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The goal of the GLUEX experiment is to provide critical data needed to address one of the out-
standing and fundamental challenges in physics — the quantitative understanding of the confinement
of quarks and gluons in quantum chromodynamics (QCD). Confinement is a unique property of QCD
and understanding confinement requires an understanding the soft gluonic field responsible for bind-
ing quarks in hadrons. Hybrid mesons, and in particular exotic hybrid mesons, provide the ideal
laboratory for testing QCD in the confinement regime since these mesons explicitly manifest the
gluonic degrees of freedom. Photoproduction is expected to be particularly effective in producing
exotic hybrids but there is little data on the photoproduction of light mesons. GLUEX will use the
coherent bremsstrahlung technique to produce a linearly polarized photon beam. A solenoid-based
hermetic detector will be used to collected data on meson production and decays with statistics after
the first year of running that will exceed the current photoproduction data in hand by several orders
of magnitude. These data will also be used to study the spectrum of conventional mesons, including
the poorly understood excited vector mesons and strangeonium. In order to reach the ideal photon
energy of 9 GeV for this mapping of the exotic spectrum, 12 GeV electrons are required. This
document describes the physics goals, the beam and apparatus, and plans for the first two years of

commissioning and data-taking.

I. OVERVIEW
A. QCD and Light Meson Spectroscopy

The observation, nearly four decades ago, that mesons
are grouped in nonets, each characterized by unique val-
ues of JEC — spin (J), parity (P) and charge conjugation
(C) quantum numbers — led to the development of the
quark model. Within this picture, mesons are bound
states of a quark (¢) and antiquark (g). The three light-
quark flavors (up, down and strange) suffice to explain
the spectroscopy of most — but not all — of the lighter-
mass mesons (below 3 GeV/c?) that do not explicitly
carry heavy flavors (charm or beauty). Early observa-
tions yielded only those JF¢ quantum numbers consis-
tent with a fermion-antifermion bound state. The JF¢
quantum numbers of a ¢g system with total quark spin,
S , and relative angular momentum, E, are determined
as follows: J = L+ 5, P = (=1)Lt! and C = (—1)L+5,
Thus JP¢ quantum numbers such as 0, 07—, 1=+ and
27~ are not allowed and are called exotic in this context.

Our understanding of how quarks form mesons has
evolved within quantum chromodynamics (QCD) and we
now expect a richer spectrum of mesons that takes into
account not only the quark degrees of freedom but also
the gluonic degrees of freedom. Gluonic mesons with no
quarks (glueballs) are expected. These are bound states
of pure glue and since the quantum numbers of low-lying
glueballs (below 4 GeV/c?) are not exotic, they should
manifest themselves as extraneous states that cannot be
accommodated within ¢g nonets. But their unambigu-
ous identification is complicated by the fact that they
can mix with ¢g. Excitations of the gluonic field binding
the quarks can also give rise to so-called hybrid mesons
that can be viewed as bound states of a quark, anti-
quark and valence gluon (¢gg). An alternative picture of

hybrid mesons, one supported by lattice QCD [1], is one
in which a gluonic flux tube forms between the quark and
anti-quark and the excitations of this flux tube lead to
so-called hybrid mesons. Actually the idea of flux tubes,
or strings connecting the quarks, originated in the early
1970’s [2] to explain the observed linear dependence of
the mass-squared of hadrons on spin (Regge trajectories).
Conventional qg mesons arise when the flux tube is in its
ground state. Hybrid mesons arise when the flux tube
is excited and some hybrid mesons can have a unique
signature, exotic JF¢, and the spectroscopy of these ex-
otic hybrid mesons is not complicated by possible mixing
with conventional ¢g states.

The level splitting between the ground state flux tube
and the first excited transverse modes is m/r, where r is
the separation between the quarks, so the hybrid spec-
trum should lie about 1 GeV/c? above the ground state
spectrum. While the flux-tube model [3] has all hybrid
nonets degenerate in mass, from lattice gauge calcula-
tions [4], one expects the lightest J©¢ = 1=F exotic hy-
brid to have a mass of about 1.9 GeV/c?. In this discus-
sion the motion of the quarks was ignored, but we know
from general principles [3] that an approximation that
ignores the impact of the flux tube excitation and quark
motion on each other seems to work quite well. It should
be noted, also, the in the large-N. limit of QCD, exotic
hybrids are expected have narrow widths, comparable to
qq states [5].

In the coming years there will be significant compu-
tational resources [6] dedicated to understanding non-
perturbative QCD including confinement using lattice
techniques. The prediction of the hybrid spectrum, in-
cluding decays, will be a key part of this program but
experimental data will be needed to verify these calcu-
lations. The spectroscopy of exotic mesons provides a
clean and attractive starting point for the study of glu-



onic excitations.

The GLUEX experiment is designed to collect data of
unprecedented statistics and quality surpassing existing
data on the photoproduction of light mesons by several
orders of magnitude after the first year of data-taking. As
part of the program of identifying exotic hybrid mesons,
these data will also be used to understand the conven-
tional meson spectrum including the poorly understood
excited vector mesons.

The physics of GLUEX has been presented to an ex-
ternal review committee, several town meetings of the
nuclear physics community leading up to the Nuclear
Science Advisory Committee (NSAC) Long Range Plan,
to three JLAB Program Advisory Committees and most
recently to the Department of Energy (DOE) Office of
Nuclear Physics Science Review of the Proposed 12 GeV
Upgrade in April 2005.

B. Using Linearly Polarized Photons

As will be discussed below, there are tantalizing sug-
gestions, mainly from experiments using beams of m
mesons, that exotic hybrid mesons exist. The evidence
is by no means clear cut, owing in part, to the appar-
ently small production rates for these states in the decay
channels examined. It is safe to conclude that the ex-
tensive data collected to date with 7 probes have not
uncovered the hybrid meson spectrum. Models, like the
flux-tube model, however, indicate the photon is a probe
that should be particularly effective in producing exotic
hybrids, but data on photoproduction of light mesons are
sparse indeed.

