
With the (a) upgraded CEBAF, (b) linearly polarized photon beam and 
(c) the GlueX detector, Jefferson Lab will be uniquely poised to: 
(1) discover these states, (2) map out their spectrum and (3) measure 
their properties.
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The Fundamental Science Issue

 •  Understanding QCD in this long-distance regime - as a strongly- 
  coupled field theory - is an outstanding challenge,  not only for  
  hadronic physics,  but also for all theoretical physics.

 •  The failure to observe isolated quarks or gluons provides    
  overwhelming experimental evidence that they are 
  confined in nature.

 •  A quantitative understanding of the confinement of quarks and 
  gluons in quantum chromodynamics (QCD) is one of the    
  outstanding fundamental questions in physics.

 •  For example, it is likely that physics at the LHC and beyond has
  strongly-coupled sectors and QCD provides an analogy for
  constructing new theories such as technicolor.

 •  QCD is our preeminent example of a strongly-coupled field theory.



Gluonic Excitations and Confinement

The quarks in a meson are sources of color electric flux
and that flux is trapped in a flux tube connecting the quarks.
The formation of the flux tube is related to the self-interaction
of gluons via their color charge.

G. Bali - heavy quarks - quenched

Action
Density

from first-principles LQCD:

Flux tubes lead to a linear confining potential.

 •  Do flux tubes apply in detail to light-quark systems?
  - still an open question 

 •  In LQCD the excited gluonic field has J       quantum numbers that 
  couple with those of the quarks to produce mesons with 
  exotic quantum numbers.  This spectrum is the window to
  QCD in the non-perturbative regime.
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Conventional and Hybrid Mesons
With the flux tube in its ground state 
the conventional mesons result - their 
quantum numbers are determined solely 
from the quark degrees of freedom:

!J = !L + !S

P = (−1)L+1

C = (−1)L+S

q
q

JPC
= 0

−−, 0+−, 1−+, 2+−

these exotic combinations not allowed:

Iz

S

isodoublet (S = +1)

isodoublet (S = –1)

isotriplet (S = 0)

isoscalar (S = 0)

With three light quarks
the conventional and 
hybrid mesons form 
flavor nonets - for each

J
PC

u d
s

With the flux tube in its excited state 
the hybrid mesons arise and the
QN of the excited flux tube combine with
those of quarks giving rise to hybrid mesons
with conventional and exotic J
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Masses and Widths of Hybrid Mesons
Masses and Widths

LQCD Mass Predictions for:

widths are expected to similar to those of conventional strongly-decaying  mesons

2.2 Mass splittings of exotic nonets

There are fewer lattice QCD predictions for the masses of the other exotic-quantum number states.
Bernard [3] et. al. calculate the splitting between the 2+− and the 1−+ state to be about 0.2
GeV/c2 with large errors. They later calculate this with a clover action [4] and find a splitting of
0.270 ± 0.2. The SESAM collaboration calculates the mass separation between the exotic nonets
and the resulting values for the lowest-lying nonets is given in Table 2. It is important to keep
in mind that the splitting between the nonets is due to the gluonic degrees of freedom so that a
measurement of these splittings provides insight into the confinement mechanism of QCD.

Multiplet JPC Mass (GeV/c2)
π1 1−+ 1.9 ± 0.2
b2 2+− 2.0 ± 0.11
b0 0+− 2.3 ± 0.6

Table 2: Estimates of the masses of exotic quantum number hybrids. These are the uū/dd̄ states
– the ss̄ states should be about 0.2 to 0.3 GeV/c2 heavier.

2.3 Hybrid decays – decay modes and decay widths

Predictions for the widths of hybrids are currently based on model calculations with the most recent
work [8] given in Table 3 for states with exotic quantum numbers, and in Table 4 for hybrids with
conventional qq̄ quantum numbers. As can be seen, a number of these states are expected to be
broad. In particular, most of the 0+− exotic nonet are quite broad. However, states in both the
2+− and the 1−+ nonets are expected to have much narrower widths. The states with normal
quantum numbers will be more difficult to disentangle as they are likely to mix with nearby normal
qq̄ states. Finally, the expected decay modes of these states involve daughters that in turn decay.

