
Mapping Hybrid Mesons & Confinement in QCD
Outline:

1.  What are hybrid mesons and how is their spectroscopy related 
to understanding confinement in QCD.

2.  Why producing mesons with linearly polarized photons is 
expected to be rich in exotic hybrid mesons.

3.  Why 9 GeV photons will be sufficient for the required mass 
reach and why electrons of 12 GeV in energy are essential.

4.  Why an amplitude analysis is required to identify exotic hybrid, 
non-exotic hybrid and conventional meson nonets.

5.  Why a solenoidal-based spectrometer with excellent 
acceptance, resolution and particle identification is required to do 
the spectroscopy.

6.  Status of the GlueX project.
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different physical quantities. The right panel shows re-
sults from QCD simulations that include realistic vacuum
polarization. These nine results agree with experiment to
within systematic and statistical errors of 3% or less—
with no free parameters.

The quantities used in this plot were chosen to test
several different aspects of LQCD. Our results for f! and
fK are sensitive to light-quark masses; they test our
ability to extrapolate these masses to their correct values
using chiral perturbation theory. Accurate simulations
for a wide range of small quark masses were essential
here. The remaining quantities are much less sensitive to
the valence u=d mass, and therefore are more stringent
tests of LQCD since discrepancies cannot be due to tun-
ing errors in the u=dmass. The ! mass tests our ability to
analyze (strange) baryons, while the Bs mass tests our
formalism for heavy quarks. The b rest mass cancels in
2MBs !M", making this a particularly clean and sensi-
tive test. The same is true of all the " splittings, and
our simulations confirm that these are also independent
("1%–2%) of the sea-quark masses for our smallest
masses, and of the lattice spacing (by comparing with
r0 and r1 computed from the static-quark potential)
[12]. The "#P$ masses are averages over the known spin
states; the "#1D$ is the 13D2 state recently discovered by
CLEO [13].

Note that our heavy-quark results come directly from
the QCD path integral, with only bare masses and a
coupling as inputs—five numbers. Furthermore, unlike
in quark models or heavy-quark effective theory (HQET),
" physics in LQCD is inextricably linked to B physics,
through the b-quark action. Our results confirm that ef-
fective field theories, such as NRQCD and the Fermilab

formalism, are reliable and accurate tools for analyzing
heavy-quark dynamics.

A serious problem in the previous work was the incon-
sistency between light-hadron, B=D, and "= quantities.
Heavy-quark masses and inverse lattice spacings, for
example, were routinely retuned by 10%–20% when
going from an " analysis to a B analysis in the same
quenched simulation [14]. Such discrepancies lead to the
results shown in the left panel of Fig. 1. The results in the
right panel for !, K, !, Ds, J= , Bs, and " physics mark
the first time that agreement has been achieved among
such diverse physical quantities using the same QCD
parameters throughout.

The dominant uncertainty in our light-quark quantities
comes from our extrapolations in the sea and valence
light-quark masses. We used partially quenched chiral
perturbation theory to extrapolate pion and kaon masses,
and the weak decay constants f! and fK. The s-quark
mass required only a small shift; we estimated correc-
tions due to this shift by interpolation (for valence s
quarks) or from the sea u=d mass dependence (for sea s
quarks).We kept u=d masses smaller thanms=2 in our fits,
so that low-order chiral perturbation theory was suffi-
cient. Our chiral expansions included the full first-order
contribution [15], and also approximate second-order
terms, which are essential given our quark masses. We
corrected for errors caused by the finite volume of our
lattice (1% errors or less), and by the finite lattice spacing
(2%–3% errors). The former corrections were determined
from chiral perturbation theory; the latter by comparing
results from the coarse and fine lattices. Residual discre-
tization errors, due to nonanalytic taste violations [7]
that remain after linear extrapolation in a2, were esti-
mated as 2% for f! and 1% for fK. Perturbative match-
ing was unnecessary for the decay constants since they
were extracted from partially conserved currents. Our
final results agree with experiment to within systematic
and statistical uncertainties of 2:8%. For the nf % 0 case,
we analyzed only a % 1=8 fm, but corrected for discre-
tization errors by assuming these are the same as in our
nf % 3 analysis.

Figure 2, which shows our fits for f! and fK as func-
tions of the valence u=d mass, demonstrates that the u=d
masses currently accessible with improved staggered
quarks are small enough for reliable and accurate chiral
extrapolations, at least for pions and kaons. The valence
and sea s-quark masses were 14% too high in these
particular simulations; and the sea u=d masses were too
large —ms=2:3 and ms=4:5 for the top and bottom results
in each pair (fit simultaneously by a single fit function).
The dashed lines show the fit functions with corrected
valence s and sea u=d=s quark masses; these lines ex-
trapolate to our final fit results. The bursts mark the
experimental values. Our extrapolations are not large —
only 4%–9%. Indeed the masses are sufficiently small that
simple linear extrapolations give the same results as our

FIG. 1. LQCD results divided by experimental results for
nine different quantities, without and with quark vacuum
polarization (left and right panels, respectively). The top three
results are from our a % 1=11 and 1=8 fm simulations; all
others are from a % 1=8 fm simulations.
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The recently developed Symanzik-improved staggered-quark discretization allows unquenched
lattice-QCD simulations with much smaller (and more realistic) quark masses than previously possible.
To test this formalism, we compare experiment with a variety of nonperturbative calculations in QCD
drawn from a restricted set of ‘‘gold-plated’’ quantities. We find agreement to within statistical and
systematic errors of 3% or less. We discuss the implications for phenomenology and, in particular, for
heavy-quark physics.

DOI: 10.1103/PhysRevLett.92.022001 PACS numbers: 12.38.Aw, 11.15.Ha, 12.38.Gc

For almost 30 years, precise numerical studies of non-
perturbative QCD, formulated on a space-time lattice,
have been stymied by our inability to include the effects
of realistic quark vacuum polarization. In this Letter,
we present evidence that a milestone has been reached:
Simulations that include vacuum-polarization effects for
three light quarks are now possible. This implies that
accurate nonperturbative QCD calculations for a re-
stricted (‘‘gold-plated’’) set of quantities are achievable.
The set includes, for example, B and D meson decay
constants, mixing amplitudes, and semileptonic form
factors—all quantities of great importance in current
experimental studies of heavy quarks. The key to our
work is the use of the Symanzik-improved staggered-

quark formalism for the light quarks [1–3], which allows
us to include three dynamical light quarks in simula-
tions, with a physical strange quark mass, and u and d
quark masses that are 3–5 times smaller than in previous
studies.

