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What we do not know
1. What is the nature of the mass of hadrons? 

Quarks account for only a small fraction of the mass of the proton (mu=1.7-3.3 MeV, md=4.1-5.8 MeV): what leads to the ~GeV mass?

2. Which are the relevant degrees of freedom? 
At high energy, phenomena can be described in terms of quarks and gluons; at low energy, we observed baryons and mesons: what are the real degrees 
of freedom, and how does the transition from small to large distances occur?

3. What is the origin of confinement? 
Are quarks confined within colorless objects? Can we prove and explain it?

4. Do quark configurations beyond qqq and qq-bar exist? 
The theory of strong interactions does not prohibit hadronic states with different quark configurations (5q, gg, 2qg). Can we find evidence of the 
existence of such states?

Studying the spectrum of hadrons is a fundamental step to understanding the characteristics of constituents and forces
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What we know

Quarks are confined inside colorless hadrons 
they combine to 'neutralize' color force

mesons baryons

q
q

q q
q

Observed mesons and baryons well described by 1st principles QCD

Science  21 Nov 2008:
Vol. 322, Issue 5905, pp. 1224-1227
DOI: 10.1126/science.1163233 
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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



M.Battaglieri - INFNThe MesonEx experiment5

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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Exotics

ρ

Standard 
mesons

Light q spectrum from lattice QCD

J.Dudek et al Phys.Rev.D82 (2010) 034508   J.Dudek et al., Phys. Rev. D84, 074023 (2011)

Pion mass = 700 MeV



M.Battaglieri - INFNThe MesonEx experiment7

Exotics
Standard 
mesons

Light q spectrum from lattice QCD

J.Dudek et al Phys.Rev.D82 (2010) 034508   J.Dudek et al., Phys. Rev. D84, 074023 (2011)

Pion mass = 700 MeV

JPC=1--

• Interpretation in term of CQM 
+ Gluon field

• Dependence on Lattice size

• Dependence on pion mass

• in blue: overlap with JPC=1-+ operator 
interpreted  as qq-bar in S-wave +

   JgPgCg=1+- in P-wave
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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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nPQCD in action

PRELIMINARY

A side note: invariant mass spectrum of (3π) system measured at:
CLAS6 COMPASS

γ p → (n) π+ π+ π-

Eγ = 5 GeV
π- p → (p) π+ π- π-

Eπ = 191 GeV

Despite the significant difference in beam energy, the two spectra are similar showing the 
resonances dominate the spectrum below 2 GeV (low energy → non-pQCD)
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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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Bringing Q2 into the game
D.Dean, this workshop

P.Rossi, this workshop

★ Q2 evolution is a key-tool to understand meson structure
★ CLAS12 MesonEx will demonstrate the technique
★Future JLab at 20+ GeV will fully exploit it
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The CLAS12 detector

The FT

FT-Trck: MicroMegas
electron angles and polarization plane
Saclay + OhioU+Jlab

FT-Hodo: Scintillator tiles 
veto for photons
EdinburghU+JMU+NSU+Jlab

FT-Cal: PbWO4 calorimeter
electron energy/momentum
Photon energy (ν=E-E')
Polarization ε-1 ≈1 + ν2/2EE’
INFN-GE, INFN-RM2, INFN-TO, JLab

The Forward Tagger 
and CLAS12

The FT installed in 
CLAS12
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CLAS12 FT performance

R.De Vita

• Full Forward Tagger installed in CLAS12 in 
July 2017

• Commissioned with cosmic ray data in July- 
November 2017 to study:
• Response of individual detectors
• Efficiency and energy calibration
• Relative timing

• On-beam commissioning during CLAS12 
engineering run in January 2018

• Physics running since February 2018:
• 10.2-10.6 GeV on LH2 from in 

2018/2019
• 7.5 GeV on LH2 in Fall 2018
• 10.2-10.5 GeV on LD2 in 2019 and 2020
• 10.5 GeV in RGC
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Use two pion exclusive 
electroproduction  to check 
FT calibration and 
corrections 
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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