The first excited transverse modes of the flux tube are
degenerate and correspond to clockwise or counterclock-
wise rotations of the flux tube about the axis joining the
quark and antiquark fixed in space with J = 1 [3]. Linear
combinations of these two modes are eigenstates of parity
and lead to JP¢ = 1t~ and JPY = 1~ for the excited
flux tube. When these quantum numbers are combined
with those of the ¢ with L =0 and § = 1 (quark spins
aligned) three of the six possible JZ¢ have exotic combi-
nations: 07—, 17" and 2+~. A photon probe is a virtual
qq with quark spins aligned. In contrast when the ¢g¢
have L = 0 and S = 0 (spins anti-aligned), the resulting
quantum numbers of the hybrid meson are not exotic.
Pion probes are qG with quark spins anti-aligned. If we
view one outcome of the scattering process as exciting
the flux tube binding the quarks in the probe, the sup-
pression of exotic hybrids in m-induced reactions is not
surprising — a spin flip of one of the quarks is required fol-
lowed by the excitation of the flux tube. In contrast the
spins of the virtual quarks in the photon probe are prop-
erly aligned to lead to exotic hybrids. Phenomenologi-
cal studies quantitatively support this picture predicting
that the photoproduction cross-sections for exotic mesons
are comparable to those for conventional mesons [7, 8].

The quantum numbers of mesons produced in the

GLUEX experiment will require an amplitude analysis
based on measuring the energy and momentum of their
decay products. Linear polarization of the incident pho-
ton is required for a precision amplitude analysis to iden-
tify exotic quantum numbers, to understand details of
the production mechanism of exotic and conventional
mesons and to remove backgrounds due to conventional
processes. Linear polarization will be achieved using the
coherent bremsstrahlung technique. Details of how po-
larization information is used and how polarization is
achieved will be given below.

We will show below, that for a solenoid-based detector
system, and given the required mass reach required for
mapping the spectrum of exotic hybrid mesons, a photon
energy of ~ 9 GeV is ideal. To achieve the requisite de-
gree of linear polarization for 9 GeV photons using coher-
ent bremsstrahlung requires a minimum electron energy

of 12 GeV.

C. Detector & Beam Overview

A schematic of the GLUEX detector and beamline is
shown in Figure 1. Note that the drawing is not to scale.

1. Photon Beam

The photon beam is produced by having a low-
emittance 12 GeV electron beam incident on a thin
(~ 20 pm) diamond wafer. After passing through the
walfer, the electron beam is bent by a dipole magnet (the
tagger magnet) into the beam dump. A small fraction,
about 0.01% of the electrons, emit a photon via inco-
herent bremsstrahlung or coherent bremsstrahlung, the
latter leading to an enhancement over the incoherent
spectrum at a photon energy determined by the angle
between the incident electron direction and the wafer.
By exploiting the tight energy—angle correlation for the
coherent photons, collimation of the photon beam can
be used to enhance the fraction of photons of the co-
herent radiation incident on the GLUEX target. This
has the effect of increasing the degree of linear polariza-
tion and eliminating a large fraction of the low-energy
photons that dominate the incoherent component of the
spectrum. An active collimator, with a 3.5 mm hole,
will be placed just upstream of the GLUEX detector and
about 80 m downstream of the tagger magnet. The elec-
trons emitting 8.5 to 9.0 GeV bremsstrahlung photons
will be momentum analyzed using a focal plane spectrom-
eter leading to a photon energy resolution of 0.2%. At the
start of operations, the rate of tagged photons incident
on the GlueX detector will be 107 /s. During the first two
years of operation, the plan is to steadily increase this up
to the ultimate maximum rate of 108/s. A linearly po-
larized photon beam using coherent bremsstrahlung has
been used in HALL B. A review of the GLUEX photon



beam line and tagger magnet was successfully completed
in January 2006.

2. Superconducting Solenoid

The GLUEX design is based on a solenoidal mag-
net — the magnetic field confining electromagnetic back-
grounds, in the form of ete™ pairs, in tight spiral or-
bits within a beam pipe. Such a design is superior to a
spectrometer based on a dipole design that would deflect
electrons and positrons in opposite directions producing a
plane of charged particle backgrounds that would require
deadening regions of detectors in this plane, thus degrad-
ing the hermeticity required by the amplitude analysis.

The superconducting solenoid to be used in the GLUEX
detector was built over 30 years ago for the LASS exper-
iment at SLAC. The magnet has an inside clear bore
diameter of 185 cm and and an overall clear bore length
of 495 cm. The maximum central field is 2.24 T with
a field that is uniform to within +£3% within the clear
bore and to within +£1% along the central axis within
the clear bore. The LASS experiment studied mesons pro-
duced with an 11 GeV /¢ K~ beam and the design of the
GLUEX represents, to some extent, an upgrade to the
LASS design. In 1985 the solenoid was dismantled and
moved to LAMPF at Los Alamos for use in the MEGA ex-
periment. Only three of the four coils were used in that
setup. In 2000, a team, including two of the original de-
signers and builders of the magnet, reviewed the state of
the magnet and concluded that the costs associated with
moving and refurbishing the magnet for use in GLUEX
were warranted. In 2002 the magnet was disassembled
and moved to the Indiana University Cyclotron Facility
(IUCF) where, to date, all four coils have been tested and
three have been repaired. The state of coil testing and
repairs was reviewed in November 2004 by an external
committee.

3. Detector Subsystems

Inside the clear bore of the magnet a 30 cm-long lig-
uid hydrogen target is surrounded by scintillation coun-
ters (START), a cylindrical drift chamber array (cpo)
and an electromagnetic lead/scintillating fiber calorime-
ter with a barrel geometry (BCAL). Upstream of the
target is a lead/scintillator electromagnetic calorimeter
to be used as an offline veto (UPV) and downstream of
the target are an array of planar drift chambers (FDC).
Outside and downstream of the clear bore of the mag-
net are a Cerenkov counter, a wall of scintillation coun-
ters (TOF) to measure time-of-flight and an electromag-
netic calorimeter (FCAL) consisting of a stack of lead-glass
blocks.

The overall physics and detector design was first re-
viewed by an external committee in December 1999. An-
other external committee reviewed the GLUEX detector

in October 2004. R&D projects for subsystems, including
tests at the Serpukhov and TRIUMF accelerators, have
been carried out over the last five years. Beam tests for
BCAL will take place in HALL B starting in Fall, 2006.
Beam tests for FCAL and tracking chambers will be car-
ried out in HALL B in 2007.

4. Readout and Data Rates

The GLUEX experiment is designed to record data at
a rate of 15 kHz. For the initial photon flux of 107/s,
the level 1 trigger will result in 15 kHz rate of recorded
events of which about 1.5 kHz will be interesting physics.
At 108/s the level 1 rate will be 200 kHz and a level 3
software trigger will be required to reduce this to 15 kHz.
To meet the requirement of system with zero dead-time,
a pipelined approach is required. The digitized informa-
tion will be stored for several us while the level 1 trigger
is formed. Multiple events must be buffered within the
digitizer modules and read out while the front ends con-
tinue to acquire new events.