Quark vacuum polarization is by far the most expen-
sive ingredient in a QCD simulation. It is particularly
difficult to simulate with small quark masses, such as
u and d masses. Consequently, most lattice-QCD
(LQCD) simulations in the past have either omitted quark
vacuum polarization (‘‘quenched QCD’’), or they have
included effects for only u and d quarks, with masses
10–20 times larger than the correct values. This results
in uncontrolled systematic errors that can be as large as
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Figure 1. The ground state static quark poten- 

tial for quenched (octagons) and 2+1 flavor (dia- 
monds) &CD, in units of TO. The solid lines are 
fits to the Coulomb plus constant plus linear form, 
fixing V&(Q) = 0. The lattice spacing is matched 
using TO. The inset expands the area shown by 
the box. 

confined to distances smaller than about 2a [8]. 
After HYP blocking the spacelike links are fur- 
ther smoothed via five cycles of APE smearing 

with SU(3) projection. 
On the thus smoothed lattices we measure the 

expectation value of the standard R x T Wilson 

loop on axis and along three different off-axis di- 
rections. These measurements yield the conven- 
tional ground state Cgf and excited state Ct’ po- 
tentials. For the II, excited state, we measured 
the expectation value of a bent loop formed by 

replacing the source and sink flux tubes of length 
R by a superposition of large “staples” of sides 
(2a, R, 2~). For example one such loop replaces 
each on-axis spacelike flux path (Ri) by paths of 
the form (2~4, R3, -2q.j) minus its reflection in 
the zz plane [9]. 

m 
0 quenched 

0 dynamical 

1 fm 2 fm 

0 1 2 3 4 5 

r/r0 

Figure 2. The excited C$ potential for quenched 
(octagons) and 2+1 flavor (diamonds) &CD, in 
units of ~0. The lattice spacing was matched us- 
ing TO. 

For the standard Wilson loop we extracted the 

usual C$ potential V&+ and its excited state 
V’ Cg+ by doing a blocked, correlated, double- 
exponential fit to the Wilson loop data: 

W(R, T) = Ccg+(R)e- k,+LR)T (1) 

+ C&,+(R)emv~g+(R)T. (2) 

For the II, potential we did only a single- 
exponential fit. 

In all cases we use the same fit ranges for both 
quenched and dynamical lattices to reduce possi- 
ble systematic errors. 

3. RESULTS 

In Fig. 1 we compare the ground state poten- 
tial on the quenched ensemble and the 2+1 fla- 

vor ensemble. Both the distance scale and the 
potential are plotted in units of ~0, and a con- 
stant has been subtracted from the potential so 
that it is zero at TO. Since TO was determined 
from this potential, the fits are tangent, at this 
point. Away from TO, the potentials have dif- 
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We are studying the effects of light dynamical quarks on the excitation energies of a flux tube between a static 

quark and antiquark. We report preliminary results of an analysis of the ground state potential and the CL+ 

and lIU potentials. We have measured these potentials on closely matched ensembles of gauge configurations, 

generated in the quenched approximation and with 2$1 flavors of Asqtad improved staggered quarks. 

1. INTRODUCTION 

Simulations with dynamical quarks have found 
that light quarks modify the heavy quark- 
antiquark potential in a number of ways [l-3]. 
At large distances they decrease the string ten- 
sion in units of the Sommer TO and ~1 parame- 
ters (defined by r2F(r) = 1.65 and 1.00, respec- 

tively) and lead eventually to string-breaking. At 
shorter distances they modify the running of the 
coupling constant, deepening the Coulomb well 
and increasing the ratio rs/ri. In this work, we 

extend these studies to some of the potentials 
with excited flux tubes. Of particular interest to 
quarkonium spectroscopy are the II, excitations 
leading to exotic Q&g hybrids [4]. 

We report results of a study in which our 
sources and sinks are optimized to create and an- 
nihilate a flux-tube state. In the presence of dy- 
namical quarks, string breaking is expected. It is 
known that in the conventional C$ channel, tran- 
sitions to the open two-meson channel are exceed- 
ingly weak, qualitatively consistent with the small 
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widths of quarkonium states above the heavy- 
light meson thresholds [5,3]. Since at present we 
do not include the open two-meson channel we do 
not expect to observe string breaking here. 

2. MEASUREMENTS 

We have measured the heavy quark potential 

on an ensemble of 283 x 96 (a M 0.09 fm) gauge 
configurations generated in the presence of 2 + 1 
flavors of Asqtad dynamical quarks of varying 

masses and a one-loop Symanzik gauge action[6]. 

The strange quark mass is set approximately to 
its physical value. Here we compare results from 
our 358-configuration quenched ensemble with 
our 495-configuration dynamical quark ensemble 
for which (m,~o)~ x 1.3. 

The configurations are first smoothed using a 
single hypercubic (HYP) blocking pass [7], a tech- 
nique that improves significantly the signal-to- 
noise ratio [8]. The blocking procedure involves 
replacing all gauge links (timelike as well as space- 
like) with an SU(S)-projected average over paths 
confined to adjacent hypercubes. Thus distor- 
tions in the result are local and expected to be 
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Excited State

LQCD is setting the stage
Now we need data
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Excite the flux tube
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Abstract

We discuss two production mechanisms of the JPC = 1−+ exotic meson, hadroproduction, using pion beams and

photoproduction. We show that the ratio of exotic to nonexotic, in particular the a2, meson-production cross sections is

expected to be by a factor of 5 to 10 larger, in photoproduction then in hadroproduction. Furthermore we show that the low-t

photoproduction of exotic meson is enhanced as compared to hadronic production. This findings support the simple quark

picture in which exotic meson production is predicted to be enhanced when the beam is a virtual QQ pair with a spin-1

(photon) rather then with a spin-0 (pion). ! 2001 Published by Elsevier Science B.V.