Particle JPC Total Width (MeV/c2) Most Likely Decays
[8] [9]

π1 1−+ 81 − 168 117 b1π, ρπ, η(1295)π
η1 1−+ 59 − 158 107 a1π, π(1300)π
η′1 1−+ 95 − 216 172 K1(1400)K, K1(1270)K, K∗K
b0 0+− 247 − 429 665 π(1300)π, h1π
h0 0+− 59 − 262 94 b1π
h′

0 0+− 259 − 490 426 K(1460)K, K1(1270)K
b2 2+− 5 − 11 248 a2π, a1π, h1π
h2 2+− 4 − 12 166 b1π, ρπ
h′

2 2+− 5 − 18 79 K1(1400)K, K1(1270)K, K∗
2 (1430)K

Table 3: Exotic quantum number hybrid width and decay predictions.
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above for uū/dd̄ for ss̄ add ≈ 0.3 GeV

of-freedom of the meson. When the flux tube is excited, the quantum numbers of the flux tube
combine with those of the quarks to give rise to quantum numbers of hybrid mesons that can be
exotic and not possible for the ground state qq̄ combination.

Since hybrid mesons are just excitations of the gluon field, they should be produced in all reactions
that populate the excited qq̄ spectrum. However the spin of the initial particle will likely be
transferred directly into the spin of the qq̄ system in the hybrid. This means that beams of π’s and
K’s are likely to produce hybrids built on net quark spin zero objects, 1−− and 1++. Similarly,
beams of spin one particles (the photon is a virtual qq̄ with quark spins aligned) are more likely to
produce hydrids built on net quark spin one objects . The JPC possibilities are 0−+, 1+−, 2−+ and
0+−, 1−+, 2+− – with the latter three combinations being exotic. According to this idea, exotic
hybrids should be produced as strongly as conventional mesons in photoproduction.

The separation in energy between the ground state and the first transverse mode of excitation, in
analogy with the classical excitation of a mechanical string fixed at the ends, is π/r where r is the
separation between the quark and anti-quark. This corresponds to a mass separation of ≈ 1 GeV/c2

– thus nonets of exotic hybrid mesons are expected in the mass region beyond ≈ 2 GeV/c2. The
≈ 1 GeV/c2 mass separation is also predicted from lattice QCD calculations.

Lattice QCD calculations provide our most accurate estimate to the masses of hybrid mesons.
But while these calculations have progressively improved, they are still limited by a number of
systematic effects. The most significant of these is that nearly all calculations to date have been
performed in the quenched approximation. In addition to this, the calculations are made with
varying quark masses, and then extrapolated to the light-quark limit. Based on these uncertainties
in the calculations and extrapolations, the overall uncertainties in predictions are at the 10 to 20%
level at best. Thus a discovery experiment needs to maximize the range of mass sensitivity.

2.1 The 1−+ exotic hybrid mass

One of the earliest predictions for hybrids comes from the flux-tube model in which all eight
hybrid nonets are degenerate with a mass of about 1.9 GeV/c2. Lattice QCD calculations however
consistently show that the exotic 1−+ nonet is the lightest. Table 1 lists lattice QCD predictions
made over the last several years. These results fall in the range of 1.8 to 2.1 GeV/c2, with an
average about in the middle of these numbers. When it is available in the publication, we report
the mass of the ss̄ state in addition to the light-quark state.

Author 1−+ Mass (GeV/c2)
Collab. Year Ref. uū/dd̄ ss̄
UKQCD (1997) [2] 1.87 ± 0.20 2.0 ± 0.2
MILC (1997) [3] 1.97 ± 0.09 ± 0.30 2.170 ± 0.080 ± 0.30
MILC (1999) [4] 2.11 ± 0.10 ± (sys)
SESAM (1998) [5] 1.9 ± 0.20
Mei& Luo (2003) [6] 2.013 ± 0.026 ± 0.071
Bernard et al. (2004) [7] 1.792 ± 0.139 2.100 ± 0.120

Table 1: Recent results for the light-quark 1−+ hybrid meson masses.
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Decay Modes of Hybrid Mesons

Decay Modes

Selection rule (though not absolute):  the hybrid meson cannot transfer its angular momentum to the final 
state meson pairs as relative angular momentum, but instead to the internal angular momentum.

favored modes: b1π, f1π, a2π, . . . suppressed modes: ρπ, ηπ, . . .

