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Physics Goals of GlueX
The goal of the GlueX experiment is to map out the 
spectrum of exotic hybrid mesons in the light quark 
sector.  The experimental information about this 
spectrum is essential in addressing one of the 
fundamental issues in physics:

A detailed understanding of the nature of the 
confinement of quarks and gluons in QCD.

 •  use linearly polarized 9 GeV photons produced via coherent bremsstrahlung
  from 12 GeV electrons;

 •  use a detector optimized to carry out an amplitude analysis of multi-particle 
  exclusive reactions; and

 •  collect high-quality, high-statistics data needed to identify the quantum numbers,
  masses and decay modes of meson resonances.

To meet this goal, GlueX will: Thanks to Derek Leinweber
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Flux Tube Model
•  The flux tube model provides us with a framework within which we can understand 
gluonic excitations and their properties.

•  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.

•  With the flux tube is in its ground state - conventional mesons occur.  
When the flux tube is excited,  hybrid mesons result. The transverse 
vibrations, with static quarks, leads to a natural level spacing of 1 GeV above 
the ground state.

π/r ≈ 1 GeV

PAC30 - GlueX Phenomenology - J. Dudek

Models of Gluonic Excitations

! the flux-tube model has historically dominated the field

! has a rather complete phenomenological coverage

! mass spectrum estimates (Isgur & Paton)

! hadronic decay widths (Isgur, Kokoski, Close, Page ...)

! photocouplings (Close & JJD)
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!1 # ! b1

!1 # ! %~•  The ‘S+P’ selection rule for hybrid decays leads to complicated decay 
modes of hybrids - which could explain why they have not been seen 
earlier.

•  The quantum numbers of the excited flux tube, when combined with those of the 
quarks can lead to exotic quantum numbers.
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Flux Tube Notions Supported by LQCD

•  Flux tubes lead to a linear, confining potential.

•  More on flux tubes and LQCD will come in the talk by Jo Dudek.
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Conventional and Hybrid Mesons

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

PC

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

PC

u d
s

I3

S

I=1, S=0 I=0, S=0

I=1/2, |S|=1

!J = !L + !S

P = (−1)L+1

C = (−1)L+S

JPC
= 0

−−, 0+−, 1−+, 2+−

these exotic combinations not allowed:q̄

q

!L
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Nonets of Conventional Light Quark Mesons

- using assignments from Quark Model Review - 2006 PDG  WWW pages 
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Nonets of Conventional Light Quark Mesons

- using assignments from Quark Model Review - 2006 PDG  WWW pages 
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Nonets of Conventional Light Quark Mesons

- using assignments from Quark Model Review - 2006 PDG  WWW pages 
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Hybrid and Glueball Masses
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JPC = 1−+

State Processes

π1(1400)→ ηπ

π1(1600)→ η′π

π1(1600)→ ρπ

π1(1600)→ b1π
π1(1600)→ f1π

π1(2000)→ f1π

π1(2000)→ b1π

π−N Interactions

π−N Interactions
p̄N Annihilations

Evidence for Exotic Hybrids

These states are not without 
controversy.  Amplitude analysis 
issues include:

•  possible leakage due to 
acceptance or insufficient wave 
sets

•  interpretation of line shapes 
and phases
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(a) Choice of the !! S-wave parametrization. Extensive

studies have been made to test the stability of this result with

respect to the assumptions made in the PWA analysis. First,

the impact of the particular choice of the !! S-wave isobar

parametrization on the 1!" signal was studied. The intensity

of the 1!""#$P1" wave and its phase difference with the

strongest at the 1.6 GeV/c2 2!"" f 2$S0
" wave is shown in

Fig. 20 for two different PWA fits: with the Au-Morgan-

Pennington parametrization of the !! S-wave %our preferred
fit&, and with the simple Breit-Wigner parametrization of the
f o states. While there are small changes in the shape of the

!1(1600) signal %especially at low mass&, a similar two-peak
structure in the intensity and a similar phase motion are ob-

served in all fits. We conclude that a particular choice of the

f o isobars parametrization does not qualitatively change the

resonance behavior of the 1!" wave at 1.6 GeV/c2.