1. Introduction

Present understanding of confinement is still mostly

qualitative. Even though in recent years significant

progress has been made in lattice gauge studies of

QCD, the dynamics of confinement, especially in as-

sociation with light quarks, remains mysterious. Sim-

ilarly, it remains to be verified whether soft gluonic

excitations responsible for confinement are present in

the low energy resonance spectrum.

In the past few years, a number of strong candidates

for states lying outside the valence quark model spec-

trum have been reported. Examination of the scalar–

isoscalar mesons produced in pp̄ annihilation [1], cen-

tral production and J/ψ [2] radiative decays [3] indi-

cates that in the 1–2 GeV mass range there is an over-

population of states as compared to predictions of the

valence quark model. Furthermore analysis of the de-

cay patterns seems to indicate that some of these states

may have a significant non-QQ component. Since

E-mail address: aszczepa@indiana.edu (A.P. Szczepaniak).

these states can mix with the regular QQ mesons

the non-QQ components cannot be disentangled in a

model independent way. A much cleaner signatures

for non-QQ and/or gluonic excitations could come

from exotic states. By definition, these are states which

have combinations of spin, parity and charge conju-

gation quantum numbers that cannot be attributed to

the valence quark degrees of freedom, e.g., J PC =
0−−,0+−,1−+, . . . . Recently, the E852 BNL Collab-
oration has reported an exotic, resonant signal with

J PC = 1−+ in the reaction π−p → Xp at 18 GeV in

two decay channels, X → ρπ [4] and η′π [5] cor-

responding to the resonance mass of MX ≈ 1.6 GeV

and width of Γ ≈ 170 MeV and Γ ≈ 340 MeV in the

two channels, respectively. The existence of the J PC =
1−+ exotic meson below 2 GeV has been reported

elsewhere [6]. Furthermore, lattice and model calcu-

lations indicate that the lightest exotic meson indeed

should have J PC = 1−+ and mass below 2 GeV [7–9].
The exotic resonancemeasured by the E852 Collab-

oration is observed to be produced predominantly via

natural parity exchange, and so is the nearby a2(1320)

0370-2693/01/$ – see front matter ! 2001 Published by Elsevier Science B.V.
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relation yields,

(8)gVMDa2γπ =
√
4πα

fρ
Cf ga2ρπ ≈ 0.04ga2ρπ = 3.

Here Cf = 1/
√
2 = gX±ρ0π±/gXρπ . Thus for the

radiative widths we expect the VMD to be accurate

within a factor of two. The charge-exchange, OPE

photoproduction amplitude is given then by

Aγ = mXgXρπ

√
2J + 1
4π

[σ 3]λXλΓ√
2

gπNN

[
σ 1

]
λ′

NλN

(9)×
√

−t ′
4m2

N

Rπ (t, s) ebπ t/2

(
m2

X − t

2m2
X

)J

,

with

(10)R(s, t) = 1

2

(
1+ eiπαπ (t)

)
Γ

(−απ (t)
)
α′(α′s)απ (t)

being the π Regge propagatorwith αρ(t) = α′(t −m2
ρ)

and gπNN = 35.5 GeV.

The existing data on a2 photoproduction comes
from two SLAC bubble chamber experiments one at

the average photon energy of Eγ = pL = 4.8 GeV

[17] and other at Eγ = 19 GeV [18]. The correspond-

ing total cross sections are measured to be σγp→a+
2 n ≈

2.6 µb and 0.3 µb, respectively. The data for differen-
tial cross section for the lower-energy experiment is

shown in Fig. 2 after rescaling by a factor of 2.6 as ex-

plained in Ref. [18]. This should be compared with the

cross section predicted from Eq. (9) (dashed line). The

comparison is quite good, indicating, however need

for some absorption corrections [17,19]. We will now

compare the prediction for the exotic π1 photopro-

duction with that for the a2. We make the compari-
son for the photon energy, Eγ = 8 GeV as proposed

for the Hall D experiments at JLab. This is shown in

Fig. 2. The solid line is the prediction for the a2 pro-
duction and the shaded region depicts the expected

cross section for the π1 using the radiative width in

the range 300 < Γπ1γπ < 400 keV which covers the

typical range of radiative widths of ordinary mesons

in this mass range and includes the VMD prediction,

(Γ VMD = mX(gVMDπ1γπ )2(q/mX)3/32π2 = 360 keV).

It is interesting to compare the predicted ratio of the

π1 to a2 photoproduction cross section. In analogy to

Fig. 2. Comparison of a2(1320) (solid) and exotic, π1(1600)

(shaded region) production cross sections in reaction γp → X+n

at pγ = 8 GeV. The data correspond to charge exchange a2
production at 4.8 GeV and the theoretical prediction for a2 at this

energy is shown by the dashed line. The lowest (highest) prediction

for exotic meson production given by the shaded region corresponds

to Γπ1γπ = 200(400) keV, respectively.

Eq. (6), we get

dσγp→π+
1

n

dσγp→a+
2

n

= 3g2π1γπ

5g2a2γπ

m2
π1

m2
a2

(
m2

π1
− t

2m2
π

)2( 2m2
a2

m2
a2

− t

)4

(11)≈ 43g
2
π1γπ

5g2a2γπ

m2
π1

m2
a2

≈ 50%–100%

and, for small-t ,

(12)
dσγp→π+

1 n/dσγp→a+
2 n

dσπ−p→π01n
/dσπ−p→a02n

≈ 5–10.

3. Conclusions

We have estimated the exotic meson photoproduc-

tion rate based on the existing data on hadronic pro-

duction with pion beams. From the E852 π−p →
Xp → ρπp data it follows that the exotic production
is suppressed by roughly a factor of 10 as compared to

the a2(1320) production. We find, however, this is not

the case in reactions with photon beams. Based on the

rate estimate from the E852 data we conclude that in

photoproduction the π1 and a2 production should be
comparable.