The more complicated nature of the favored modes may explain why they might not have been detected.

Examples:

(b1π)+ → ωπ
0
π

+
→ π

+
π
−

π
0
π

0
π

+

(b1π)+ → ωπ0π+
→ π0γπ0π+

(a2π)+ → (π+
π

+
π
−)π0 or (π+

π
−

π
0)π+

(a2π)+ → (ηπ
+)π0 or (ηπ

0)π+

η → 2γ or → 3π
0

or π
+
π
−

π
0

check various modes to certify
PWA results



Have Exotic Hybrids Been Observed?

π1(1400) → ηπ

π1(1600) → ρπ

π1(1600) → η
′
π
−

π1(2000) → b1π

π1(2000) → f1π

Observed in the charged mode by E852 and confirmed
by Crystal Barrel in charged/neutral modes.  P-wave observed
in neutral mode but not resonant.  This state is controversial.

Large P-wave present but not clear if it is resonant.  
Reported by E852.

Reported by E852.  Statistics are relatively low and
confirmation is needed.

Reported by E852.  Statistics are relatively low and
confirmation is needed.

Hint of an exotic signal in the       mode based on an analysis
of 250K                 events.  A recent analysis of 3M
and               events (each) shows no exotic.  More on this...

π
+
π
−

π
−

π
+
π
−

π
−

π
0
π

0
π
−

ρπ

All of the following are reports of                       exotics J
PC

= 1
−+



Production of Hybrid Mesons

produced hybrids 
are not expected to be exotic

produced hybrids 
can be exotic

γ

N N

Xπ

N

(K)

N

X

excite the
flux tube

J
PC

= 1
+−

or 1
−+Combine excited glue QN                                  with those of the quarks:

J
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= 1
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or 1
++

JPC
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JPC
= 0

+−, 1−+, 2+−
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Strategy for Hybrid Meson Discovery

 •  Have a meson mass reach up to 2.5 GeV. 

 •  Be sensitive to a wide variety of decay modes needed to certify
  the PWA results and to compare with LQCD predictions.

 •  Initially focus on hybrids with exotic J, P and C quantum numbers 
  thus avoiding ambiguities from mixing with conventional mesons.

 •  Use a photon probe as suggested by previous arguments.

 •  Optimize the detector, the probe and the analysis tools (software
  and phenomenology) to carry out a partial wave analysis (PWA) 
  needed to unambiguously identify the meson quantum 
  numbers.

 •  Identify several members of a given exotic nonet and establish
  more than one exotic nonet.

 •  Data from photoproduction of light-quark mesons are sparse
  highlighting the importance of this venue for searches.



Requirements for Hybrid Meson Discovery Will Be 
Met by the Upgrade

 •  Photon beam with sufficient energy for the mass reach.
  – 9 GeV photons ideal.

 •  Linearly polarized photons of a degree and flux needed for the PWA.
  – Using coherent bremsstrahlung this implies 12 GeV electrons with the
   appropriate emittance, spot size and duty-factor.

 •  Detector optimized for PWA and detecting a variety of decay modes.
  – The GlueX detector design optimizes:
    (1) hermeticity
    (2)  energy and momentum resolution
    (3)  particle identification
    (4)  data rate
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Start with resonances of same width and production cross-sections.  The final yield
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X → a + b

assume that X decays into two spin-less mesons: a and b
and that e is also spin-less

Y ±m
! (θ,φ) = Y ±1

! (θ,φ) ∝ P!(cos θ)e±φ

ee

b

a

θγ

γ

pt pr

X

t

s quantization axis  

m determined by polarization of photon

For circularly polarized photons: m = +1 or m = –1 W (θ,φ) ∝ |P!(cos θ)|2

For unpolarized photons: 
     equal mixture of m = +1 and m = –1 W (θ,φ) ∝ |P!(cos θ)|2

For x - linear polarization:  W (θ,φ) = |Y +1
!

