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Why Meson Spectroscopy?

• QCD well understood in the high-energy, perturbaIve 

regime

• Understanding the dof in the non-perturbaIve              
regime is challenging

• What is the role of gluons?

• What is the origin of quark confinement?

• Measuring the spectrum of hadrons allows a comprehensive 
understanding of the strong force
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Why Meson Spectroscopy?

• Mesonsà Simplest bound system to study

• QCD does not prohibit the existence of 
unconventional meson states -- hybrids (qqg), 
tetraquarks (qqqq), and glueballs.
• Identification can be difficult à mix with ordinary 

states
• Unique signature: Exotic quantum numbers 
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What has been done already?
• Various approaches including hadron producIon, NN annihilaIon, …
• PhotoproducIon – Limited due to low-quality/luminosity 

experiments
• Exo3c JPC more likely to be produced by S=1 probe
• Polarised beams can simplify extrac3on of Par3al Waves
• Produc3on rates for exo3cs comparable to regular mesons
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Pion Beam
Quark spins 
anti-aligned
JPC =  1-- , 1++

Quark spins
already aligned
JPC =  0+- , 1-+ , 2+-

Photon Beam



Thomas Jefferson Laboratory
• CEBAF Accelerator
• Recently upgraded to 12 GeV electron beams

• 4 experimental halls
• Racetrack accelerator (LINACs) allowing mul=-pass beam 

accelera=on
• High-quality beams ~100% duty cycle
• Highly polarized beams ~80%
• High currents up to 100 μΑ (Halls A and C)
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CEBAF Large Acceptance Spectrometer

• CLAS12 provides an efficient detection of charge and 
neutral tracks
• Based on solenoid (CD) and toroidal (FD) magnetic fields
• Excellent for multi-particle final states
• Excellent PID: TOF, Cerenkov, RICH (charged), calorimeter 

(neutral)
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Nominal Luminosity: L=1035 cm-2 s-1

Momentum resolution (FD): dp/p < 1%
Θ resolution= 1 mrad
Φ resolution= 1 mrad/sin Θ
Timing resolution TOF = 100 ps

π/K separation: 4σ separation up to 2.8 GeV 
K/p separation: 4σ separation up to 4.8 GeV 
π/p separation: 4σ separation up to 5.4 GeV



The Forward Tagger

Hadron2021 -- Nicholas Zachariou 8

• Installed July 2017
• Composed of :

• Tracker
• Scintillation Hodoscope
• Calorimeter

Tracker FEE

Calorimeter

Tracker

Scintillation 
Hodoscope

Contributors: CEA, INFN-Ge, INFN-Roma2, INFN-Torino, U. 
York, U. Glasgow, JLab, James Madison U., Norfolk State U., Ohio U.

CLAS12 – Forward Tagger 

PARAMETER DESIGN VALUE 
FT#Cal'

Calorimeter*type* PbWO4,*homogeneous*

Crystal*number*and*size* 332,*15x15x200*mm3*

Readout*sensors* Hamamatsu*LAAPD*s8664G1010*

Working*Temperature* T*=*(0*–*18)*oC*(ΔT*≤*0.1*oC)**

FT#Trck'
Tracking*technology* two*doubleGlayers,*biGface*bulk*MicroMega*

Detector*type* Strips,*3392*channels**

SpaVal*resoluVon* ΔX,*ΔY*≤*150*µm**

FT#Hodo'
Detector*technology* 2*layers*of*plasVc*scinVllator*Vles*

Tiles*number*and*size* 74*(30x30x15*mm3)*+*42*(15x15x7*mm3)*

Readout*sensors* Hamamatsu*SiPM*S10362G100**

Expected Performance VALUE 
Azimuthal*angular*coverage* 2.5o*to*4.5o*

EM*shower*energy*range* Emax–Emin=*(0.5*–*8.0)*GeV*

Energy*resoluVon** σE/E*≤*2%/√E(GeV)*�*1%*

Angular*resoluVon* σϑ/ϑ**≤*1.5*%,*σϕ*≤*2o*
Time*resoluVon* ≤300*ps*

Detector - TECHNICAL PARAMETERS 

The*FT*is*comprised*of*a*PbWO*electromagneVc*calorimeter*(FTGCal)*to*idenVfy*electrons,*measure*the*

electromagneVc* shower* energy* and* provide* a* fast* trigger* signal;* a* tracker* (FTGTrck)* to*measure* the*

scadering* angles* with* the* required* accuracy;* and* a* scinVllaVon* counter* (FTGHodo)* to* provide* e/γ*
separaVon.**