There main reasons for enhancement of exotic

production is that the exotic meson photocoupling is
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High Statistics, Resolution, Acceptance, PID are Key

GlueX will resolve this issue with:
– superior statistics (more than 2-3 orders of magnitude
   compared to E852)
– superior acceptance (to eliminate leakage of one partial
   wave into another)
– resolution (which will eliminate background reactions with
   similar charged particle topologies)
– particle identification (which will eliminate background
   reactions with similar charged particle topologies - especially
   important when looking at channels with strangeness).

And models predict that if the               is real it will be photoproduced 
with cross-sections comparable to that of the conventional mesons like 
the                in  contrast to E852 where the cross section is a few per-
cent of the conventional mesons.
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Abstract

This Letter reports results from the partial wave analysis of the π−π−π+η final state in π−p collisions at 18 GeV/c.

Strong evidence is observed for production of two mesons with exotic quantum numbers of spin, parity and charge conjugation,

J P C = 1−+ in the decay channel f1(1285)π− . The massM = 1709±24±41 MeV/c2 and width Γ = 403±80±115 MeV/c2

of the first state are consistent with the parameters of the previously observed π1(1600). The second resonance with mass

M = 2001 ± 30 ± 92 MeV/c2 and width Γ = 333 ± 52 ± 49 MeV/c2 agrees very well with predictions from theoretical

models. In addition, the presence of π2(1900) is confirmed with mass M = 2003 ± 88 ± 148 MeV/c2 and width Γ =
306 ± 132 ± 121 MeV/c2 and a new state, a1(2096), is observed with mass M = 2096 ± 17 ± 121 MeV/c2 and width

0370-2693/$ – see front matter ! 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.physletb.2004.05.032

Physics Letters B 595 (2004) 109–117

www.elsevier.com/locate/physletb

Exotic meson production in the f1(1285)π
− system observed

in the reaction π−p → ηπ+π−π−p at 18 GeV/c

E852 Collaboration

J. Kuhn a,1, G.S. Adams a, T. Adams b,2 , Z. Bar-Yam c, J.M. Bishop b, V.A. Bodyagin d,
D.S. Brown e,3, N.M. Cason b, S.U. Chung f, J.P. Cummings a, K. Danyo f,

A.I. Demianov d, S.P. Denisov g, V. Dorofeev g, J.P. Dowd c, P. Eugenio h, X.L. Fan e,
A.M. Gribushin d, R.W. Hackenburg f, M. Hayek c,4, J. Hu a,5, E.I. Ivanov i, D. Joffe e,
I. Kachaev g, W. Kern c, E. King c, O.L. Kodolova d, V.L. Korotkikh d, M.A. Kostin d,
V.V. Lipaev g, J.M. LoSecco b, M. Lu a, J.J. Manak b, J. Napolitano a, M. Nozar a,6,
C. Olchanski f,5, A.I. Ostrovidov f, T.K. Pedlar e,7, A.V. Popov g, D.I. Ryabchikov g,

L.I. Sarycheva d, K.K. Seth e, N. Shenhav c,4, X. Shen e,j,8, W.D. Shephard b, N.B. Sinev d,
D.L. Stienike b, J.S. Suh f,9, S.A. Taegar b, A. Tomaradze e, I.N. Vardanyan d,

D.P. Weygand j, D.B. White a, H.J. Willutzki f,10, M. Witkowski a, A.A. Yershov d

a Department of Physics, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
b Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA

c Department of Physics, University of Massachusetts Dartmouth, North Dartmouth, MA 02747, USA
d Nuclear Physics Institute, Moscow State University, Moscow 119899, Russia
e Department of Physics, Northwestern University, Evanston, IL 60208, USA

f Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
g Institute for High Energy Physics, Protvino 142284, Russia

h Department of Physics, Florida State University, Tallahassee, FL 32306, USA
i Department of Physics, Idaho State University, Pocatello, ID 83209, USA

j Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Received 7 January 2004; accepted 12 May 2004

Available online 23 June 2004

Editor: M. Doser

Abstract

This Letter reports results from the partial wave analysis of the π−π−π+η final state in π−p collisions at 18 GeV/c.

Strong evidence is observed for production of two mesons with exotic quantum numbers of spin, parity and charge conjugation,

JPC = 1−+ in the decay channel f1(1285)π− . The massM = 1709±24±41 MeV/c2 and width Γ = 403±80±115 MeV/c2

of the first state are consistent with the parameters of the previously observed π1(1600). The second resonance with mass

M = 2001 ± 30 ± 92 MeV/c2 and width Γ = 333 ± 52 ± 49 MeV/c2 agrees very well with predictions from theoretical

models. In addition, the presence of π2(1900) is confirmed with mass M = 2003 ± 88 ± 148 MeV/c2 and width Γ =
306 ± 132 ± 121 MeV/c2 and a new state, a1(2096), is observed with mass M = 2096 ± 17 ± 121 MeV/c2 and width

0370-2693/$ – see front matter ! 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.physletb.2004.05.032

Physics Letters B 595 (2004) 109–117

www.elsevier.com/locate/physletb

Exotic meson production in the f1(1285)π
− system observed

in the reaction π−p → ηπ+π−π−p at 18 GeV/c

E852 Collaboration

J. Kuhn a,1, G.S. Adams a, T. Adams b,2 , Z. Bar-Yam c, J.M. Bishop b, V.A. Bodyagin d,
D.S. Brown e,3, N.M. Cason b, S.U. Chung f, J.P. Cummings a, K. Danyo f,

A.I. Demianov d, S.P. Denisov g, V. Dorofeev g, J.P. Dowd c, P. Eugenio h, X.L. Fan e,
A.M. Gribushin d, R.W. Hackenburg f, M. Hayek c,4, J. Hu a,5, E.I. Ivanov i, D. Joffe e,
I. Kachaev g, W. Kern c, E. King c, O.L. Kodolova d, V.L. Korotkikh d, M.A. Kostin d,
V.V. Lipaev g, J.M. LoSecco b, M. Lu a, J.J. Manak b, J. Napolitano a, M. Nozar a,6,
C. Olchanski f,5, A.I. Ostrovidov f, T.K. Pedlar e,7, A.V. Popov g, D.I. Ryabchikov g,