− Y −1
!

|2 ∝ |P!(cos θ)|2 sin2 φ

W (θ,φ) = |Y +1
!

+ Y −1
!

|2 ∝ |P!(cos θ)|2 cos2 φFor y - linear polarization:  

Linear Polarization
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N:   JP =  0+,  1–, 2+, ...

U:   JP =  0–,  1+, 2–, ...

Exotic Production:
Takes place via unnatural (U) parity exchange
Diffractive Production:
Through natural parity (N) exchange

Charge exchange !0"¿ photoproduction and implications for searches for exotic mesons
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We analyze the processes #! !p→$0%!n at low momentum transfer focusing on the possibility of the

production of an exotic JPC"1#! meson state. In particular we discuss polarization observables and conclude

that linear photon polarization is instrumental for separating the exotic wave.
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I. INTRODUCTION

Mesons with unusual quantum numbers play an important

role in studies of strong QCD and in understanding the na-

ture of the effective, low energy degrees of freedom. Since,

due to their exotic quantum numbers, such mesons cannot be

described in terms of the valence quarks alone, they in prin-

ciple give access to the dynamics of the nonvalence degrees

of freedom thus allowing for studies of strong QCD which

go beyond the static QQ̄ confinement. Recently significant

progress has been made in lattice studies of such states and

several new models have been developed. In these models

the unconventional structure of exotic mesons is typically

associated with dynamical gluons and lattice gives predic-

tions for the spectrum of gluonic excitations in the presence

of static QQ̄ sources. In particular the numerical simulations

lead to a series of effective, ‘‘excited’’ QQ̄ adiabatic poten-

tials significantly different from that of the ground state

‘‘Coulomb!linear.’’ These higher adiabatic potentials arise
from gluonic filed configurations which have symmetries

distinct from that of the ground state &1'. The adiabatic po-
tentials can then be used to predict the spectrum of hybrids

with heavy quarks.

The structure of hybrids containing light quarks is less

known. Lattice simulations estimate the mass of the ground

state 1#! state in the range 1.9–2 GeV &2' but unlike the
case of heavy hybrids there is not much information avail-

able yet about their structure &3'. A number of models have
been proposed to address this issue. They primarily differ in

the treatment of the gluonic degrees of freedom. There are
models which describe gluons as quasiparticles i.e., in a
similar way to the constituent quarks &4', other, such as the
flux tube model &5' associate gluons with collective excita-
tions of a nonrelativistic string as an approximation to the

dynamics of the chromoelectric flux between the QQ̄ pair.
Finally in the bag model spectrum of the perturbative gluon
field inside the bag is obtained by imposing boundary con-
ditions on the bag surface &6'. All these models lead to mod-
est differences in the predictions for the spectrum and decay
pattern of exotic mesons. Future precision data on hybrid
production will help to discriminate between them and give

insight into the nonperturbative dynamics of the gluonic

field.

The experimental studies have not yet resulted in an un-

ambiguous spectrum of exotic mesons &7'. Nevertheless a
number of strong candidates have been established. The most

recent published analysis of the data from the E852 Collabo-

ration at BNL indicates a presence of an exotic JPC"1#!

signal in the $% channel of the reaction %#p→$0%#p

→%!%#%#p &8'. The charged P-wave, ($%)$ channel is

particularly useful for exotic searches since it has G"(#)
and therefore in the absence of a I"2 meson state !which by
itself would be interesting", belongs to an isovector multiplet
and therefore has exotic quantum numbers. The 3% mass

spectrum !from $0%$→%!%#%$) is dominated by the

a1(1270), a2(1320) and %2(1670) mesons. As discussed in

Ref. &8' the exotic wave was extracted through partial wave
analysis and a state with mass of 1593$8#47