The*Forward*Tagger*(FT)*extends*the*CLAS12*

capability*to*detect*electrons*and*photons*at*small*

angles*down*to*2.5o**in ϑLab.*DetecVon*of*forwardG

going*electrons*enables*running*of*electroproducVon*

experiments*at*lowGQ2***providing*an*energyGtagged,*

polarized,*highGintensity,*quasiGreal*photon*beam*

necessary*to*run*an*extensive*hadron*spectroscopy*

program.*The*addiVonal*capability*of*detecVng*

forwardGgoing,*highGenergy*photons*in*the*DVCS*

reacVon*will*extend*the*reach*of*the*Hall*B*leading*

physics*program.*



MesonX Experiment
• Quasi-real photoproducIon on proton target

• Detail study of light-quark meson spectrum (1.0 – 3.0 GeV)
• Determine masses and proper3es of rare qq states
• Search and iden3fy exo3c mesons
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Forward Tagger

E’ 0.5-4.5 GeV

n 7-10.5 GeV

q 2.5-4.5 deg

Q2 0.007 – 0.3 GeV2

W 3.6-4.5 GeV

Photon Flux 5 x 107 g/s @ Le=1035

o Data collection started in 2018 

o ~50% of the allocated beam time already carried out

o Dedicated trigger - coincidence on FT EM shower + 2 charged 

hadrons in CLAS12

4.1 Electroproduction at very small Q2

Phenomenological models, like the flux-tube model, indicate that the photon may be more effective
in producing exotics hybrids than, for example, the pion. The rational for this lies in the fact
that the photon spin is 1 and it can fluctuate into a qq̄ pair with spins aligned. When a qq̄ pair
with !S = 1 is excited into an hybrid, the production of exotic quantum numbers is expected to
be favored. On the contrary, when in the initial state there is a qq̄ pair with !S = 0, like for pion
beams, the resulting hybrid mesons are more likely to be non-exotic. Phenomenological studies
also indicate that exotic mesons can be produced with photon probes with cross sections that are
comparable to ordinary mesons [62, 63]. Finally, the linear polarization of the quasi-real photons
is expected to be a very powerful tool for high precision amplitude analysis, since it can provide
information on the production mechanism and act as a filter on background from other processes.

The current photoproduction setup of the CLAS experiment, producing real bremsstrahlung
photons tagged by a magnetic spectrometer, can not be operated at 11 GeV energies because of
the limitation of the existing magnet.

Instead, we are planning to use quasi-real photons produced when electrons are scattered at very
small angles (small Q2).

Electron detection at very small angles, (Q2 values of about 10−1 GeV2 or lower) with the
coincidence detection of the hadronic final states in CLAS12, is a very attractive alternative to
pure photoproduction experiments [64]. This technique was used in the past to produce high
energy (∼ 100 GeV) photon beams at CERN (Ω [58] and COMPASS [65] Collaborations) and
DESY (ZEUS [66] and H1 [67] experiments). First tests were performed with CLAS, by looking for
hadronic events where the electron was undetected. Final states where the hadron four-momenta
were compatible with an electron scattered at ∼ 0◦ were selected. The reconstructed mass spectra
of π0π0 and π0η show clear evidence of low cross section mesons expected in these channels (f0(980),
f2(1270), a0(980)) demonstrating the potential of this technique (see Fig. 5). Recently, the EG6
experiment used this technique to study coherent meson production on 4He [21].