L.I. Sarycheva d, K.K. Seth e, N. Shenhav c,4, X. Shen e,j,8, W.D. Shephard b, N.B. Sinev d,
D.L. Stienike b, J.S. Suh f,9, S.A. Taegar b, A. Tomaradze e, I.N. Vardanyan d,

D.P. Weygand j, D.B. White a, H.J. Willutzki f,10, M. Witkowski a, A.A. Yershov d

a Department of Physics, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
b Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA

c Department of Physics, University of Massachusetts Dartmouth, North Dartmouth, MA 02747, USA
d Nuclear Physics Institute, Moscow State University, Moscow 119899, Russia
e Department of Physics, Northwestern University, Evanston, IL 60208, USA

f Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
g Institute for High Energy Physics, Protvino 142284, Russia

h Department of Physics, Florida State University, Tallahassee, FL 32306, USA
i Department of Physics, Idaho State University, Pocatello, ID 83209, USA

j Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Received 7 January 2004; accepted 12 May 2004

Available online 23 June 2004

Editor: M. Doser

Abstract

This Letter reports results from the partial wave analysis of the π−π−π+η final state in π−p collisions at 18 GeV/c.

Strong evidence is observed for production of two mesons with exotic quantum numbers of spin, parity and charge conjugation,

J P C = 1−+ in the decay channel f1(1285)π− . The massM = 1709±24±41 MeV/c2 and width Γ = 403±80±115 MeV/c2

of the first state are consistent with the parameters of the previously observed π1(1600). The second resonance with mass

M = 2001 ± 30 ± 92 MeV/c2 and width Γ = 333 ± 52 ± 49 MeV/c2 agrees very well with predictions from theoretical

models. In addition, the presence of π2(1900) is confirmed with mass M = 2003 ± 88 ± 148 MeV/c2 and width Γ =
306 ± 132 ± 121 MeV/c2 and a new state, a1(2096), is observed with mass M = 2096 ± 17 ± 121 MeV/c2 and width

0370-2693/$ – see front matter ! 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.physletb.2004.05.032

π1(2000) → f1π

ar
X

iv
:h

ep
-e

x
/0

4
0

5
0

4
4

 v
1

  
 1

7
 M

ay
 2

0
0

4

Exotic Meson Decay to ωπ
0
π
−

M. Lu,1, ∗ G. S. Adams,1 T. Adams,2, † Z. Bar-Yam,3 J. M. Bishop,2 V. A. Bodyagin,4, ‡ D. S. Brown,5, §

N. M. Cason,2 S. U. Chung,6 J. P. Cummings,1 K. Danyo,6 A. I. Demianov,4 S. P. Denisov,7 V. Dorofeev,7

J. P. Dowd,3 P. Eugenio,8 X. L. Fan,5 A. M. Gribushin,4 R. W. Hackenburg,6 M. Hayek,3, ¶ J. Hu,1, ∗∗ E. I. Ivanov,9

D. Joffe,5 I. Kachaev,7 W. Kern,3 E. King,3 O. L. Kodolova,4 V. L. Korotkikh,4 M. A. Kostin,4 J. Kuhn,1, ††

V. V. Lipaev,7 J. M. LoSecco,2 J. J. Manak,2 J. Napolitano,1 M. Nozar,1, ‡‡ C. Olchanski,6, ∗∗ A. I. Ostrovidov,8

T. K. Pedlar,5, §§ A. V. Popov,7 D. I. Ryabchikov,7 L. I. Sarycheva,4 K. K. Seth,5 N. Shenhav,3, ¶

X. Shen,5, 10, ¶¶ W. D. Shephard,2 N. B. Sinev,4 D. L. Stienike,2 J. S. Suh,6, ∗∗∗ S. A. Taegar,2 A. Tomaradze,5

I. N. Vardanyan,4 D. P. Weygand,10 D. B. White,1 H. J. Willutzki,6, ‡ M. Witkowski,1 and A. A. Yershov4

(The E852 collaboration)
1Department of Physics, Rensselaer Polytechnic Institute, Troy, New York 12180
2Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

3Department of Physics, University of Massachusetts Dartmouth, North Dartmouth, Massachusetts 02747
4Nuclear Physics Institute, Moscow State University, Moscow, Russian Federation 119899

5Department of Physics, Northwestern University, Evanston, Illinois 60208
6Physics Department, Brookhaven National Laboratory, Upton, New York 11973

7Institute for High Energy Physics, Protvino, Russian Federation 142284
8Department of Physics, Florida State University, Tallahassee, FL 32306

9Department of Physics, Idaho State University, Pocatello, ID 83209
10Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606

(Dated: August 5, 2004)

A partial-wave analysis of the mesons from the reaction π−p → π+π−π−π0π0p has been per-
formed. The data show b1π decay of the spin-exotic states π1(1600) and π1(2000). Three isovector
2−+ states were seen in the ωρ− decay channel. In addition to the well known π2(1670), signals
were also observed for π2(1880) and π2(1970).

PACS numbers: 13.25-k, 13.85.Hd, 14.40.Cs

Interest in exotic mesons predates the emergence of
quantum chromodynamics (QCD) as the fundamental
theory of the strong interaction [1]. With the widespread
acceptance of QCD one may hope that a study of gluonic
matter will yield insights into the nature of color confine-
ment [2]. States with manifestly exotic quantum num-
bers are particularly vital to our understanding of hadron
structure because they cannot have the quark-antiquark
structure exhibited by most mesons. Lattice-gauge
calculations show that the lightest of these should be
JPC = 1−+states having a mass around 1.9 GeV/c2 [3].

Three isovector exotic mesons have recently been dis-
covered. An isovector 1−+state at 1.4 GeV/c2 was re-
ported in ηπ decay [4, 5], and another isovector 1−+ me-
son, π1(1600), was observed in ρπ [6], η′π [7], and f1π [8]
decay. The latter experiment also revealed a higher state,
π1(2000) [8]. This rich spectrum of exotic mesons is
somewhat puzzling; lattice [3] and flux-tube model [9, 10]
calculations predict only one low-mass π1 meson. Glue-
balls, being pure glue states and hence isoscalar, do not
affect the π1 spectrum [11]. Donnachie [12] and Szczepa-
niak [13] have proposed dynamical origins for π1(1400)
and/or π1(1600). Four-quark configurations may also
contribute to spin-exotic mesons. Further progress in un-
derstanding these states, as well as gluonic mesons with
conventional quantum numbers, depends on achieving a
better understanding of their decay properties.

