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✴ The mass of the universe is mainly due to hadrons (nucleons forming nuclei)	


!
✴ Quark masses only accounts for a small fraction of the nucleon mass: 99% is 
generated by dynamics of QCD confinement

nucleon                             quarks

Mq ~ 9 MeVMN ~ 1000 MeV Flavor 

Mass	


(MeV)

q constituent mass

✴ Light quark visible mass is dominated by QCD dressing effects

Why hadron spectroscopy
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Why hadron spectroscopy

Asymptotic 
freedom

High energy	


Small distance

Perturbative

pQCD
Effective 
degrees 

of 
freedom 
(models)

Confinement
Low energy	



Large distance

Non- PerturbativeTransition 

Mesons	


&	



Baryons

<< 0.1 fm > 1 fm0.1 – 1 fm

!
✴ Quantitative understanding of quark and gluon confinement	



✴ Revealing the nature of the mass of the hadrons	



✴ See the QCD degrees of freedom at work	



✴ Validate lattice-QCD predictions
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The tool: electromagnetic interaction

The scattering is normally analyzed in term of	


 the One-Photon-Exchange  approximation (OPE)

-qmqm= Q2 = photon virtuality	


s = CM total energy	


t = momentum transfer 

Baryon 
spectroscopy

Meson 
spectroscopy

• Direct γv - qqq system coupling	



• Establish the excitation spectrum	



• Access to strong interaction dynamics (Q2 evolution of 
resonance form factors)

JLab today!

JLab tomorrow!

• qq system → easier to study	



• Access to gluonic degrees of freedom	



• towards a quantitative understanding	


of quark and gluon confinement

_

   - weaker than strong interactions	


   - therefore calculable perturbatively	


   - based on the well-known QED 

e

e’

N

γv N*, Δ

N N

Mesonγ
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The light quark meson spectrum

S1

S2

L

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

Consider light 
quarks:  
u,d,s

• 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’) 

	

 ...

!
• A number of predicted states is not experimentally observed and assignments are uncertain

• Great success in describing the lower mass states

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 
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The gluons and the meson 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
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Gluonic excitation models

Flux tube model Normal meson:  
flux tube in 	


ground state	



m=0	


CP=(-1) S+1

Flux tube 
JPC 1-+ , 1+-

Hybrid meson:  
flux tube in 	



excited state	


m=1	



CP=(-1) S

• Gluonic field confined in a tube between q and anti-q	


• Linear Regge trajectories	


• Hybrid mesons as transverse oscillation of the tube	


• Flux-tube breaking give rise to meson decay

Bag model
• Quarks confined inside a cavity	


• Full relativistic	


• Gluonic excitation: gluonic field modes by boundary conditions

Lightest multiplet	



(0,1,2)-+,(0,1, 2)+-, 
1--, 1++

Lightest multiplet	



(0,1,2)-+,1--

CQM + constituent gluon
• qq + massive transverse quasi-gluon (JgPgCg)	


• Gluon adds in relative S-wave to a qq pair is S-wave or P-wave

Lightest multiplet	



(0,1,2)++,1+-

qq in P-wave +	


JgPgCg=1-- in S-wave

Lightest multiplet	



0--,(1--)3,(2--)2,3--,0-+,0-+,1-+, 2-+

qq in S-wave +	


JgPgCg=1+- in P-wave

• Repulsive 3-body force selects JgPgCg=1+- in relative P-wave added to a qq pair is S-wave or P-wave

qq in S-wave +	


JgPgCg=1-- in S-wave

Lightest multiplet	



(0,1,2)-+,1--

qq in P-wave +	


JgPgCg=1+- in P-wave

Lightest multiplet	



0+-,(1+-)3,(2+-)2,3+-, (0,1,2)++
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• Decays can only be calculated within models: 	


• 3P0: M→ qq with JPC=0++	

!
• Flux-tube model:       πb1: πf1:  πρ: ηπ : η’π	



170:  60 :5-20:0-10: 0-10	


• Some hints: 	



• hybrids with vector qq quantum number	


• pairs of not identical mesons	


• pairs of L=0 mesons suppressed	


• pairs of (L=0)(L=1) favored	



!
• Lattice QCD	



• sparse results (so far)	


• width overestimates (compared to other models)

Hybrids decay modes
Exotics

Non exotics

To define the experimental program we need to 
have reliable prediction of hybrids decay 
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Exotics

ρ

Standard 
mesons

Lattice QCD calculations

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

9

Pion mass = 700 MeV

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 in S-wave +	


   JgPgCg=1+- in P-wave
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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 photoproduction experiments with a beam 
energy in the range 5 GeV < Eγ <12 GeV	



!
Perfectly matched to JLab12 energy!