In the unpolarized electron scattering process (one-photon exchange approximation), the virtual
photon polarization is:

ε = [1 + 2
(Q2 + ν2)

Q2
tan2(θe′/2)]

−1. (1)

where ν is the photon energy and θe′ the electron scattering angle. The longitudinal polarization

is given by εL = Q2

ν2 ε, and the polarization density matrix can be written as [64]:




1
2(1 + ε) 0 −[12εL(1 + ε)]1/2

0 1
2 (1 − ε) 0

−[12εL(1 + ε)]1/2 0 εL





At very low values of Q2 the virtual photon beam becomes, for all practical purposes, almost a real
photon beam, since

εL =
Q2

ν2
ε = 10−3ε ≈ 0,

and the matrix represents the spin density matrix of real (transverse) photons.
Via these relations, the photon polarization can be defined on an event-by-event basis, sim-

ply measuring the electron three-momentum. The polarization plane coincides with the electron
scattering plane and the degree of polarization mainly depends on the energy. The associated
systematic uncertainty is only affected by the electron detection resolution. These are significant
advantages with respect to coherent bremsstrahlung beams, where only the average polarization can
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Meson Experiment
• Expected results

• Isobar model 3pi production
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State JPC L Decay Mode

a1 (1260) 1++ D ρπ
a2 (1320) 2++ D ρπ
π2 (1670) 2−+ P ρπ
π2 (1670) 2−+ F ρπ
π2 (1670) 2−+ S f2π
π2 (1670) 2−+ D f2π
π1 (1600) 1−+ P ρπ

Table 5: The meson states produced in the model of π+π+π− production, detailed in Appendix A.

in a reasonable time, the number of generated events was limited to 1 million. This would be
equivalent to around 1 thousandth of the total number of events, we estimate would be produced in
this experiment. Therefore, for the experimental data we will have many more times the statistics
then for our current tests, allowing fine binning in a number of kinematic variables such as Eγ , t
and M3π.

The testing algorithm proceeded as follows,

• The model was used to generate 1 million events, “data”, from low Q2 electron scattering
reactions accepted by the forward tagger, with an electron beam energy of 11 GeV. Events
were generated in two t bins at 0.2 and 0.5 (GeV/c)2, 0.25 and 1 MeV wide respectively to
give comparative numbers of events in the same beamtime.

• 5 million phase space Monte Carlo events, “mc”, were generated in the same kinematics and
were used to calculate the acceptance during the PWA fit.

• Both “data” and “mc”, were tracked through the detectors via the FASTMC program. A
number of tracking options were used including full and half CLAS12 torus field and CLAS-IC
or PANDA-EMC resolutions for the forward tagger.

• Final states with 3 reconstructed pions were accepted for the PWA.

• The accepted events were split into 40 bins in the mass of the 3π system, between 0.7 and
2.2 GeV.

• Maximum likelihood fits were performed, using the model described before to calculate the
event-by-event amplitudes, for each 3π mass bin. The generated and accepted “mc” events
are used to calculate the normalization integrals and subsequent acceptance. The complex
production amplitude of each channel was a free parameter in the fit.

• The resulting intensity of each channel was calculated from the fit results and compared to
the generated one.

The first comparison presented in Figure 30 is between the generated waves and a fit for each
t bin (0.2 and 0.5) at half CLAS12 field and CLAS-IC Forward Tagger resolution. The fits for
both t bins reproduce the generated waves very well for all channels including the hypothetical π1

exotic. The mass region with M3π(< 1.2GeV/c2) has been excluded from this analysis because of
the very low acceptance. Even with a π1 contribution of just 2% to the total, a clear statistically
significant signal is reproduced using a small statistics compared to the expected yield for the
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Figure 30: The intensities of the 8 different isobar channels in the 3π model, see table 5. The
bottom right plot shows the total intensity. The black line shows the generated waves, while the
blue and red points are the fit results for t = 0.2 and 0.5(GeV/c)2 , respectively.

proposed experiment. This leads to the conclusion that the CLAS12-Forward Tagger system is
intrinsically capable of meson spectroscopy measurements via partial wave analysis.

However, in reality we will not have such perfect knowledge of the CLAS12 response and physics
of the production and decay. To test the effects of possible distortions and leakages we have
performed a number of fits with imperfect knowledge of the detector or model.

1) The “data” were tracked through FASTMC with an incorrect field strength, 2% higher at
the half field setting, compared to the accepted “mc” events. This effectively creates a different
acceptance between the “data” and “mc” due to charged particles of a given momenta seeing
different holes in the detector. The results are shown in Figure 31, and at this level of field
discrepancy no sizeable distortion effect is seen on the fitted waves.