In the flux-tube model the lightest 1−+ isovector hy-
brid is predicted to decay primarily to b1π [9]. The f1π
branch is also expected to be large and many other de-
cay modes are suppressed. This suppression is consis-
tent with recent calculations showing 1/N2

c behavior
for decays to spin-zero mesons in the large-Nc limit of
QCD [14]. Recent refinements in the flux-tube calcula-
tions cast some doubt on the previous estimates of small
π1 branching-widths [15].

Few experiments have addressed the b1π and f1π decay
channels. The VES collaboration reported a broad 1−+

peak in b1π decay [16], and Lee, et al. [17] observed sig-
nificant 1−+ strength in f1π decay. In neither case was
a definitive resonance interpretation of the 1−+ waves
possible. Preliminary results from a later VES analysis
show excitation of π1(1600) [18]. A recent experiment
measured f1π decay of π1(1600) and π1(2000) [8].

In this letter we report an analysis of the reaction
π−p → π+π−π−π0π0p. Partial-wave fits of the mesons
from this reaction show the exotic π1(1600) and π1(2000)
states in b1π waves. We also observe three isovector
2−+ resonances, thus clarifying the spectroscopy of π2

mesons [19].
The data sample was collected during the 1995 run of

experiment E852 at the Multi-Particle Spectrometer fa-
cility at Brookhaven National Laboratory (BNL). A π−

beam, with laboratory momentum 18 GeV/c, and a liq-
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Hybrid Masses

1st excited state

ground state

π

r
≈ 1 GeV/c2

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.

3

Lightest exotic hybrids from LQCD:

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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uū/dd̄

Other multiplets - from LQCD
expect these to be heavier for:

ss̄ ≈ 0.2 − 0.3 GeV/c2

SESAM Collaboration

Conclusion:  There is enough uncertainty in masses and widths - sensitivity is needed
up to masses of about 2.8 GeV/c   so the mass reach should extend to 3 GeV/c 2 2



Line shape and yields of higher-mass resonances
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Figure 2: Dependence of the minimum value of |t| as a function of MX for the reaction γp → Xp.
The inset diagram shows the peripheral production of X with arrows indicating the variables
s = (pγ + ppt

)2 and t = (pX − pγ)2 in terms of the relevant four-momenta and where pt and pr refer
to the target and recoil proton respectively. The curves correspond to beam photon energies, Eγ ,
of 8.0 GeV, 9.0 GeV and 10.0 GeV. The curve at 7.4 GeV is shown because that is the lower edge
of the photon energy range defined by the 8.0 GeV peak.

resonance. This distorts the line shape and decreases the production rate of the resonance. In
Figure 2 we show the dependence of |t|min as a function of mX . The curves correspond to beam
photon energies, Eγ , of 8.0 GeV, 9.0 GeV and 10.0 GeV. The curve at 7.4 GeV is shown because
that is the lower edge of the photon energy range defined by the 8.0 GeV peak. So the variation of
|t|min with MX is indeed very rapid above ≈ 2.6 GeV/c2 for the 8.0 GeV peak.

In Figure 3 we show the Breit-Wigner line shape and overall production rate for resonances of
masses 2.5 and 2.8 GeV/c2 are affected by the value and variation of |t|min across the width of
the resonance for various assumptions about the position of the coherent photon peak. We assume
the same cross-section for the two resonances and describe the line shape by a Breit-Wigner form
weighted by an amplitude that falls exponentially in |t| with a slope parameter of α = 8 (GeV/c)2.
The resonance width is assumed to be 0.15 GeV/c2. For each of the two resonances we show how
the line shape and yield change as the tagged photon peak moves from 10 to 9 to 8 GeV. The inset
shows this variation for the resonance of mass 2.8 GeV/c2 in more detail. It can be seen that the
line shape varies dramatically as the photon peak moves from 10 to 9 to 8 GeV. And in the step
from 9 to 8 GeV the resonance at 2.8 GeV/c2 the resonance shape disappears.

Figure 4 shows the relative yield of resonances as a function of mass for beam photon peak energies
of 8, 9 and 10 GeV with the assumptions described above. The conclusion from this study is that
lowering the tagged photon beam energy for GlueX would have a severe negative impact on the
discovery potential for this experiment. It would, in effect, remove between one-third to one-half
of the mass range from 2 to 3 GeV/c2 from exploration, precisely the range of mass where hybrids
are expected.
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Line shape distortion
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Conclusion:
9 GeV photons suffice and well-matched to the solenoidal 
design of the GlueX detector.



Why linear polarization?

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:  



Why linear polarization?
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Exotic Production:
Takes place via unnatural (U) parity exchange
Diffractive Production:
Through natural parity (N) exchange
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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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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.
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Fix Photon Energy at 9 GeV
Vary the Electron Energy

Table 5: Operating parameters for the GlueX photon source under conditions of varying electron
beam energy. The relative figure of merit is defined to be 1.0 at 12 GeV and scales like flux ×
polarization squared. Numbers in this table are based on a constant total hadronic rate in the
detector. Please see reference [17] for more details.

electron beam energy 10 GeV 11 GeV 12 GeV 13 GeV
electron beam current 4.3 µA 3.5 µA 3.0 µA 2.5 µA
Nγ in peak 32 M/s 67 M/s 100 M/s 130 M/s
peak polarization 0.14 0.28 0.41 0.48
average polarization 0.08 0.24 0.37 0.47
peak tagging efficiency 0.25 0.43 0.50 0.57
average tagging efficiency 0.15 0.29 0.41 0.51
power on collimator 4.4 W 4.4 W 4.5 W 4.5 W
power on target 510 mW 610 mW 730 mW 850 mW
total hadronic rate 370 K/s 370 K/s 370 K/s 370 K/s
tagged hadronic rate 5 K/s 10 K/s 16 K/s 21 K/s
relative figure of merit 0.015 0.263 1.0 2.118

4 Linear polarization

Based on the results presented in the previous section, we will assume that the photon beam
energy will be fixed in the range from 8.4 to 9.0 GeV. GlueX will use coherent bremsstrahlung off
of thin diamond wafers to produce a linearly polarized photon beam. This technique exploits the
strong correlation between photon energy and angle by using collimation [1, 15]. We will examine
the effect of changing the electron beam energy on polarization, tagging efficiency and fraction of
tagged hadronic events. We then discuss the all important role of polarization in the analysis.