Two basic types of readout electronics will be used in
GLUEX, FADCs (flash ADCs) and TDCs. Detectors which
measure energy will be continuously sampled with FADCs
while detectors which require precise time measurements
will use a multi-hit TDC. The photon tagger, START
counter, FDC anodes, Cerenkov counter, BCAL and and
TOF detectors will be read out by multi-hit TDCs. A
high resolution pipeline TDC module has been developed
for use at JLAB. The calorimeters, Cerenkov counter
and TOF will be read out with 8-bit, 250 MHz FADCs.
The 250 MHz sampling clock will be derived from the
1499 MHz accelerator clock. The ¢DC and FDC chambers
will be read out with a slower (/2100 MHz) 10 or 12 bit
FADC. The exact read out electronics requirements for
these detectors is the subject of ongoing R&D efforts.

Given the 15 kHz rate for recording data, the GLUEX
experiment will produce data at rate of 1 petabyte each
year.

An external review committee reviewed the electronics
in July 2003 and in each of the last three years a workshop
was held devoted to GLUEX electronics issues.

5. Analysis Issues

Amplitude analysis has typically been both statistics
and computationally limited. The fitting procedure is
numerically intense, both in terms of evaluating ampli-
tudes and in terms of memory usage on the computa-
tional nodes. In addition, careful systematic studies of
the robustness of results need to be done. These are
made more difficult as the statistics of data samples in-
crease. Historically, experimentalists have carried out
amplitude analysis and published results such as intensi-
ties and phases. These results were then used by theorists
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FIG. 1: A schematic of the GLUEX detector and beam (not to scale).

in comparing to predictions. Because of the close associ-
ation between theorists and experimentalists in GLUEX,
one goal of GLUEX is to get input from theorists at a
much earlier stage in the analysis. This is best accom-
plished by building analysis tools for which it is easy
to change physics amplitude generators. In particular,
such a switch should not require new Monte Carlo data
and should make it possible to test predictions directly
with the data. To address these issues, members of the
GLUEX collaboration are both involved in ongoing am-
plitude analysis of existing data sets as well as building
tool sets which can evolve to handle the needs of GLUEX.

The Indiana University (IU) group has continued to
analyze pion induced reactions using data from the
Brookhaven E852 experiment. Some of these results will
be discussed below. The key features that are relevant
here are the work done to analyze more than one isospin
channel for related final states at the same time. In addi-
tion a great deal of work went into optimizing the fitting
procedure for parallel processing.

The Carnegie Mellon (CMU) group is in the process of
analyzing CLAS photo-production data to look for baryon
resonances. While the first results are just starting to
come out, several man years of effort went into developing
a set of tools that in principle could be used for nearly any
experiment. These can be broadly broken into several
pieces. At CLAS photon energies, both s and t-channel
processes contribute and the typical generators based on
E852 analysis do not handle such mixed terms. The CMU
group implemented an amplitude package based on co-
variant tensor formalism [9] [10] [11-13]. While typi-
cally more complicated than the standard helicity for-
malism, it avoids most of the pitfalls with that formalism.
This physics generator that can be easily changed, either

adding additional amplitudes, form-factors or even the
underlying physics without changing any data or Monte
Carlo data sets. The second piece is a fitting tool that
is optimized for speed and has the ability to handle mul-
tiple data sets from potentially different experiments si-
multaneously. These tools include flexibility in defining
the amplitude rules, the ability to switch between dif-
ferent minimization algorithms (MINUIT, FUMILI) as a
fit proceeds, and a set of tools to systematically vary the
data sets that go into the fits that requires minimal effort
to use and is designed to avoid the typical pitfalls that
are common when managing many files. Finally, devel-
opment has started on a set of tools that let one both
visualize results as well as compute and display typical
observables such as cross sections. The results are stored
in a database that can be searched by any aspect of the
fits and allows easy comparison of related fits. In CLAS,
these tools are being used to analyze photoproduction
reactions on the proton leading to np, n'p, wp, 77" p,
KTA, and 7% and 7t n, both individually and coupled
together.

It is anticipated that desirable features from both the
IU and CMU work will evolve into a general analysis
package that will be able to handle the large data sets
coming out of GLUEX as well as allowing the experiment
to take full advantage of the input of the theory group.

The GLUEX collaboration has held several workshops
devoted to some combination of analysis and computa-
tional issues in September 2000, June 2002, May 2003,
February 2005 and February 2006. These workshops have
included physicists and computer scientists from other
experiments.



D. Summary

This concludes the overview of the physics goals of
GLUEX, how those goals will be realized and the activ-
ities of the collaboration over that last six years. More
detailed information can be found in the Design Reports
and the reports of the various review committees. These
documents have been collected for PAC30 members on
the GLUEX website: www.gluex.org.

II. PHYSICS OF GLUONIC EXCITATIONS
A. Lattice QCD

The run-up to the GLUEX experiment occurs at a time
of great progress for Lattice QCD calculations. Recent im-
provements in numerical algorithms make large scale phe-
nomenological studies with dynamical (“unquenched”)
lattices practical. In addition, through programs like Sci-
DAC the nuclear theory community has at its command
a much greater volume of computing resources which can
be brought to bear on the physics relevant to the GLUEX
experiment.

1. Light-quark meson mass spectrum

Examples of different aspects of the state of the art
in conventional meson spectrum studies are the recent
works by the collaborations MILC[14] and BRG[15]. The
MILC study utilizes a set of fully dynamical, Ny = 2, 4+
15, gauge configurations with relatively small pion masses
(my ~ 300 MeV) and with rather fine lattice spacings
(a ~ 0.09 fm). Their choice of simple point-like fermion
bilinear interpolating fields for mesons limits their spec-
trum to non-exotic quantum numbers with J < 1. The
BRG collaboration work (like the LHPC baryon spec-
trum study in [16]), while performed within the problem-
atic quenched approximation, takes advantage of the ad-
vanced variational analysis technique which, it is demon-
strated, allows the extraction of a number of excited
states in a given JF¢ channel.

Due to the lack of extensive and reliable data on hy-
brids, mesons with exotic quantum numbers have been
somewhat under-considered in lattice QCD. A summary
of virtually all available simulation results [17-25] for the
lightest 11 state mass appears in Figure 2(a). These
studies have typically been performed at relatively heavy
pion mass, and have usually used quenched and often
coarse and unimproved lattices. Despite these caveats,
theoretical predictions point to the existence of such a
state. In Figure 2(b) the anticipated multi-meson S-
wave state threshold masses are plotted indicating that
at heavy quark mass the lightest 1~ state is consistent
with being a single particle bound state of QCD.