(b) Study of the t-dependent effects. The implication of

fitting the data in a wide interval of the momentum transfer t

was also investigated. Strictly speaking, a spin-density ma-

trix should have a limited rank %as assumed in our model&
only at a fixed value of t. To study possible consequences of

such an assumption, a PWA fit was done in limited intervals

of t. As an example, Fig. 21%a& shows the exotic wave inten-
sity for the 0.05#!t#0.15 (GeV/c)2 momentum transfer

interval. The !1(1600) state is still clearly observed. To fur-

ther study the t-dependence, the data at 1.6 GeV/c2 were

fitted as a function of t in 0.1 (GeV/c)2 t-bins. The M$0
1"""#$S0" and 2!"" f 2$S0

" waves "Figs. 22%a,b&$ follow
the e!b!t! dependence which is common for the helicity 0
exchange waves. On the other hand, partial waves with non-

FIG. 18. Wave intensities of the 1!""#$P exotic waves: %a& the
M '$0! and 1! waves combined; %b& the M '$1" wave. The 21-

wave rank-1 PWA fit to the data is shown as the points with error

bars and the shaded histograms show estimated contributions from

all non-exotic waves due to leakage.

FIG. 19. Phase difference between the

1!""#$P1" wave and %a& the 0!"" f o(980)$S0
"

wave; %b& the 0!""($S0" wave; %c& the

0!""#$P0" wave; %d& the 1"""#$S0" wave; %e&
the 1"""#$D0" wave; %f& the 1"""#$S1"

wave; %g& the 2"""#$D1" wave; %h& the

2!""#$P0" wave; %i& the 2!"" f 2$S0
" wave; %j&

the 2!"" f 2$D0
" wave; %k& the 2!"" f 2$S1

"

wave; %l& the 2!"" f 2$D1
" wave.

EXOTIC AND qq̄ RESONANCES IN THE !"!!!! SYSTEM . . . PHYSICAL REVIEW D 65 072001

072001-11

Data Supporting π1(1600)→ ρπ

S. U. Chung et al, Phys. Rev. D65 (2002) 072001

to the parameters of the 1!" state. In the unnatural parity

sector, the M !#1! wave exhibits very strong model depen-

dence, almost disappearing in the fits with larger numbers of

partial waves. The M !#0! wave is more stable but it peaks

above 1.7 GeV/c2—significantly higher than the "1(1600)

state in the natural parity exchange. We note that Ref. #8$,
which is based on the 3" data obtained at about twice as

high beam energy than in our experiment, claims to see no

significant intensity in the unnatural parity sector. This can

be understood in terms of Regge phenomenology in which

cross sections for unnatural parity exchanges %for example,
b1 or f 1 exchanges& are expected to fall rapidly with energy.
We find that a combined contribution of all unnatural parity

waves already at 18 GeV/c is no more than 1–5% of the

total intensity. As a result, there are no significant waves in

the unnatural parity exchange sector with which to conduct

phase studies of the 1!" signal. Without such a study, the

nature of the 1!" waves in the unnatural parity exchange

sector remains unclear.

The phase study is possible in the natural parity exchange

sector. To conduct such a study and to determine the reso-

nance parameters of the 1!" state, a series of two-state '2

fits of the 1!"#($P1" and 2!"# f 2$S0
" waves as a func-

tion of mass was made. The latter wave was chosen as an

anchor because it is a major decay mode of the "2(1670),

the only well-established resonance in the vicinity of

1.6 GeV/c2. An example of such fits is shown in Fig. 24.

This plot corresponds to the 21-wave rank-1 PWA fit. The '2

function of the fit is '2#)Y i
TEi

!1Y i , where Y i is a

3-element vector consisting of the differences between mea-

sured and parametrized values for the intensities of both

waves and the phase difference between them in the mass bin

i, and Ei is a 3$3 error matrix for these values calculated
through Jacobian transformation from the error matrix of

production amplitudes found in the maximum likelihood fit.