4.1 Figure of merit and electron energy

If both the photon beam energy and the hadronic rate in the detector are fixed, then the effect of
changing the electron beam energy can be quantified. Fisrt, the degree of linear polarization in the
collimated photon beam decreases as the electron beam energy decreases. In addition, the fraction
of useful triggers and the efficiency for tagging photons also falls with a lowered beam energy. This
is summarized in Table 5.

The collimator distance and diameter are kept constant at 80 m and 3.4 mm, respectively, and the
radiator thickness is 10−4 radiation lengths. The rates in the detector (last two rows) are calculated
for a 30 cm liquid hydrogen target and an open hadronic trigger.

The polarization figure of merit (Fmerit) scales with the square of the polarization (P ) and on the
flux (F ) in the following way:
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12 GeV electrons essential and 
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Exotic Hybrid Spectroscopy

Exotic hybrids will be the initial focus - these states cannot mix with conventional 
mesons and these are also more likely to have rich decay modes into 2 and up to 
6 stable particles including charged and neutral π and K 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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GlueX has excellent acceptance, resolution and particle ID for these modes and 
it will be essential to measure these branching ratios. 

GlueX seeks to map nonets of exotics (not just find one state) and determine 
branching ratios.



Hybrid and Light Quark Spectroscopy (II)

Particle JPC Total Width MeV Large Decays
[8] [9]

ρ 1−− 70 − 121 112 a1π,ωπ, ρπ
ω 1−− 61 − 134 60 ρπ, ωη, ρ(1450)π
φ 1−− 95 − 155 120 K1(1400)K, K∗K, φη
a1 1++ 108 − 204 269 ρ(1450)π, ρπ, K∗K
h1 1++ 43 − 130 436 K∗K, a1π
h′

1 1++ 119 − 164 219 K∗(1410)K,K∗K
π 0−+ 102 − 224 132 ρπ,f0(1370)π
η 0−+ 81 − 210 196 a0(1450)π, K∗K
η′ 0−+ 215 − 390 335 K∗

0K,f0(1370)η, K∗K
b1 1+− 177 − 338 384 ω(1420)π,K∗K
h1 1+− 305 − 529 632 ρ(1450)π, ρπ, K∗K
h′

1 1+− 301 − 373 443 K∗(1410)K, φη, K∗K
π2 2−+ 27 − 63 59 ρπ,f2π
η2 2−+ 27 − 58 69 a2π
η′2 2−+ 38 − 91 69 K∗

2K, K∗K

Table 4: Non-exotic quantum number hybrid width and decay predictions.

2.4 Mass and width predictions summary

Although there have been recent advances in lattice QCD calculations, the uncertainties in the
mass estimates are large. The final arbiter will be experiment. It is clear that the search for hybrid
mesons requires a sensitivity in a mass range that is broad enough to accommodate theoretical
predictions of central mass and width and to map out the line shape of resonances within this
range. These conditions, taken together, imply that the experiment should be able to detect and
measure properties of mesons with masses up to ≈ 3 GeV/c2.

3 Meson mass reach – dependence on photon beam energy

3.1 Photon energy and electron energy

Before discussing the dependence of the meson mass reach as a function of photon beam en-
ergy we remind the reader that GlueX will produce linearly polarized photons using coherent
bremsstrahlung. Figure 1 shows the flux of incoherent and coherent bremsstrahlung radiation off
of a diamond radiator with incident 12 GeV electrons where the diamond is oriented to yield a
coherent photon energy peak at 9 GeV. The spectrum before and after collimation is shown. Also
shown is the region of tagged photons – it is this range of photons that will be used to do the physics
of GlueX. The width of the peak is about 0.6 GeV with a maximum photon energy of 9 GeV.

For a fixed electron energy the diamond crystal can be rotated to move the position of the coherent
peak. The average linear polarization of the photons in the tagged peak decreases as the photon
peak energy moves closer to the electron energy. This will be discussed in more detail in the next
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Non-exotic hybrids will be mapped as well and this requires an 
understanding of the conventional spectrum as well.  It will also 
be essential to measure branching ratios – essential information 
lies in the pattern of decays.



Strangeonium Spectroscopy
γ ⇒ ss̄

Strangeonium is the bridge between the lighter quark sector and charmonium and 
photoproduction will be rich in producing strangeonium.

Only 5 strangeonium states are well-established.

Look for decay modes:

ss̄ → φη

ss̄ → φη′

ss̄ → φφ

ss̄ → K
∗
K̄

∗

ss̄ → K
∗
K̄

ss̄ → K1K̄

ss̄ → K2K̄



Baryon Spectroscopy

GlueX is an ‘electronic bubble chamber.’  The interplay between excited meson 
and baryon resonance production - with excellent acceptance for both - will be 
studied.  

Although current evidence for S = +1 baryons seems problematic, GlueX can (and will) 
study final states such as:  

γp → K+K−π+n
γp → K∗(K+n)

γp → φ∆

γp → a2∆

GlueX will also search in the hyperon and cascade sectors - with the potential to 
determine spin/parity of these states. 
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Reviews of GlueX/Hall D

GlueX Design Report - Forward Time-of-Flight (TOF) Section
editor: Alex Dzierba
September 22, 2004

0.1 Introduction

Review of the Jefferson Laboratory “Hall D Project”: December
6& 7, 1999

Review Committee:

David Cassel Cornell University
Frank Close Rutherford Laboratory
John Domingo Jefferson Laboratory
William Dunwoodie Stanford Linear Accelerator
Donald Geesaman Argonne National Laboratory
David Hitlin California Institute of Technology
Martin Olsson University of Wisconsin
Glenn Young Oak Ridge National Laboratory

Report Date: January 12, 2000

Executive Summary

The Committee was asked to address three principal questions, whose answers were to be based on the
answers to more detailed questions. This Report contains the Committee’s response to these questions,
and advice to the Jefferson Laboratory management and the Hall D collaboration. Our answers to these
questions are summarized in this Executive Summary and then given in more detail in the following Sections
of this Report.

