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What we know (light q)

S1

S2

L

• Quark-antiquark pairs with total spin S=0,1 and orbital angular momentum L

Constituent Quark Model 

• SU(3) flavor symmetry → nonet (8⨁1) of degenerate states

JPC= 0-+  ⇒ (π,K,η,η’) 

1--  ⇒ (ρ,K*,ω,Φ) 

1+- ⇒ (b1,K1,h1,h1’) 

...

Not all the JPC combinations are allowed: 
0++ 0+- 0-+ 0-- 1++ 1+- 1-+ 1-- 2++ 2+- 2-+ 2-- 3++ 3+- 3-+ 3-- …

S=S1+S2 J= L+S

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

  (qq angular momentum)- L =    0     1     2     3    4     5

Consider light 
quarks: 
u,d,s

• ….  but, a number of predicted states is not experimentally observed and assignments are uncertain
• Great success in describing the lower mass states
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The gluons and the hadron spectrum

•  Understanding gluonic excitations of mesons and the origin of 
confinement 

• At high energy experimental evidence is found in jet production

• At lower energies the hadron spectrum carries information about 
the gluons that bind quarks

• Can we find hints of the glue in the meson spectrum?

  (qq angular momentum)- L =    0     1     2     3    4     5

Exotic 
nonets

glueball

regular meson

hybrid

tetraquarks

Search for non-standard states with 
explicit gluonic degrees of freedom

hybrid mesons

q q
Not-allowed JPC =  0-- , 0+- , 1-+ , 2+- ... 

Unambiguous experimental signature for the 
presence of gluonic degrees of freedom in 

the spectrum of mesonic states

Meson spectrum
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Light q spectrum from lattice QCD

1.4 GeV - 3.0 GeV

Hybrid mesons and 
glueballs mass range:

Lattice-QCD predictions 
for the lowest hybrid 

states

0+-   ~ 2.0 GeV
1-+   ~1.6 GeV

This mass range is 
accessible in current 

experiments 
(CLAS12 and GLUEX

@JLab)
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Quasi-real photoproduction with CLAS12
(Low Q2 electron scattering)

Complementary to Hall-D GLUEX

★ Electron scattering at “0” degrees (2.5O - 4.5O)
➤ low Q2 virtual photon ⇔ real photon

★ Photon tagged by detecting the scattered electron at low angles
➤ High energy photons 6.5 < Eg < 10.5 GeV

★ Quasi-real photons are linearly polarized
➤ Polarization ~ 70% - 10% (measured event-by-event)

★ High Luminosity (unique opportunity to run thin gas target!)
➤ Equivalent photon flux Nγ ~ 5 108  on 5cm H2 (L=1035 cm-2s-1)

★ Multiparticle hadronic states detected in CLAS12
➤ High resolution and excellent PID (kaon identification)
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Transition form factor evolution in Q2 as a filter?
Electro-production can be used to explore the hadron structure at different wavelengths (Q2)

• Nπ and Nππ give consistent results
• A1/2 changes sign and has large magnitude at high Q2

• QM fails to reproduce low Q2 behavior, LFQM better at large Q2

• Both A1/2(Q2) and S1/2(Q2) inconsistent with hybrid model prediction

A drop of the transverse 
helicity amplitudes A1/2(Q2) 

faster than for ordinary 
three quark states, because 
of extra glue-component in 

valence structure 

A suppressed longitudinal 
amplitude S1/2(Q2) in 

comparison with transverse 
electro-excitation amplitude 

Q3G 
Q3G 

CLAS12 will map out the full meson/baryon 
spectrum and its evolution in Q2



M.Battaglieri - INFNMeson/Baryon Spectroscopy with the CLAS12 Detector8

The MesonEx physics program
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Resonance detection
Two main experimental approaches to identifying and studying a hadron resonance 

Decay
• Easier and straightforward
• Independent on production 

mechanisms
• Dalitz plot for 3-body decays
• Isobar Model for higher 

multiplicity

Production
•Requires parametrisation of 
production vertex 

•exclusive (or semi-inclusive) 
final state

•  sensitive to the internal 
structure (nature)
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•  Goal:  extract the intensity of the different angular waves as a function of the 
invariant mass of the final state particles  

•  Measure events for the process of interest
•  Build a model that describes the process 
•  Fit the model to the data

10

From data to the spectrum

Partial Wave Analysis  (PWA)

• A hadron resonance can be observed by studying the invariant mass spectrum of 
its decay product.