Both waves are parametrized with relativistic Breit-Wigner

forms including Blatt-Weisskopf barrier factors. In addition

to Breit-Wigner phases, a production phase difference which

varies linearly with mass is assumed. The fit shown in Fig.

24 yields '2#25.8 for 22 degrees of freedom, with the pro-
duction phase difference between the two waves being al-

most constant throughout the region of the fit. The mass and

width of the "1(1600) state found in this fit are

1593 MeV/c2 and 168 MeV/c2 correspondingly. If instead

the 1!" wave is assumed to be non-resonant %with no phase
motion&, then the fit has '2#50.8 for 22 degrees of freedom,
and requires a production phase with a slope of

7.6 radians/(GeV/c2). Such rapid variation of the produc-

tion phase makes a non-resonant interpretation of the 1!"

wave unlikely. Attempts to use a constant production phase

in a non-resonant case result in a totally unacceptable fit with

'2/degree of freedom#396.6/23.
We choose this PWA fit %21-wave rank 1& as the basis for

quoting the "1(1600) mass and width because it gives a

satisfactory description of all observables %moments, angular
distributions, Dalitz plots, etc.& using the minimal number of
free parameters among all acceptable PWA fits. The system-

atic errors on the "1(1600) resonance parameters were esti-

mated by fitting the PWA results obtained for different sets of

partial waves and different rank of the PWA fit. Different

"2(1670) and "(1800) waves were used as anchor waves in
these fits. In some of them, the "1(1600) was found to be

much broader than in our preferred fit resulting in an unusu-

ally large upper systematic error which we assign to the

"1(1600) width. The fitted mass and width of the 1
!" state

are

M#1593%8!47
"29 MeV/c2,

%24&
*#168%20!12

"150 MeV/c2.

The error values correspond to statistical and systematic un-

certainties, respectively.

Our recent analysis of the +!"! state #7$ confirmed the
existence of the "1(1600) exotic meson. In this channel, the

following "1(1600) parameters were obtained: M#1597
%10!10

"45 MeV/c2, *#340%40%50 MeV/c2. A combined

fit of the PWA results for the +!"!, (" and b1(1235)"
channels was done by the VES group for their data #8$. They
conclude that a broad 1!" state is seen in all three decays

with comparable branching ratios. They quote the following

"1(1600) parameters: M#1560%60 MeV/c2, *#340
%50 MeV/c2. Large error bars allow these measurements to
be consistent with each other. A search for the "1(1600)

exotic meson in other channels is necessary to determine its

width with a better precision.

V. SUMMARY AND CONCLUSIONS

The main results of this paper are summarized in Table II

and below.

FIG. 24. A coupled mass-dependent Breit-Wigner fit of the

1!"#((770)$P1" and 2!"# f 2(1270)$S0
" waves. %a&

1!"#((770)$P1" wave intensity. %b& 2!"# f 2(1270)$S0
" wave in-

tensity. %c& Phase difference between the 1!"#((770)$P1" and

2!"# f 2(1270)$S0
" waves. %d& Phase motion of the

1!"#((770)$P1" wave %1&, 2!"# f 2(1270)$S0
" wave %2&, and the

production phase between them %3&.

S. U. CHUNG et al. PHYSICAL REVIEW D 65 072001

072001-14

π−p→ π−π−π+pBased on 250K events of the reaction:

E852
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Amplitude Analysis of the 3π System

I(m3π, t, τ) = η(τ)
∑

ε

∣∣∣∣∣
∑

b

aε
b(m3π, t)Aε

b(τ)

∣∣∣∣∣

2

observed intensity

τ = {θGJ ,φGJ , θH ,φH ,mππ}kinematic variables

acceptance production

spin variables: J, M, S

decay

The analysis is based on the isobar model that assumes an intermediate 2π resonance
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distribution in 3! mass was uniform from 3m! to
2:5 GeV=c2. The 2! masses were chosen to uniformly
populate the 3! Dalitz plot at fixed 3! mass and the
distributions in the relevant decay angles were also gen-
erated uniformly.