It is not a trivial exercise to extrapolate the lattice
data shown in Figure 2 to give a value for the mass in
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FIG. 2: (a) Summary of lattice results for mass of lightest
177 state as a function of the pion mass in same simulation.
(b) Also shown are lattice estimates of the mass of relevant
non-interacting S-wave multi-meson thresholds.

the physical limit, but model-based estimates[26] indicate
that the mass should not show extreme curvature as the
physical pion mass is approached. Hence it is reasonable
to conclude that the lattice data are compatible with a
17T resonance in the region around 2 GeV, as suggested
by various models.

A challenge for future lattice QCD simulations is to in-
vestigate the spectrum of the 1~ + and other exotic chan-
nels in the lighter quark regime where multi-meson states
are lightest and where any hybrid meson would appear
as an excited state “resonance”. Increases in comput-
ing resources coupled with application of new theoretical
techniques|[27] make such analyses possible on the time
scale of the preparations for GLUEX. The JLAB theory
group intends to lead such efforts; by summer 2007 a set
of dynamical Nrp = 2+1 lattices, with pion masses as low
as ~ 350 MeV will have been generated that are designed
to be ideal for use in spectroscopic calculations. In paral-
lel, good interpolating fields for exotic and conventional
quantum numbers up to J = 3 are being developed along
with the analysis techniques for extracting many excited
states. Combining these two ingredients should allow ex-
traction of a considerable fraction of the conventional and



exotic spectroscopy in the GLUEX energy range. Indeed
the anticipation of results from GLUEX is a major in-
centive for the continued study of the exotic and excited
meson spectrum in lattice QCD.

2. Photocouplings

The photoproduction of meson resonances at GLUEX
is likely, in large part, to occur through diagrams where a
t-channel meson exchange from the baryon vertex fuses
with the incident photon to form the resonance. The
amplitude for this diagram is clearly proportional to the
electromagnetic transition matrix element between the
exchange meson and the resonance. Such matrix ele-
ments are amenable to calculation in lattice QCD where
previously they have only been considered in models (see
next section).

Computing these matrix elements is a major compo-
nent in the JLab lattice program; already the techniques
have been developed and applied to the test-case of con-
ventional radiative transitions in the charmonium sys-
tem, where the lattice results are found to agree well
with both experiment and the successful quark-potential
models relevant for heavy-quark systems [28].

Extension of this work to include higher spin mesons
and exotics is underway in parallel to the spectrum pro-
gram and it is anticipated that on a short time scale
simulations will be performed at lighter quark masses,
making predictions of direct relevance to GLUEX.

3. Hadronic decays

Hadronic decays within Lattice QCD remain a techni-
cal challenge. Naively one can see that this will be so by
consideration of the nature of the calculational scheme in
which the finite size of the lattice box renders the multi-
particle spectrum discrete - removing the possibility of a
state decaying into the multi-meson continuum. Never-
theless techniques have been developed to extract decay
information, such as the Luscher method which utilizes
variation of the size of the lattice box to investigate the
phase shift in a two-particle elastic process. A specula-
tive attempt to apply this method to the 17" channel can
be seen in [29] where a considerable extrapolation is re-
quired to reach the mass region in which decay can occur.
Resources are such that a trial of the Luscher method in
a region where such an extrapolation is not required can
be expected within the next couple of years.

Another possibility is the method pioneered by Michael
and collaborators [25] which artificially tunes parameters
(mostly the quark mass) so that a single particle state is
nearly degenerate with a two particle state into which in
the physical limit it is expected to decay. The Euclidean
time dependence of the overlap of the states yields the
coupling between them. An extrapolation is then made

to the physical limit where the phase-space is non-zero
to make a width prediction.

Thus far the decays of a 1=T state into the S-wave
channels, by and[78] 7 f1 have been considered - P-wave
channels such as pm appear at higher energy owing to
the finite energy cost of applying discrete momentum in
a finite box. First results on Np = 2 lattices indicate a
partial width for a m; at 2 GeV into wb; of 400 4+ 120
MeV and into 7 f; of 90 £ 60 MeV, where the errors are
only statistical. These values are obtained via an extrap-
olation to the physical point assuming that the coupling
is unvarying as the momentum transfer increases, an as-
sumption which is challenged in a model framework in
[30] and discussed briefly in the next section.

B. QCD inspired models

Models and empirical intuition are a strong guide to
production mechanism expectations at GLUEX. For ex-
ample, the photon with JP¢ = 17~ is expected to scatter
from the vacuum (Pomeron exchange) and with momen-
tum transfer in S, P ... waves convert into hadrons with
JPC = 17=;2%—;.... This potential access to mesons
with exotic J¢ by Pomeron exchange is unique to pho-
ton beams.

In the flux tube model the 2+~ state is expected in the
same mass range as the 17 and is formed by the flux-
tube containing one unit of intrinsic angular momentum
and the ¢q being in spin-triplet. Thus if the photon acts
as a hadron with Sy = 1, any spin-independent excita-
tion of the gluonic degrees of freedom by the (supposedly
gluonic) Pomeron will lead rather directly to the 2%~ ex-
otic configuration.

For the exotic states with JP¢ = 1=F, predicted
in lattice QCD and flux tube models to be among the
first excited hybrid states, photoproduction requires non-
trivial quantum number exchange. Here again in models
Sgq(171) = 1, so if the photon is considered to be in-
teracting via its hadronic component, the initial photon
spin configuration is a favorable entree to the 177.

Historically, Isgur [31] had made qualitative arguments
that the photoproduction amplitudes for hybrids made
of light quarks will be comparable to those of conven-
tional mesons. This was based on the Cabibbo-Radicati
sum rule and duality between the gluonic contributions to
the pion charge radius and the photoexcitation of hybrid
mesons by electric dipole radiation. Close and Dudek
[32, 33] performed the first explicit calculation of these
amplitudes in the flux-tube model, which quantitatively
confirmed Isgur’s speculation. For light flavors, the E1
transition amplitudes to hybrid mesons were found to be
comparable to those for conventional mesons. In partic-
ular the 7a2i — wf amplitude is expected to contribute
to the yp — wf‘ n via ae exchange and is not suppressed.