2) The angular and momentum resolutions of the FASTMC were decreased by 20% for the
“data” only. This tests how accurately we will be required to know the resolutions from the
tracking in CLAS12. The results are shown in Figure 32 and very little deviation in seen between
the ideal case and the degraded resolution case.
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Black: generated, Red: t=-0.5 GeV2, Blue: t=-0.2 GeV2 (D. Glazier, U. Glasgow) 

2%
σTot ≃10μbarn 

Leakage contribution to exotic waves from others: < 1% 
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Figure 33: The intensities of the 8 different isobar channels in the 3π model, see table 5. The
bottom right plot shows the total intensity. The black line shows the generated waves, while the
red points are the fit results for t = 0.5(GeV/c)2 , half field and the blue points are for a fit without
the π1 D wave.

3) The standard model events were fit without the π1 D-wave and the results are shown in
Figure 33. The intensity of the generated π1 clearly has to be given to another wave or waves by
the fit. In this case it is the a1 S and D wave which acquires most of the yield, while the π2 P
and F waves are underestimated. This shows the importance understanding the components of the
model used to perform the fit. As discussed in Sec. 3, a collaborative worldwide effort is underway
to refine the tools and models required to perform such amplitude analysis. The timescales for this
work will coincide well with the prospective data from the CLAS12 experiment.

4) The full model fit was performed on events generated without a π1. As shown in Fig. 34, the
resulting π1 intensity is consistent with zero within it uncertainty and for the statistics generated
is around 10 counts at 1.6 GeV/c2. This is a factor 200 less than for the π1 generated in the model
which contributed 2% to the 3π yield.

5) We have shown in Sec. 6.1 that the half field setting provides the optimal acceptance for this
channel. However, as mentioned before, this experiment is conceived to run in parallel to other
electron scattering experiments that may have higher field setting. The results of the PWA with
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Meson Experiment
• First look at FT data

• Energy Calibrations on π0 2-photon decay 

• Timing calibration exceed specifications 
(300 ps)

• Energy resolution ~ 3%@2GeV still +1% 
higher than specs
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π0→γγ in the FT

* Lucilla Lanza & Raffaella De Vita

Elastic e-

σ~4.4 MeV

σ/E~3%

Time resolution ~ 140 ps σ~0.0033 GeV2



Meson Experiment – First analysis

• Inconsistent results between GlueX and SLAC
• CLAS12 - Reconstruc3on of reac3on from π0 and 

e’ in FT
• Straighaorward determina3on of Σ and dσ/dt
• Results expected early 2022 
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Phys. Rev. C 95, 042201(R) 2017
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<latexit sha1_base64="B1Zfe9qtc/cEjw4TMoiGocxLVaA="></latexit>

~γp ! pπ0

L. Biondo Messina U.



Meson Experiment – Benchmark reacGon

• Fully exclusive reaction

• Determination of moments
• Phys. Rev. D 100, 054017

• Moments fit using 2pi decay angles as a function of 
2pi mass

• Technique successfully applied to CLAS6.                 
data:
• PHYSICAL REVIEW D 80, 072005 (2009) 

• PHYSICAL REVIEW D 98, 052009 (2018)
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<latexit sha1_base64="QP4drEEjdzBo3h+IlR7JQdFgJgU="></latexit>

~γp ! pπ+π�

A. Thorton University of Glasgow



Meson Experiment
<latexit sha1_base64="FBLN/tgH5Sh4JsiEGCJOZLjL0ec="></latexit>

~γp ! pK+K�
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Analysis procedure is identical 
to 2 pion channel

Exclusivity of the reaction 
allows clean(er) signal

Rich mass spectrum observed 

Next steps: Study of angular 
distribution in 2K system

M. Nicol University of York
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Meson Experiment – ExoGc search
• Key reaction for exotic search
• Missing-mass technique with 3 pion ID
• Background significant but contributions 

understood
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<latexit sha1_base64="lM9s03iMtwI6kh2UXnmE1n10ZpE="></latexit>

~γp ! π+π+π�n

R. Wishart University of Glasgow

First fits to 3 body final state via 4 decay angles have been done on small data set



Summary 

• Recent developments in accelerator and detector advancements 
allow the detailed study of meson spectrum via photoproducIon 
experiments
• MesonX aims at searching for exoIc mesons and studying in detail 

the light-quark meson spectrum up to masses of 2.5 GeV. 
• Data analysis well underway (50% of staIsIcs) 
• First results expected in 2022

Hadron2021 -- Nicholas Zachariou 16