The response of each detector component to a charged
pion or photon from !0 decay was simulated along with
relevant smearing of momenta or energies. The detector
responses were used as input to the same software used to
reconstruct tracks and photons from actual data. The output

was then passed on to the kinematic fitting software. The
cuts summarized in Tables I and II were then imposed on
the simulated event samples.

The acceptance as a function of 3! effective mass, for
both neutral and charged modes, is shown in Fig. 10(a).
The acceptance as a function of t for both modes is shown
in Fig. 10(b). The mass resolution "m as a function of 3!
effective mass and t resolution "t, as a function of t for
both modes is shown in Fig. 10(c) and 10(d), respectively.

Figures 11(a) and 11(b) show the comparison between
the acceptance-corrected !!!0!0 and !!!!!" mass
distributions for two regions in t, t1, and t8 (defined in
Table III).

III. PWA METHODOLOGY

A. Overview

The production of the #3!$! system in the reaction
!!p ! #3!$!p is described as a coherent and incoherent
sum of partial wave amplitudes. The production through
one such partial wave amplitude, assuming the isobar
model, is shown schematically in Fig. 12. The state X
described by the partial wave decays at point 1 into a di-
pion resonance R!! (also referred to as the isobar) and a
bachelor ! followed by the decay of the di-pion resonance

(a) (b)

FIG. 8 (color online). Uncorrected #3!$! mass distribution for
the (a) neutral mode and (b) charged mode for three t regions: t1,
t6, and t8 as defined in Table III.

(a) (b)

(c) (d)

FIG. 9. Uncorrected 2! mass distributions for selected regions of the 3! effective mass. (a) !!!0 mass in the a2 region; (b) !0!0

mass in the !2 region; (c) !!!" mass in the a2 region; and (d) !!!" mass in the !2 region.

PARTIAL WAVE ANALYSIS OF THE !!!!!" AND !!!0!0 . . . PHYSICAL REVIEW D 73, 072001 (2006)

072001-7
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π−p→
π−π−π+p

π−π0π0p

(1)  2.6 M events
(2)  3.0 M events

Raw Data for the 3π System
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Revisiting π1(1600)→ ρπ

A new analysis of E852 data based on larger statistics and two different 3π modes comes to another
conclusion.  This new analysis is similar to the previous analysis but included additional waves.

π−p→
π−π−π+p

π−π0π0p

(1)  2.6 M events
(2)  3.0 M events

Conclusion:  Structure in the exotic wave disappears when one includes additional 
waves  corresponding to decays  of the π2(1670)

Low-wave set is the same as
in the earlier E852 analysis while
the high-wave set includes
additional waves.

A. R. Dzierba et al, Phys. Rev. D73 (2006) 072001
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What to Conclude from Existing Evidence?

•  Evidence is tantalizing but not strong.

•  Hermeticity and excellent resolution are needed to 
  eliminate  experimental biases.

•  Assumptions in amplitude analyses must be well 
  understood and controlled.

•  Perhaps pions are not the optimal probe for producing 
  exotic hybrids.
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Production of Exotic Hybrids with Photons
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 •  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

Requirements for Exotic Meson Discovery
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mX  [GeV/c2]

mo  = 2.5 GeV/c2 mo=2.8 GeV/c2

mX  [GeV/c2]

Eγ = 10 GeV

Eγ = 10 GeV

9 GeV

9 GeV

8 GeV

8 GeV

γ

pt pr

X

t

s

N(mX) = A · BW (mX) · e−8|t|

dN

dmX

Line Shape & Yield

Variation of  t        as a function of 
meson mass and photon energy:  
 •  affects production rate 
 •  line shape (if t       varies 
rapidly across width of resonance)

min

min
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Linear Polarization

X → a + b

ee

b

a

θγ

γ

pt pr

X

t

s quantization axis  

m determined by polarization of photon

Y ±1

! (θ, φ) ∝ P!(cos θ)e±iφ

Only linearly polarized photons
provide azimuthal angle dependence.