• In real life, resonances do not always appear so clearly in a mass spectrum because they 
are not isolated

• A resonance has specific quantum numbers with defined decay angular momentum
• Each partial wave only includes the corresponding resonances

‘resonance’ is defined by the pole in the first Riemann sheet of the complex amplitude 
… not every bump is a resonance and not every resonance is a bump!
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PWA with CLAS12
γ p   n π+ π+ π-

• The process is described as sum of 8 isobar channels:
a2  ρ π (D-wave)
a1  ρ π (S-wave)
a1  ρ π (D-wave)
π2  ρ π (P-wave)
π2  ρ π (F-wave)
π2  f2 π(S-wave)
π2  f2 π (D-wave)
~3% π1  ρ π  (P-wave) (exotic)

• Amplitudes calculated by A.Szczepaniak and P.Guo
• CLAS12 acceptance projected and fitted
• PWA is stable against CLAS12 acceptance/  resolution 

distortion

D.Glazier

SIMULATIONS
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 M(π+π−) spectrum below 1.5 GeV:

• P-wave: ρ meson
• D-wave: f2(1270)
• S-wave: σ, f0(980) and f0(1320)

γ p → p π+ π-

Tools for data analysis
from CLAS6 to CLAS12

L.Bibrzycki
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Modern AI-supported tools for data analysis
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GANs for 
detector 
unfolding
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GANs for 
detector 
unfolding
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GANs for 
detector 
unfolding
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GANs for 
detector 
unfolding
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GANs for 
detector 
unfolding

D.Glazier

G.Foti
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AI for extracting amplitudes

Train an AI model to extract 
a m p l i t u d e s ( c o m p l e x 
numbers satisfying some 
physics constraints, e .g. 
un i tar i ty ) f rom events 
generated with Monte Carlo 
simulations according to a 
theoretical model (and 
e v e n t u a l l y f r o m 
experimental data)

Extract amplitude from 
differential cross sections, 
using unitarity constraint
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AI for extracting amplitudes

Train an AI model to extract 
a m p l i t u d e s ( c o m p l e x 
numbers satisfying some 
physics constraints, e .g. 
un i tar i ty ) f rom events 
generated with Monte Carlo 
simulations according to a 
theoretical model (and 
e v e n t u a l l y f r o m 
experimental data)

Extract amplitude from 
differential cross sections, 
using unitarity constraint

G.Montaña



M.Battaglieri - INFNMeson/Baryon Spectroscopy with the CLAS12 Detector21

MesonEx data
γ p → p π+ π-

• Use standard CLAS12 
PID (FT based start 
time)
• pπ+π− exclusive reaction 

(all hadrons detected)
• All -t
• <Q2>=0.07 GeV2/c2

• EBeam = 10.6 GeV → Eγ 

> 5 GeV

• Complementary cuts select baryons for further studies
• First extraction of angular moments

M.Filippini, D.Glazier

CLAS12 PRELIMINARY

CLAS12 PRELIMINARY
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MesonEx data
γ p → (n) π+  π+ π-

• Search for π1(1600) exotic meson
• Ebeam=10.6 GeV on LH2 target
• -t < -2 GeV
• 6<Eγ<10 GeV
• Use standard CLAS12 PID (FT based 

start time)
• pπ+π− (missing n) exclusive reaction

• Trigger/Torus Field/Detector → Low acceptance for M < 1.3GeV

• Need to include N*/Δ + 2π contributions in the analysis

D.Glazier
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MesonEx data
γ p → p K+ K-

23

C. Velazquez

• Ebeam=10.2 GeV on LH2 target
• Q2 between 0.07 and 0.3 GeV
• e- in FT, hadrons in FD
• p and K+ detected (K- missing)

• Moment analysis

PRELIMINARY
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✴ Hadron spectroscopy (now as in the past) demonstrates to be an important tool to study strong forces

✴ Several new multi-quark states that do not fit into the Quark Model  have been discovered

✴ Quark bound-states are genuine manifestation  of non-perturbatibe regime of QCD

✴ Jefferson Lab has a comprehensive spectroscopy program (Gluex & CLAS12) 
✴ Exotics and strangeness-rich mesons search exploit excellent resolution and particle ID
✴ CLAS12

• Low Q2 e- scattering for high intensity, linear pol, quasi-real photon beams
• High Q2 e- scattering to map out baryon/meson internal dynamics

✴ Abundant and precise data requires a solid PWA analysis framework
✴ New analysis tools based on  AI are being developed in parallel to be ready for physics analyses

24

Conclusions and outlook

High-performance detectors, high intensity e/γ beams,
strong analysis framework are the ingredients to make JLab a leading facility in 

modern hadron spectroscopy

Many other CLAS12 electroproduction 
contributions at NSTAR26!