These calculations also apply to p exchange, which via
the photon E1 multipole can convert to 27, This too
is not suppressed and so a non-diffractive production of



the 27~ may be expected in addition to the Pomeron
production mentioned above.

The first study of the hybrid meson decays 1=+ — b,
and 7 f1 has recently been made in lattice QcD [25] and
shows features that had been anticipated in flux-tube
models [34-36]. The flux-tube model has successfully de-
scribed transitions among conventional mesons [37], and
also been applied to the decays of hybrid mesons. A no-
table feature of the latter, which also emerges in some
other models[38, 39], is that the prominent decays are
to excited mesons, notably S + P states [34]. This has
motivated the “explanation” of why such states had not
hitherto been seen: multipion decays are less well studied
. In turn this has directed the strategy for searches.

A particular prediction of the flux tube is that the
exotic m is expected to have prominent decays into mby
and = f1, with the former favoured by about a factor of
four in flux-tube models [34-36]. This result has been
confirmed by a lattice computation [25].

Reference [30] has compared the results of the flux tube
and lattice QCD and find that near threshold lattice QCD
and flux tube models are in excellent agreement. The re-
sults suggest that the spin-dependent features of Strong
QCD as revealed by the lattice are contained within the
flux-tube model, but that the momentum dependence of
the assumed extrapolation differs. When standard in-
tuition about exclusive form factors is consistently in-
cluded, the implication is that the hybrid widths com-
puted in the flux tube model for decays to asymmetric
final states, and for assumed hybrid masses ~ 2 GeV are
consistent with lattice QCD, and that the large widths re-
ported in [25] are likely overestimates. The selection rule
that decays to symmetric final states, such as S + 5, are
suppressed, has not yet been tested in lattice QCD. Thus
the possibility that hybrid decays occur to e.g. 7+ p
cannot be ruled out[79]; the prediction that decays to
why exceed 7 f1 appears to be robust.

IIT. LIGHT QUARK SPECTROSCOPY - AN
EXPERIMENTAL REVIEW

In this section the experimental searches for exotic hy-
brid mesons are reviewed, including positive sightings
and searches that have produced null results. There have
been significant developments since the last GLUEX De-
sign Report. We also explore issues in conventional spec-
troscopy where GLUEX can make significant contribu-
tions — in the areas of excited vector mesons. The reader
is also referred to a comprehensive review of photopro-
duction [40], a review of light-quark mesons [41] and a
review of exotic mesons presented at the 2003 HUGS lec-
tures by E. Klempt [42].

A. Exotic Hybrid Mesons

The emphasis here is not whether certain claims or
counter claims are consistent with phenomenological ex-
pectations, but rather on the experimental issues. There
are of course phenomenological issues inherent in the
analyses, for example, interpreting line shapes and phases
in terms of a Breit-Wigner parameterization and the spe-
cific assumptions that go into amplitude analyses. These
are discussed below.

1. m1(1400) — nm

The first report of evidence for an exotic meson came
in 1988 from the GAMS collaboration at CERN using
data from the reaction 7~p — nn’n at 100 GeV/c [43].
The purported state had exotic JF¢ = 1~ with a mass
of 1.4 GeV/c? decaying into n7°. The claim for an exotic
signal was based on an observed asymmetry in the decay
angular distribution as measured in the nr¥ rest frame
and was ascribed to the presence of an odd-even wave in-
terference. For an n7® system the charge conjugation C
is even. Also, J = L and P = (—1)! where L is the an-
gular momentum between the 7 and 7. Thus a P-wave
nm system has exotic JP¢ = 17F. Although the pur-
ported signal strength was small compared to the domi-
nant D-wave as(1320) — nr, it was the interference of
the exotic state with the as that supposedly facilitated
the detection of the signal. Inconsistencies in the data
and analysis were originally pointed out by Tuan, Fer-
bel and Dalitz [? ]. A subsequent re-analysis of the data
within the same collaboration called the earlier claim into
question [44, 45].

In 1993 the VES collaboration at the IHEP 70 GeV
proton synchrotron (Serpukhov) studied data from the
reaction 7~ N — nm~ N at an incident momentum of
37 GeV/c. They found a broad nm~ P-wave enhance-
ment at 1.4 GeV/c? [46]. Also in 1993, a group at KEK
took data on reaction 7~p — m7m~p at an incident mo-
mentum of 6.3 GeV/c. They also claimed an exotic signal
but with a mass and width close to the D-wave a3 (1320)
and leakage from this dominant wave into the P-wave
could not be excluded [47].

The E852 collaboration published evidence for an ex-
otic JP¢ = 1= in the reaction 77p — nrp [48, 49]
in 1997. The P-wave amplitude was described by Breit-
Wigner parameters m = (1379 + 16759) MeV/c? and
I' = (385 +40755,) MeV/c?. The E852 experiment used
a 18 GeV/c 7~ beam from the Brookhaven Alternating
Gradient Synchrotron into a LHy target in the Multipar-
ticle Spectrometer that had been augmented with photon
and recoil charged particle detection for E852.

Shortly after the E852 claim, the Crystal Barrel collab-
oration reported a P-wave nm wave in the pn annihilation
channel 7= 7%, with the Breit-Wigner parameters m =
(1400 + 20+ 20) MeV/c? and T’ = (3104 50759) MeV/c?
[50]. The Crystal Barrel collaboration also later reported



that the inclusion of a P-wave nr® with the above param-
eters in describing the channel pp — nr?7® was consis-

tent with the claim for the 1 (1400) [51].

In 2003, a subset of the E852 collaboration published
an analysis of data from the all-neutral final state reac-
tion 77 p — nm°n — 4yn and found that although a P-
wave was present, it could not be described with a Breit-
Wigner line shape [52]. The analysis employed here fol-
lowed closely a prior analysis of the 7~ p — 7%7% — 4yn

reaction [53].

In all the observations in m-induced reactions, the nm
P-wave enhancements have cross sections that are sub-
stantially smaller than the dominant as(1320), so leakage
from this state, usually due to an imperfect understand-
ing of experimental acceptance, is a source of concern. In
contrast, the observed yield of the m1(1400) in pp anni-
hilations is of the same magnitude as the a2(1320).

The interpretation of the nature of low-mass nm P-
wave amplitude and phase motion should be guided by
the principle of parsimony — less exotic interpretations
need to be considered. For example, in the analysis of the
nm® E852 data mentioned above, a P-wave is observed
but it is not consistent with a Breit-Wigner resonance.
The observed P-wave phase motion may be consistent
with non-resonant n7® final state interactions [54].