γ

pt pr

X

e
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

Only linearly polarized photons
can distinguish between U and N.



GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 20

collimated

ta
gg

in
g 

ra
ng

e

uncollimated

provides linear polarization and with collimation reduces
 backgrounds from low-energy incoherent photons

12 GeV electrons

Coherent Bremsstrahlung
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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

Need for 12 GeV Electrons
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Design is mature:
 -  based on 6 years of optimization
  and R&D on subsystems
 -  well matched to 9 GeV 
  photon beam

GlueX Detector
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Acceptance

Excellent and well understood 
acceptance is essential for the 
amplitude analysis to succeed

Structure associated 
with a  particular 
partial wave:

Acceptance for a 
particular reaction:



GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 25

Run Plan for the First Two Years of Beam Time

•  Detector Commissioning (first six months)
  – preceded by several months of pre-beam commissioning

•  Exotic Hybrid Search (second year)
  – concentrate on favored channels

•  Physics Commissioning (next six months)
  – duplicate existing measurements of
    • density matrices of vector mesons
    • properties of the well established a (1320)2
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Rate Estimates
107 γ/s beam flux & 30-cm LH  target2Assume:

Leads to: σ = 1 µb⇒ 12.6 Hz

Yield per month assuming 30% efficiency: 10M events

Meson

20 2 0.4

Modes

ρ ω φ

σ(µb)

π+π− π+π−π0

π0γ
ηγ

K+K− KLKS

π+π−π0

Vector Mesons:  Measure spin-density matrices
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Modes of the a (1320)2

•  A well-established meson

•  Cross section: γp→ a+
2 n ≈ 1 µb

•  Modes:

Mode

B. R. (%) 70 15 5 0.5

(ρπ)+ ηπ+ K+KS π+η′

η → 2γ;π+π−π0; 3π0

KS → π+π−; π0π0

η′ → ηπ+π−; ηπ0π0; ργ

•  Final States:
(ρπ)+ → π+π+π−; π+π0π0
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Initial Exotic Hybrid Search Modes

a2 → ηπ

ρ→ 2π

b1 → ωπ

So the final states
of interest include:

(3π)+n

(η2π)+n

(ω2π)+n

(3π)0p

(η2π)0p

(ω2π)0p

σ ≈ 10 µb

σ ≈ 0.2 µb
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Beam Requirements

During initial running, the requirements placed on the beam into Hall D 
will steadily increase until we reach those necessary for physics running.

GlueX Beam Requirements

The Requirements on The Delivered Beam

During initial running, the requirements placed on the beam into HallD
will steadily increase until we reach those necessary for physics running.

Engineering Initial Hybrid
Running Physics Searches

Min. Energy 10 GeV 11 GeV 12 GeV
Min. Current 1 nA 1 nA 1 nA
Avg. Current 1− 300 nA ∼ 300 aA 0.3− 3 µA
Max. Emitance 50 mm·µr 20 mm·µr 10 mm·µr
Max. Energy Spread < 0.5% < 0.5% < 0.5%
Max. Halo Fraction < 10−4 < 10−5 < 10−5

Max. e− Polarization unspecified unspecified < 1%

Minimum current is required for beam-line setup. Average current is required for

normal running and is expected to vary in engineering. The rate during hybrid

searches is dependent on the level-3 trigger in GlueX.

Curtis A. Meyer (CMU) GlueX Physics August 2006 12 / 16
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Conclusions

• The upgraded CEBAF and GlueX detector place us in a 
unique position to discover and map the exotic spectrum.

• The detector design is mature and optimized for this 
search.

• Expertise exists within the collaboration to carry out 
the analysis and work is in progress to develop the 
necessary analysis tools and underlying phenomenology.

• If exotic mesons exist - we will find them.  And if they 
don’t exist - we won’t “find” them.


