reaction 
  Significant unnatural exchange for –t <  0. 4 GeV2 


 Sensitive to undetermined relative sign in existing Regge-exchange models:  

      example  Phys. Lett. B 779 (2025) 77  
 Provides constraints on unnatural parity exchange (e.g. pion)  
  Necessary for the understanding of production of charged spin-exotic mesons 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

            JPAC model: 
π (a2) is the dominant 
unnatural (natural) exchange 
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a2
0(1320) polarized photoproduction cross section  

 Phys. Rev. C 112 (2025) 1, 015204 
  Comparison with cross section  
       extrapolated from CLAS; JPAC:  
       Phys. Rev. D 102 (2020) 014003  

 Next steps:  
• Comparison to 𝑎2

− production  
     in 𝛾𝑝 → 𝜂𝜋−Δ++  
• Search for exotic P wave  
      in 𝜂𝜋 and 𝜂’π 

 Numerical instabilities required additional constraints: 
•  Piece-wise constant, model-independent amplitude for S waves 
•   Breit-Wigner functions to describe  𝑎2 (1320) and 𝑎2 (1700) in D waves 
•   Fixed phases between 𝑚 projections in each reflectivity   

 First partial wave analysis with  polarized  reflectivity amplitudes 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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 Upper limit on cross section of π1 (1600)  

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

 LQCD: 𝜋1 (1600) has dominant  
      decay into 𝑏1 (1285 )𝜋     
      Phys. Rev. D 103, (2021) 054502 


 Determined upper limit for  

       photoproduction of  
       𝜋1

0 (1600) and 𝜋1
− (1600)  

       → similar in size to 𝑎2(1320)  
       cross section  

Phys. Rev. Lettt.  133 (2024) 26, 26 

  Combination of upper limit with  
      LQCD  decay width and measured  
      𝑎2(1320) cross section:  
      → Projection into 𝜂𝜋 and 𝜂′𝜋  

𝜼′𝝅− as most promising channel  



16 

                                               Charmonium: 𝑱/𝝍 and 𝝌𝒄𝟏   

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

 Total and differential  cross section  for J/ψ     
      Phys. Rev. Lett. 123 (2019) 072001; Phys. Rev. C 108  (2023)  02520  
  Upper limit for 𝑃𝑐 production, structures may be caused by resonances or           thresholds 
   Gluex II – 2 times  more events. GlueX III -  up to 6 times. 
       →   able to distinguish the phenomenological models 

 Phys. Rev. D 102 (2020) 014003  

First measurement of         and                        at Jefferson Lab   
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The future of GlueX 

            Detector Upgrades 
  DIRC: Improved kaon/pion separation, 
      commissioned in Fall 2019 
  FCAL2: PbWO4 with higher granularity 
      (2cm x 2cm), comimssioned before  2025  

                         GlueX  Phase III 
 Approved with high scientific rating 
 Study of 𝐽/𝜓, 𝜒𝑐1 and 𝜓(2𝑆) near threshold: 
•  Study of proton gluonic structure, 
•   Search for charmed pentaquark. 

 More data for rare light-meson final states , L=2x L phase II  
  Develop TRD with GEM, improved electron PID  

                       Jlab  Eta Factory (JEF) 
 Precision measurements of rare 𝜂 and 𝜂′ decays 
 Search for physics beyond standard model 
 Probe higher-order Chiral Perturbation Theory 
  Start 2025 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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 KL Facility: Strangeness spectroscopy  

Strange Hadron Spectroscopy with Secondary KL Beam 

  Use photon beam to produce beam of neutral Kaons, sweep  
       away charged tracks 
  World-wide unique facility combined with multipurpose  
       GlueX detector, Installation   after 2028 
  Hyperon spectroscopy to identify missing baryon resonances 
  Kπ scattering to study  K meson 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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CEBAF 22 GeV Upgrade 

 Perfect facility to study charmonium spectroscopy, access to many XYZ states  
 Potoproduction avoids complications from 3-body physics (reflections, 

triangles, …) 
  Predictions for large cross section for ZC

+ near threshold 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 
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Outlook   

        Gluex experiment: status: 
 
  The Phase I data set of the GlueX experiment is under active analysis.  

  Several exciting Physics results, much more to come.  

  GlueX Phase II in process: focus on meson spectrum with strangeness content.  

 Search for hybrid mesons: upper limit on the exotic  π1 cross section, etc.    

  GlueX Phase III approved  with highest  rating. 

 
         Future plans: 

 Light meson spectroscopy:  global effort 

 
 Use multipurpose  GlueX detector for precise measurements of  QCD. 
  
 Upgrade   the detector solves more scientific problems. 
 
  New programs? 
 
 

                                Hrachya Marukyan, 03.10.2025, Yerevan, Armenia 

http://gluex.org/thanks.html 
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Backup Slides 

Backup Slides 
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PrimeEx-η 

PrimeEx-η: Precision measurement of  η decay 

  Primakoff production of η meson on nuclear target (Helium ) 
   Precise measurement of η  γγ decay width 
   Compton cross section  𝜸𝒆 → 𝜸′𝒆′ was measured  simultaneously   
       to establish systematic  effects and monitor data quality 
   Determine fundamental properties: light quark mass ratio, η – η’  
       mixing angle 
   Experiment completed in three beam times, 2019, 2021 and 2022 

F. Afzal et al., ArXiv; 2505.07994; Submitted to PLB 

First measurement in this energy range 
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π± and π0 polarizability  

 
E  ≈ 1023 V/m 
α  ≈ 10-4 fm3 

p E 

Status and Projection for Sensitivity 

 Fundamental property of the strong interaction,  
    precise predictions from Pb target 
 Primakoff production of π+π- and π0π0 with 6 GeV  
     polarized photon beam on Pb target  
 New wire chambers behind forward calorimeter  
     to detect muon background, data recorded in 2022 
 Neutral pion polarizability has never been measured  
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