!29 MeV and

width ("168$20#12
!150 MeV was found to have a resonant

behavior.
To the best of our knowledge the only photoproduction

experiment claiming a possible exotic signal was performed
at the SLAC bubble chamber with laser backscattered 30
GeV electrons producing linearly polarized photons with an
average energy E#"19.5 GeV &9'. The measured 3% mass
spectrum looks somewhat different from that produced with
the pion beam. Below M 3%)1.5 GeV it is still dominated by
the a2 resonance but there is no clear indication of the a1. At
higher mass a narrow pick at M 3%)1.8 GeV is seen, rather
different from the %2 seen by the E856 Collaboration. A
theoretical study of the cross section for the photoproduction
of a 1#! exotic was performed in &10' in a flux-tube model
and finds it to be of the order of 0.5 *b. This is close in
magnitude to the cross section of the a2(1320), and thus in
principle, in photoproduction exotic mesons could be pro-
duced at a rate similar to the production of other, nonexotic
states &11'.
As we discuss below the observed photoproduction spec-

trum is consistent with theoretical expectations. In particular,
with realistic parameters for an 1#! exotic state we find that
a signal from such a state could stand out above the %2 peak
in the 3% mass spectrum. Furthermore we discuss the impor-
tance of linear photon polarization in the partial wave analy-
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!150 MeV was found to have a resonant

behavior.
To the best of our knowledge the only photoproduction

experiment claiming a possible exotic signal was performed
at the SLAC bubble chamber with laser backscattered 30
GeV electrons producing linearly polarized photons with an
average energy E#"19.5 GeV &9'. The measured 3% mass
spectrum looks somewhat different from that produced with
the pion beam. Below M 3%)1.5 GeV it is still dominated by
the a2 resonance but there is no clear indication of the a1. At
higher mass a narrow pick at M 3%)1.8 GeV is seen, rather
different from the %2 seen by the E856 Collaboration. A
theoretical study of the cross section for the photoproduction
of a 1#! exotic was performed in &10' in a flux-tube model
and finds it to be of the order of 0.5 *b. This is close in
magnitude to the cross section of the a2(1320), and thus in
principle, in photoproduction exotic mesons could be pro-
duced at a rate similar to the production of other, nonexotic
states &11'.
As we discuss below the observed photoproduction spec-

trum is consistent with theoretical expectations. In particular,
with realistic parameters for an 1#! exotic state we find that
a signal from such a state could stand out above the %2 peak
in the 3% mass spectrum. Furthermore we discuss the impor-
tance of linear photon polarization in the partial wave analy-
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a1(1270), a2(1320) and %2(1670) mesons. As discussed in

Ref. &8' the exotic wave was extracted through partial wave
analysis and a state with mass of 1593$8#47

!29 MeV and

width ("168$20#12
!150 MeV was found to have a resonant

behavior.
To the best of our knowledge the only photoproduction

experiment claiming a possible exotic signal was performed
at the SLAC bubble chamber with laser backscattered 30
GeV electrons producing linearly polarized photons with an
average energy E#"19.5 GeV &9'. The measured 3% mass
spectrum looks somewhat different from that produced with
the pion beam. Below M 3%)1.5 GeV it is still dominated by
the a2 resonance but there is no clear indication of the a1. At
higher mass a narrow pick at M 3%)1.8 GeV is seen, rather
different from the %2 seen by the E856 Collaboration. A
theoretical study of the cross section for the photoproduction
of a 1#! exotic was performed in &10' in a flux-tube model
and finds it to be of the order of 0.5 *b. This is close in
magnitude to the cross section of the a2(1320), and thus in
principle, in photoproduction exotic mesons could be pro-
duced at a rate similar to the production of other, nonexotic
states &11'.
As we discuss below the observed photoproduction spec-

trum is consistent with theoretical expectations. In particular,
with realistic parameters for an 1#! exotic state we find that
a signal from such a state could stand out above the %2 peak
in the 3% mass spectrum. Furthermore we discuss the impor-
tance of linear photon polarization in the partial wave analy-
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Unpolarized or circular polarized photons cannot 
distinguish between U and N.

With longitudinal polarization one can distinguish by selection based on the angle the polarization 
vector makes with the production plane.

Linear Polarization
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Coherent Bremsstrahlung
provides linear polarization and with collimation reduces
 backgrounds from low-energy incoherent photons

12 GeV electrons



Ideal Photon Beam Energy
Based on:
	 - meson yield for high mass region
	 - maintain sufficient beam flux/polarization
	 - separate baryon from meson resonances
	 - assume 12 GeV electrons

γp → πρN



Need for 12 GeV electrons

9 GeV photons ideal  for the meson mass reach and is well-matched to solenoidal detector.

Keep the photon energy fixed at 9 GeV and vary
the energy of the electron beam to understand the figure of merit.