QCD Lattice calculations

10

Exotics
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Jefferson Lab (yesterday)

Emax                   ~ 6 GeV  
Imax                    ~ 200 μA            

Duty Factor ~ 100%       
σE/E            ~ 2.5 10-5         
Beam P       ~ 80%        
Eγ   ~ 0.8-5.7 GeV                               

CLAS
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Jefferson Lab at 12 GeV

CLAS12

CHL-2

Upgrade magnets 
and power 
supplies

add Hall D  
(and beam 
line)

Enhance 
equipment in 
existing halls

Beam Power: 1MW 
Beam Current: 90 µA 
Max Pass energy: 2.2 GeV 
Max Enery Hall A-C: 10.9 GeV 
Max Energy Hall D: 12 GeV

GLUEX
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Hall-D - GlueX Detector Hall-B - CLAS12 Detector

Meson spectroscopy with photons at JLab-12 GeV

• Good hermeticity	


• Uniform acceptance	


• Limited resolution	


• Limited pID

• Determination of JPC of meson states requires PWA	


• Decay and production of exclusive reactions	


• Good acceptance, energy resolution, particle identification

8

• Good resolution	


• Good pID	


• Reasonable hermeticity	


• Un-uniform acceptance
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Why photoproduction

★Few data (so far) but expected similar production rate 
as regular mesons

★ Photoproduction: exotic JPC are more likely produced by S=1 probe 

★ Production rate for exotics is expected comparable as 
for regular mesons

regular mesons @ Eg = 5GeV 
X = a2

Exotic meson @ Eg = 8GeV 
X = p1(1600)

Need spin-flip for exotic quantum number No spin-flip for exotic quantum number

★ Linear polarization acts like a filter to disentangle the 
production mechanisms and suppress bg

A. Afanasev and P. Page et al. PR A57 1998 6771
A. Szczepaniak and M. Swat PLB 516 2001 72 
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Meson spectroscopy with photons at JLab-12GeV

The Hall-B real photon tagger

With a 12 GeV electron beam only 
few choices

The Hall-B existing dipole magnet can not deflect the 11 GeV primary beam on the beam-dump

Photon beam requirement

★ Tagger (initial photon energy) is required to add 'production' 
information to decay

★ Linear polarization is useful to simplify the PWA and 
essential to isolate the nature of the t-channel exchange

★ High luminosity 

- Bremsstrahlung (Hall-D)	


- Low Q2 electroproduction (Hall-B)
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Quasi-real photoproduction with CLAS12 
(Low Q2 electron scattering)

e

e’

N

gv

Forward Tagger

CLAS12

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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Moller Shield

Calorimeter

Tracker

Scintillation 
Hodoscope

HTCC   Moller 
cup

CAD implementation

The Forward Tagger for CLAS12

FT-Trck: MicroMegas detectors	


electron angles and polarization plane	


Saclay + Ohio

FT-Hodo: Scintillator tiles 	


veto for photons	


Edinburgh+JMU+NSU

FT-Cal: PbWO4 calorimeter	


electron energy/momentum	


Photon energy (ν=E-E')	


Polarization ε-1 ≈1 + ν2/2EE’

17
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LNF-BTF Proto16 Test 
Energy Resolution 

MC/Data

FT design, prototyping and construction
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From the data to the spectrum:	


Partial Wave Analysis

γ

p p

Exo%c	
  state	
  
JPC

•	
  Parametrize	
  the	
  cross	
  sec/on	
  in	
  term	
  of	
  par/al	
  waves	
  
•	
  Fit	
  to	
  data	
  to	
  extract	
  amplitudes	
  
•	
  A	
  model	
  is	
  needed	
  to	
  parametrize	
  amplitudes:	
  Isobar	
  Model,	
  Dispersion	
  Rela/ons,	
  …

Is this adequate for current and future experiments?

•	
  Exo/cs,	
  if	
  exist,	
  are	
  /ny:	
  how	
  to	
  deal	
  with	
  the	
  background?	
  
•	
  How	
  to	
  go	
  beyond	
  the	
  Isobar	
  Model?	
  
•	
  Do	
  the	
  amplitudes	
  incorporate	
  all	
  the	
  necessary	
  constraints?	
  
•	
  Are	
  experimental	
  data	
  precise	
  and	
  abundant	
  enough	
  to	
  constraint	
  PWA?

…	
  not	
  every	
  bump	
  is	
  a	
  resonance	
  and	
  not	
  every	
  resonance	
  is	
  a	
  bump!
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Reference reaction 
γ p → (n) π+ π+ π-

20

Partial Wave Analysis (PWA)

✴ Possible evidence of  exotic meson π1(1600) in 
π−p → p π−π−π+ (E852-Brookhaven) 	

!
✴ Not confirmed in a re-analysis of a higher 

statistic sample 	


✴ Now confirmed by Compass	

!
✴ Simple final state with low bg 

 Clear evidence of non-exotic	


 2++ state a2(1320)	

!