17

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
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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-

CLAS12 data analysis
• Moments of the angular distributions 

can be used as an intermediate step 
toward a full PWA 

• Fit of amplitudes with moments 
lead to the first observation of 
the f0(980) using CLAS6 data

Strategy



M.Battaglieri - INFNThe MesonEx experiment20

MesonEx data
γ p → (p) π0

• Fall2018 RGA dataset 
• 2 photons & 1electrons in FT
• 2ns time difference between detected particle
• Sum of photons momentum between 5.5 and 10.5 GeV
• Virtual photon energy between 3 and 9 GeV
• Q2 between 0 and -0.5 GeV

CLAS12 PRELIMINARY

L.Biondo
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MesonEx data
γ p → p π+ π-

• Use standard CLAS12 PID (FT based start time)
• pπ+π− exclusive reaction
• All -t
• <Q2>=0.07 GeV2/c2

• EBeam = 10.6 GeV → 6<Eγ<10 GeV

CLAS12 PRELIMINARY

• Trigger/Torus Field/Detector  → Low acceptance  for Mππ < 1.1GeV

• Need to account for N*/Δ  in Moments Fits, but contributions do not 
look too strong
• Complementary cuts select baryons for further studies

GeV2/c2
GeV2

D.Glazier
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MesonEx data
γ p → (n) π+  π+ π-

• Use standard CLAS12 PID (FT based start time)
• pπ+π− exclusive reaction
• -t < -2 GeV
• 6<Eγ<10 GeV

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

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

CLAS12 PRELIMINARY

GeV

Fit MissingMass to identify neutron

D.Glazier
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MesonEx data
γ p → p K+ K-

• Need to account 
for hyperons in 
Moments Fits

CLAS12 

Ge

G
e

GeV

CLAS12 PRELIMINARY

M
(K

+ K
- )

M(pK-)

CLAS12 PRELIMINARY

M(pK-)

CLAS12 PRELIMINARY

GeV

GeV

G
eV

Λ(1520)

Λ(18**)

M(K+K-)

CLAS12 PRELIMINARY

GeV

φ(1020)

φ*(16**)

23
D.Glazier
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MesonEx data
γ p →(n) K+ K- π+ 

• Fall 2018 RGA dataset  (inbending and outbending)
• Q2 between 0.07 and 0.3 GeV
• e- in FT, hadrons in FD

•Missing n

π KK

K* (π K)

R.Wishart
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D.Glazier

MesonEx tools
elSpectro
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MesonEx tools
A(i)DAPT
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Summary and outlook
✴ MesonEx is a comprehensive meson spectroscopy program 
running in Hall-B at JLab complementary to GLUEX

✴ Exotics and strangeness-rich mesons search with CLAS12 
detector exploiting excellent resolution and particle ID

✴ Low Q2 electron scattering to produce a high intensity, linear 
polarized, quasi-real photon beam

✴ Experience in PWA gained with CLAS6 (angular moments 
analysis, ML/AI approach) will be valuable for CLAS12 data analysis

✴ MesonEx analysis tools developed and tested on available data 
(Pass1 RGA-), supported by JPAC

✴ Current PASS1 data suffer from reduced tracking efficiency 
(multi-particle final states) and missing CD information

✴ Waiting for PASS2 (baryons in CD and increased statistics) to 
extract MesonEx physics out of data

High-performance detectors, high 
intensity e/γ beams,

strong analysis framework are the 
ingredients to make JLab a leading 

facility in modern hadron spectroscopy

✴ MesonEx and jeopardy process in PAC48

✴~50% of RG-A still to go will take advantage 
o f L3 t r i g ge r, meson - spec t ro scopy 
optimisation, and hopefully hi-lumy ops

Presented to PAC48 in the RG-A jeopardy review 