1. Evaluate the Scientific Opportunities Presented by the “Hall D Project”

This collaboration proposes to explore systematically the light mesons (with masses up to about 2.5 GeV)
with capabilities far beyond those of previous experiments. The copious spin and flavor initial states produced
by photon beams will be an extremely useful tool in this endeavor. Thorough study of the masses, spins,
parities, and charge conjugation states of these light mesons will require a complete partial wave analysis.
This will provide a much deeper understanding of quark-antiquark states, and will permit a definitive search
for mesons with exotic quantum numbers, particularly hybrid states and glueballs. This search is very high
priority physics; since the states involving excited glue, as well as quarkless glueball states, must exist if
QCD is the correct theory of the strong interactions.

JLab is unique in being able to provide high quality, low emittance, CW photon beams that are required for
this experiment. In addition, JLab and a significant segment of the JLab physics community are committed
to this physics program. Together these provide a unique opportunity for exploring light meson states and
making definitive searches for exotic states in this mass region.
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GlueX Review

Mike Albrow, Jim Alexander, Bill Dunwoodie, Bernhard Mecking

November 9, 2004

1 Introduction

The GlueX Collaboration has proposed an experiment to produce hybrid mesons with a high energy
linearly polarized photon beam incident on a hydrogen target, and to search for evidence of such
mesons with an efficient, hermetic detector capable of charged particle tracking, electromagnetic
shower reconstruction, and particle identification. At this review the Collaboration reported on the
status of detector subsystems, which are presently in varying stages of development, ranging from
conceptual design to full scale prototyping. This Committee evaluated the experiment according to
the Charge which is included in Appendix A.

The Committee was satisfied overall with the detector concepts and the strategy the Collabo-
ration has taken with respect to detector design. Designs are well based on prior experience which
is either from local experiments (CLAS), or from elsewhere (LASS,KLOE), and on proven tech-
nology, which includes existing devices (LGD, magnet), or existing infrastructure (DAQ). Local
experience with photon beams is also an important element which allows reliable estimates of rates
and backgrounds.

The Committee was also impressed at the amount of R&D the Collaboration has managed to
achieve over a period of years in which the prospects have been so uncertain. This speaks to strong
physics motivation, coherent leadership, and a vibrant sociology within the Collaboration.

We begin this review with several comments of a global nature, and then proceed with a more
detailed discussion of each subsystem.

2 Overall Comments

1. The collaboration urgently needs to take a global perspective in making design choices. Most
critically, this implies that they should start as soon as possible using full GEANT MC with
(a) real detector material (structural material, electronics, cables, etc) in place, (b) primary
hit generation, (c) reasonable representations of noise levels (occupancy) in detectors, and (d)
event reconstruction and analysis, in order to assess combined performance of all detectors.
This analysis should include both signal and hadronic background. Some of the GEANT
infrastructure appears to exist but it has not propagated to the detector designers, and pattern
recognition and reconstruction software need yet to be written. Even rudimentary versions of
a complete simulation will be helpful.

2. The Collaboration needs to develop a global perspective also in technology choices so that
as much as possible common solutions can be adopted. Where differences are necessary to
achieve performance goals or cost minimization, the choices should be clearly justified.
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From the Introduction

The committee raised a number of concerns about several of the sub-systems and the 
collaboration is now addressing these.  The committee also urged the laboratory to 
move rapidly on confirming a Hall-D coordinator.  



Closing:  GlueX Goals and 6 Years of Preparation
The main goal of GlueX addresses a fundamental physics issue and GlueX has 
significant discovery potential.  And the recent progress in LQCD provides the stage on 
which to understand the results from GlueX.  LQCD results on exotics and their masses 
and decays should come about the same time as results from GlueX.

The science goals have always included mapping the spectrum of exotic hybrids, non-
exotic hybrids, strangeonium and light quark mesons and the interplay of baryon and 
meson resonances.  The physics is rich and the detector is versatile.  And the detector 
has been continually optimized in performance and cost - each subsystem has and 
continues to undergo this optimization.

The collaboration has been active since late 1997 evolving a science plan and a 
detector design.  The collaboration requested external reviews of the science and 
detectors in 1999 (Cassel committee), 2003 (electronics), 2004 (detector and magnet).  
The collaboration has responded to issues raised by those committees.  Between 2000 
and 2003 the collaboration presented the science program and technique to town 
meetings, NSAC and PAC’s.  This program has also been described in a series of 
Design Reports starting in 1999 and the next version - ver 5 - is in preparation.



Closing: Preparing for the Analysis
A careful amplitude analysis requires software and phenomenology tools which are 
being developed for the high statistics 3π analysis now in progress.  These include 
understanding the limitations of the isobar model, isobar parameterization, 
constructing Deck effect amplitudes, optimizing the PWA fitters to run on multiple 
processors and developing visualization software.  We are collaborating with physicists 
from CLEO-c who will be analyzing 1 billion         decays on seeking funding for 
developing analysis tools.
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http://www.jlab.org/intralab/calendar/archive05/qcd/



Closing: The Collaboration and Outside Support
All the new GlueX collaborators are new to JLab expanding the User community base.  
And they bring expertise from the high energy community (CLEO - FNAL - ATLAS - 
IHEP).  The collaboration has also recruited several outstanding young physicists 
(postdocs and assistant professors) guaranteeing future leadership as the detector 
continues to be optimized and then later assembled, commissioned and operated 
continuing on to analysis and physics publications.

GlueX R&D has already resulted in five publications in Nucl Instr and Meth.

GlueX institutions have provided significant external support by way of manpower, 
infrastructure and startup funds. This was essential for our program of R&D.  The 
collaboration successfully acquired the superconducting solenoid from MEGA (built for 
LASS) and now being refurbished for GlueX along with the 3000-element lead glass 
detector built for E852 at BNL.

So Let’s Get Moving !