 No-evidence of exotic 1-+ state π1(1600)	

!
  Relevance of baryon resonance background	



!
Pioneering PWA in CLAS  

!

CLAS6 M.Nozar et al. PRL 102 102002 (2009)
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PRELIMINARY

PRELIMINARY

PRELIMINARY

The 3π system with CLAS 
g12 data set

 Evidence of dominant resonances 
and no-evidence of exotic state 

confirmed	

!
PWA in CLAS is feasible! !

Needs to have higher energy, 
higher statistics and and test 

other final states 
➜ CLAS12 

!
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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)!
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

PWA in CLAS12 is feasible!
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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)

MB, R.DeVita A. Szczpaniak et al Phys.Rev.Lett. 102:102001,2009	


MB, R.DeVita A. Szczpaniak et al Phys.Rev. D80:072005,2009

γ p → p π π

First observation of the f0(980) in a photoproduction experiment

Other examples of PWA with CLAS

Hadron Spectroscopy at CLAS and CLAS12
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Decay decuples production 
from genuine meson-meson 
interaction
• M(π+π−) <0.45 GeV	


• 3-body effects

γ p → p ω → p πππ

Other examples of PWA with CLAS

● Correct analytic structure (poles)	


● Proper asymptotic behaviour (Regge)

B4 amplitude	


A.Szczepaniak & M.Pennington extension of  Veneziano 
amplitude (arXiv:1403.5782)

Spin density matrix 
The residue of An (s,t) for as=n  is a 
polynomial of order (n-1) in t.	


→ The coefficients an,i must be 
constrained to cancel even t powers

● n=1 ok	


● n=2 a2,2 = 0	


● n=3 a31 = 2*a3,2 * (3+a0)	


● n=4 a44 = 0 and a42 = 2*a41 * (4+a0)	


● ...
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γ p → p π η  
• A.Celentano (Genova) PhD Thesis	


• Amplitudes provided by V.Mathieu (ECT*) and A.Szczepaniak (IU&JLab)	


• Preliminary analysis on CLAS6 data to fix parameters	


• Full projection on CLAS12 and PWA  

• Experimental Analyis:	


S.Fegan (INFN-GE), A. Filippi (INFN-TO), S.Hughes (Edinburgh), K.Hicks (OhioU), 
S.Lombardo (Cornell), A.Rizzo (RomaTV), L.Zana (Edinburgh)

γp → pπη’, γp → pπω, γp → pπφ, γp → pηφ, γp → pkkπ, γp → pkkππ, γp → pkkω 

• Theoretical support:	


A.Szczepaniak, V.Mathieu, E.Santopinto (INFN-GE),  A.Vassallo (GE), J.Ferretti (UMAS)

γ p → p k k  
• S.Lombardo (IU)	


• Full analysis from g11 CLAS6 data set	


• S-P interference in 2k system  

Work in progress

Hadron Spectroscopy at CLAS and CLAS12
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!

★Developing common tools and procedures: 

★Implementing reliable amplitudes
!

!

How to develop a strong analysis framework?

★Learning & teaching

Prepare the framework for 
future experiments

Establish shared 
procedures and tests to 

claim a discovery of 
new physics

• Check amplitudes with existing data

Promote a two-ways 
communication EXP-

THE

• Promote exchanges between experimentalists and theorists	


• “HS data analysis for dummies” and “HS theory revealed”	


• Workshops and schools to share expertise and establish common rules	



• Common PWA framework across different experiments (eg AmpTools)	


• Wider data access and distribution	


• Computing: fitting procedures, GPUs, etc.
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HASPECT: Act locally but think globally!

13

Global strategy:	

!
✴Creation of twin and parallel centers for both analysis 
and theory development	


✴Collaboration and exchanges: personnel, short visits, ... 	


✴Coordination via JLab Pysics Analysis Center	


✴Creation of a “Hadron spectrum” working group

V.Mathieu

✴Common funding plans: 	


• European-FP7 (EU calls and 
local): HadronS-HPH, Synergy 
grants	


• DOE-Topical -collaboration 
proposals	


• Helmholtz Virtual-Institutes

Hadron Spectroscopy at CLAS and CLAS12
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Conclusions
✴ Recent LQCD results renew interest in Hadron Spectroscopy  	


!
✴ First PWA results obtained with CLAS detector in photoproduction	


!

✴ Comprehensive meson spectroscopy program at JLab (Gluex & CLAS12) 	


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


!
✴ Bremsstrahlung and Low Q2 electron scattering to produce a high intensity, 
linear polarized, real (Hall-D) and quasi-real (Hall-B) photon beam	


!
✴ New analysis framework: global effort to provide a robust analysis framework 
(PWA, amplitudes, FSI, …)

Dedicated detectors and high intensity photon beams at JLab-12 are 
under construction, ready to run in a near future!