Conclusion:  
 12 GeV electrons essential

electron energy: 10 GeV 11 GeV 12 GeV

Photon flux in peak
(million per sec) 32 67 100

Average degree of
polarization 0.08 0.24 0.37

Figure of merit relative to 
12 GeV 0.015 0.263 1.0

total hadronic rate fixed at 370 kHz



Exotic Hybrid in the 3π System? - E852
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Correlated  angular distributions  for representative partial waves
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New Analysis 
 The 1998 analysis based on 250K events of reaction (a).  New analysis
 is based on 3M events each of reactions (a) and (b).  The two modes 
 provide important cross-checks.
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PWA Has A Large Dynamic Range
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Moments and PWA 
Moments provide an arbiter for wave set sufficiency

H(LMN) =

∫
I(Ω)DL

MN (Ω)dΩ

compare  moments calculated 
from data and  from PWA

 Number of waves used in
 old analysis - 21 waves
 (low-wave set)

 Number of waves used in
 new analysis - 35 waves
 (high-wave set)

 Agreement with moments
 better with high wave set.
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1

n

n∑

i

(HD − HP )2

σ2

D
+ σ2

P



Results of the New Analysis
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 •  Wave set that has a better agreement with moments does
  not show evidence for the exotic meson.



What Have We Learned From E852?

 •  The PWA reliably extracts resonances with cross sections that
  differ by factors of 50 to 100.  Line shapes and relative phases 
  are understood.

 •  High statistics and cross checks provided by different decay
  modes are important in establishing states with lower 
  cross sections - as with the recent higher statistics analysis
  of the        system in two modes.3π

 •  E852 data are providing an important test bed for understanding
  the PWA and its phenomenological underpinnings.

 •  GlueX will have:
  - superior acceptance and resolution
  - a probe (photon) expected to yield exotic hybrids
  - statistics that exceed E852 by several orders of magnitude



Design is mature:

 -  based on 6 years of optimization
  and R&D on subsystems

 -  well matched to 9 GeV 
  photon beam

GlueX Detector



Acceptance in Decay Angles
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Recall the rich structure in these angles for various partial waves
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Data and Analysis Plans

 •  GlueX will collect about 1 PetaByte/year.

 •  After 3-4 years of initial running GlueX will collect statistics that
  will exceed existing data on light-meson production by 
  several orders of magnitude.

 •  Software tools to handle these data sets are being developed.
  We will make extensive use of GRID-based tools as they become
  available.

 •  We are also working closely with physicists at CLEO-c (searching
  for glueballs in              radiative decays) - to develop  techniques
  to unambiguously identify gluonic excitations.  A white paper
  is in preparation.

J/ψ



In the first 5 years....

 •  GlueX will establish the existence of a
  exotic in several modes if it is present at a level of
   a few % of conventional mesons.  If exotics are not 
  present - the few % level will be the exclusion limit - 
  enough to present problems for QCD as we know it.

J
PC

= 1
−+

or 2
+−

 •  GlueX will measure branching modes for established exotic
  states to validate QCD predictions.  

 •  GlueX will establish other exotic hybrid states and nonets along
  with non-exotic hybrids.

In the next 5 years....

 •  GlueX will also add to the knowledge of conventional
  meson spectroscopy especially strangeonium states that
  straddle the light and heavy quark sectors.  



Conclusions

 •  Mapping the spectrum of hybrid mesons provides the critical
  experimental information needed to answer a fundamental 
  question:  the nature of confinement in QCD.

 •  Advances in science follow advances in technology and the
  recent advances in detectors/readout, computational power,
  diamond wafers (for coherent bremsstrahlung) put us in 
  a position to achieve the experimental goals.

 •  With the upgrade of CEBAF to 12 GeV - coupled with the superb
  electron beam characteristics -  JLab will be in a unique position
  to discover and map the spectrum of hybrid mesons.