2. m(1600) — n'w

The ES852 collaboration published evidence for a
JPC = 1-7 exotic meson decaying into 1’7~ with Breit-
Wigner parameters m = (1597 + 10775) MeV/c? and
' = (340 + 40 + 50) MeV/c? [55]. Unlike the case for
the nm channel where the D-wave dominates, in this case
the P-wave and D-wave are comparable in strength. The
phase motion (see Figure 3) is also consistent with res-
onant behavior. Earlier the VES collaboration [46] re-
ported on the analysis of the reaction 7~ N — n'n~ N
and also found that the P-wave dominates the 7’7~ sys-
tem.

There is also evidence for a P-wave exotic 1’7 state in
the pp channel n’7+ 7~ with a mass of 1555450 MeV /c?
and a width of 468 4- 80 MeV/c? [56].

The interesting and tantalizing aspect of the n'm sys-
tem is that the P-wave is large and since competing
waves, like the D-wave, are not dominant, issues of leak-
age in the amplitude analysis may be minimized. It has
been speculated that the source of the P-wave is partly
due to non-resonant scattering but the inclusion of a nar-
row exotic resonance cannot be ruled out [54]. Given that
this state has been seen in three different experiments, it
will be very interesting to look for the photoproduction
of this state in GLUEX.
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FIG. 3: E852 results of the PWA of the reaction 7 p — n'm p
[65]. (a) momentum transfer squared from the incoming 7~
to the outgoing n'm~ system; (b) Py — D+ phase; (¢) Py
amplitude and (d) D4 amplitude.

3. m(1600) — pm

In previous versions of the GLUEX Design Reports, the
E852 claim of a JF¢ = 171 exotic meson decaying into
pm [57] was cited as the most robust evidence to date
for an exotic meson. This result came from a partial
wave analysis of the reaction 7~p — 7~ 7~ 7 p. The re-
ported resonance parameters of the exotic state are m =
(1593 + 8132) MeV/c? and T' = (168 + 20715°) MeV/c2.
These parameters were obtained from the interference of
the exotic 1~ "-wave with the 2=+ wave. Confidence in
this result was based in part by the fact that the ampli-
tude analysis resulted in observation of well-known states
such as the a1 (1260), a2(1320), m2(1670), 7(1800) and the
a4(2040) [58]. The fact that the reported exotic width
is relatively narrow, coupled with the mass being more
in line with expectations from models and LQCD, also
helped give some credence to this result. The VES col-
laboration [59] does not find evidence for this state in the
reaction 7~ N — 7w~ n~ 7T N.

The 37 system with non-zero charge has isospin I > 0,
and, since no flavor exotic mesons have been found, we
assume I = 1. Since a state with an odd number of
pions has negative G parity, the relationship G = C(—1)1
implies positive C parity for the (37)~ system.

In what follows we will summarize results of a recent
analysis of an expanded 37 data set from E852 that also
finds no evidence for this state. We present this with
enough detail to point out the importance of understand-
ing the biases that can be introduced in an amplitude
analysis.

The E852 analysis was based on 250,000 events of the
reaction 7 p — 7w wp collected in 1994. A recent
publication [60] reported on the analysis of additional
E852 data collected in 1995 including 3.0M events of the
reaction 77 p — 7~ w7%p and 2.6M events of the reaction
TTp — oo whp.
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FIG. 4: Partial wave analysis of the 37 system in the isobar
model. The state X is characterized by spin (J), parity (P)
and charge conjugation (C). It decays at point 1 into a di-pion
resonance Ry (the isobar) and a bachelor 7. The di-pion has
spin S. The angular momentum between the isobar and the
bachelor 7 is L. At point 2 the di-pion resonance decays into
e and mp.

In almost all of the published amplitude analyses of
the 37 system, including the E852 analysis, the isobar
model was employed — a 37 system with a particular
JPC is produced and decays into a di-pion resonance
with well-defined quantum numbers and a bachelor w
followed by the decay of the di-pion resonance (see Fig-
ure 4). This assumption is successful in describing many
features of the 37 system and is motivated by the ob-
servation that the di-pion effective mass spectrum shows
prominent resonance production, for example, the p(770)
and the f3(1270).

In order to extract reliable information from a partial
wave analysis it is important to establish a procedure for
determining a sufficient set of partial waves. Failure to
include important partial waves in the series expansion
may lead to inconsistent results and erroneous conclu-
sions. The recent analysis of additional E852 data [60]
included a study of the effect of removing individual par-
tial waves on the quality of the fit and a comparison of
moments as calculated from PWA solutions with those
computed directly from data. The recent analysis is also
similar to that of the earlier E852 analysis [57, 58] in that
the same isobar model assumptions were made but the
final set of partial waves used is different. Both analy-
ses make the same assumptions about coherence between
different partial waves. It is possible that relaxing these
coherence assumptions could lead to different results in
both analyses.

In the new analysis a parent set of partial wave (refer-
ring to the notation of Figure 4) was defined to include
waves with J < 4, M < 1 and S < 3. The nw iso-
bars included in this analysis are the o, f4(980), p(770),
f2(1275) and p5(1690) where o is meant to indicate a
S-wave mm system as described in [58]. In addition, a
background wave is included. The background wave is
characterized by a uniform distribution in the relevant
decay angles and is added incoherently with the other
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FIG. 5: The J¥¢ = 1= prr wave for PWA fits carried out
using a the high-wave set and low-wave set. Please see the
text for details.

waves.

Waves were sequentially removed from the parent set
and the change in likelihood (£) was examined and used
as the criterion for either keeping or dropping the wave.
The exotic waves would have been removed by this se-
lection criterion but were kept because the existence of
signals in these waves was under consideration.

Based on these criteria the compiled set included 35
waves and a background wave — this is the high-wave set.
The analysis reported in reference [58] used a wave set
consisting of 20 waves including the background wave —
this is the low-wave set.

The results of the analysis with these two wave sets give
similar results for dominant waves, such are the a2(1320)
and the m3(1670). Moreover, the relative yields in the
two modes, 7~ 7n~ 7w+ and 7~ 7070, were consistent with
expectations based on isospin. However, the two wave
sets yield different results for the exotic wave, as shown
in Figure 5.

Using the high-wave set yields a line shape for the
charged mode that agrees with the earlier E852 result of
reference [58] but using the high-wave set yields no en-
hancement in the exotic wave amplitude. Furthermore,
these studies indicate that leaving out the partial waves
corresponding to decay modes of the m2(1670) (P-wave
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pr and F-wave pm - included in the high-wave set but
not the low-wave set) leads to a false enhancement in the
exotic 171 wave.

All this underscores the importance of not only under-
standing experimental acceptance issues but also under-
standing the systematic biases in the analysis procedure
by having an incomplete wave set. Studies are also un-
derway to understand other possible biases introduced
by coherence assumptions and mechanisms beyond the
isobar model.

4. FExotic Hybrids Decaying into by and fim

The E852 Collaboration has recently published evi-
dence for additional exotic states, all with JF¢ = 1+,
Two states, with masses of 1.6 and 2.0 GeV/c?, decay
into fim followed by f1 — nrm [61] (see Figure 7). An-
other two states, also with masses of 1.6 and 2.0 GeV/c?,
decay into b7 followed by by — wm [62] (see Figure 6).
Evidence for the VES also finds evidence for J©¢ = 17+
states with a mass of 1.6 GeV/c? decaying into fim and
blﬂ' [59]

These states are intriguing because the higher mass
states are in line with theoretical predictions and the de-
cay modes into S-wave plus P-wave qq states are those
favored by the flux-tube model. However, these states
need confirmation.

5. Ezotic Hybrids and GlueX

GLUEX will build on the pioneering work of the exper-
iments that have pointed to channels that have tantaliz-
ing signals for exotic mesons. It is clear that amplitude
analyses are needed to extract information about these
states and that high quality data with excellent resolu-
tion and acceptance and high statistics are essential. The
GLUEX detector is optimized for such analyses. It is also
clear that it is important to do careful self-consistency
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FIG. 7: From reference [61]: results of a PWA of the
n3m system.  fim intensities of the (a) 1770 (fim)P;
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(d) (1) = $(21); (e) 6(1=F) — B(17+); and (d) $(1++) —
#(2™T). The results from a least squares fit are overlaid as
the solid line (two poles in the 1~ fi7 wave) and the dashed
line (one pole). Please reference [61] for details.

checks in applying the amplitude analyses so as to avoid
biases that could give rise to incorrect conclusions. Fi-
nally, GLUEX will use a photon probe, that, as pointed
out above, is likely to be more efficient at producing ex-
otic hybrid mesons compared to pion probes.

B. Conventional Light Quark Meson Spectroscopy

The primary focus of GLUEX is mapping the spectrum
of exotic hybrid mesons, but this mapping necessarily
requires mapping the spectrum of conventional mesons as
well. By conventional we mean mesons that are members
of the light quark ¢g nonets. As is evident from the above
discussion of the amplitude analysis of the 37 system, the
analysis identifies states not only by their line shapes in
intensity but also through their interference with other
states (usually conventional mesons) nearby in mass. So
in the process of doing the analysis to identify the exotic
states, the high quality data to be collected by GLUEX
will yield important information about the light quark
meson spectrum.

The reader is reminded that in the conventional quark
model the three light quarks form flavor SU(3) nonets
characterized by a given set of J©¢ quantum numbers
that are in turn determined by the relative orbital an-
gular momentum (L) between the quarks and the rela-
tive orientation of their spins (parallel or anti-parallel).
Three members of the nonet have isospin I = 1, four have
I = % and two have I = 0. The I = % members have
non-zero strangeness. The two I = 0 members (f and
f") are linear combinations of the SU(3) flavor octet and
singlet states. In some cases (17, 277,37 7) these com-
binations are ideally mired with one state nearly pure s5
(e.g. #(1020)) and other with no strange component (e.g.



TABLE I: Map of the ground state mesons up through L =5
(Some of these assignments are not without controversy).
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TABLE II: Map of the Radial Excitations (Except for the top
two rows, these assignments are speculative).

L, JP¢ 1=1  I=% I=0 I=0 n* L, JPY I1=1  I=3% I=0 1=0
ud - Us - - fe fe ud - - US--- fe e
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1°D; 177 p(1700) K*(1680) w(1650) 3351 177 p(1900)
1Dy 277 K>(1820)
1°Ds 377 p3(1690) K3(1780) w3(1670) ¢3/(1850) af 1and f' are linear combinations of the SU(3) flavor octet and
singlet states.
1'Fy 3%
1°Fy  3TF
12F4 411 4(2040) K7 (2045) f4(2050) ideal for providing this connection. From a study of their
Pl 5 decays in ¢, J/1¢ and T factories, much has been learned
) . about QCD hadronic physics. The ground state light
1 Ga 477 uark vector nonet is very well understood. The flavor-
1°Gy 4 N Y
13G4 5 (2350) less members of this nonet, the w and ¢, are nearly ide-
13 G5 6 ps ally mixed so that ¢ is essentially composed entirely of s
¢ quarks and the w entirely of u and d quarks. Within the
1'Hy 5t quark model we expect excitations of the ground state
1"H, 5t vectors and these include both radial (2 3S1) excitations
13Hs 6™ ag(2450) f6(2510) and orbital (1 3D1) excitations. In the heavy quark sec-
1'Hy, 7t tor these vector excitations are well mapped and stud-

@f and f’ are linear combinations of the SU(3) flavor octet and
singlet states.

w(780)). In Table I we show the map of the ground state
light quark mesons up through L = 5. Note the missing
states and also note that the mass range is within the
reach of GLUEX.

In addition to the ground state nonets, radial excita-
tion are possible within the conventional quark model.
In Table II we show the map of the light quark radial
excitations.

We now will focus on the excited vector mesons.

C. Excited Vector Mesons

Why study the photoproduction of excited light quark
vector mesons? First of all, in both the light and heavy
quark sectors the ground state vector mesons ( 1 351 ¢q),
the p, w, ¢, J/1 and T, are well understood. An under-
standing of how the light quark and heavy quark sectors
connect is important if we are to eventually understand
the light quark sector in mapping gluonic excitations —
glueballs and hybrid mesons. The vector mesons are thus

ied. But the situation in the light quark sector is at best
murky, as will be discussed below.

It has also been speculated [63] that the radiative de-
cays of excited vector mesons can be used to provide
unique information about their decay products and to
isolate evidence for mesons with gluonic degrees of free-
dom.

In the heavy quark sector the vectors are produced in
eTe™ collisions. In the light quark sector much of the in-
formation we have on possible excited vector states also
comes from ete™ collisions. But the measurements of
the masses, widths and decay modes of reported states
are inconsistent. Photoproduction is complementary to
eTe™ collisions and may be better suited to understand-
ing the light quark excited vectors. One advantage of
producing states directly in eTe™ collisions is that one
starts with a clean J©¢ = 1~ initial state. On the other
hand photoproduction allows for other JP states. This
could be viewed as a virtue since it allows one to exploit
interference with well-known states to help establish new
states.

The elastic photoproduction of the ground state vec-
tor mesons, p, w and ¢ has been well studied. Within
the Vector Dominance Model (VDM) picture the photon
fluctuates into a virtual 1 3S; g (vector meson V) that
elastically scatters off of the proton resulting in vyp — Vp.



Of course the photon can also fluctuate into a virtual
235 or 13Dy qq (excited vector V*) followed by elastic
scattering of the excited vector resulting in yp — V*p.

Our current information about the excited vector
mesons comes from ete™ collisions with only a few re-
sults from hadro- and photo-production and 7 decays
[64]. There is general agreement about the existence
of these excited isovector-vector mesons (p(1450) and
p(1700)), the excited isoscalar-vector mesons (w(1420)
and w(1650)) and the excited isoscalar-vector with hid-
den strangeness (¢(1680)). There are, however, incon-
sistencies in the masses, widths and decay modes. For
example, the quoted masses for the p(1450) range from
1290 + 40 to 1582 £ 25 MeV /c? while the quoted widths
range from 60 4 15 to 547 & 86 MeV/c?. Masses and
widths for the other excited vector states show similar
inconsistencies. Many of the decay modes allowed by
quantum number conservation are merely listed as seen
in the Review of Particle Physics (RPP) [64]. The 2004
RPP has a review [65] of the p(1450) and p(1700). In the
1988 version of the RPP there was a single excited p — the
p(1600) which has been superseded by the p(1450) and
p(1700). There is also a report of a photoproduced K K
state with a mass of 1750 MeV/c? [66] by the FOCUS
collaboration.

Separately, and with co-workers, A. Donnachie has re-
viewed the experimental situation with excited vector
mesons [67-70]. The disparity among various experi-
ments with regard to the properties of excited vector
mesons, alluded to above, highlights why these states are
of great interest. Further experiments are needed to learn
about the substructure of these states. A comparison of
ete™ data, 7 decays and photoproduction is essential.

GLUEX is ideally suited to provide the critical data
needed for a full mapping of excited vector mesons.
GLUEX will increase the current statistics on light quark
photoproduction by several orders of magnitude. Many
of the current inconsistencies will be removed by doing a
proper amplitude analysis for a variety of decay modes.

IV. GLUEX REQUIREMENTS FOR THE
ELECTRON AND PHOTON BEAMS

A. Overview

Much of this section is extracted from two tech-
nical notes: GlueX-doc-389 and GlueX-doc-646 that
are available for PAC members on the web site
www.gluex.org.

Our guidance for the masses of the low-lying exotic
hybrid nonets, and the mass splittings among the nonets,
comes from LQCD. The masses and splittings depend on
the gluonic degrees of freedom. For example, the SESAM
collaboration predicts that the exotic hybrids involving u
and d quarks alone have masses of 2.3+0.6, 1.9+0.2 and
2.0+ 0.1 GeV/c? respectively for the 0=, 1=+ and 27~
nonets. The s5 members are expected to be typically
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0.2 to 0.3 GeV/c? more massive. Keeping in mind that
mapping the spectrum of exotics involves identification
of the nonet members, GLUEX needs a mass reach of up
to approximately 2.8 GeV/c2.

This mass reach requires a photon beam energy of
9 GeV — well enough above threshold for the meson mass
range of interest to ensure that the mesons have sufficient
boost so that their decay products are detected with suf-
ficient precision and also so line shape distortions due to
kinematic and dynamic effects are minimized.

Linearly polarized photons are required for the ampli-
tude analyses needed to extract information about the
spin-parity of produced mesons. The optimal technique
for producing linearly polarized photons for GLUEX is
coherent bremsstrahlung. In order to obtain the re-
quired degree of linear polarization for a given photon
energy, it is essential that the electron energy be suffi-
ciently high (12 GeV in this case) and that the photon
beam be collimated. The ability to collimate in turn de-
pends on having a sufficiently thin diamond wafer radia-
tor (~ 20 p) and a sufficiently small electron beam emit-
tance (10 mm-ur). The GLUEX experiment is unique
among Jefferson Lab experiments in that its required
emittance is close to the ideal limits of the machine.

Figure 8 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 relative to the electron beam 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.

B. Meson Masses and Photon Beam Energy

In order to understand the importance of the photon
beam energy in reaching the desired meson masses we will
assume three possible photon coherent peak positions: 8,
9 and 10 GeV each with a width and shape roughly given
by the spectrum in the tagging range of Figure 8.

Consider the production of meson X in the reaction
vp — Xp. The four-momenta of the particles in the
reaction are p,, pp,, px and p,, (where p; and p, are
the target and recoil protons). The kinematics of this
reaction are characterized by the center of mass energy
squared, s, and the momentum transfer squared, ¢, from
the incident photon to the produced meson X. In terms
of the four-momenta s = (py, + pp,)? = my(m, + 2E,)
and t = (px —py)*> = (Pp, — Pp,)’

For beam photon energies greater than a few GeV the
production of mesons is predominantly peripheral as in-



x 102

- uncollimated

beam flux (/GeV /s)

[oX) (o)) o -P
(@} n o [&)]
o o o o
Q Q o o

2500 — |

2000

1500 —

1000 —
collimated

500

tagging range

O‘\\\\‘\\\\‘\\\\\\\\\‘\\\\‘\\\\
6 7 8 9 10 11 12

photon energy (GeV)
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FIG. 9: Dependence of the minimum value of [t| as a function
of Mx for the reaction yp — Xp. The inset diagram shows
the peripheral production of X with arrows indicating the
variables s = (py + pp,)? and t = (px — p,)? in terms of the
relevant four-momenta and where p; and p, refer to the target
and recoil protons respectively. The curves correspond to
beam photon energies, E,, 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.

dicated by the diagram in the inset of Figure 9. The
distribution in [¢| falls off rapidly with a typical depen-
dence characterized by e~ /*l where for this study we as-
sume a typical value of a =~ 8 (GeV/c)™2. As the central
mass mx of the resonance approaches the kinematic limit
(v/s —my) for the production of the resonance the min-
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FIG. 10: Breit-Wigner line shape for resonances of masses
of 2.5 and 2.8 GeV/c? weighted by an amplitude that falls
exponentially in |t| with a slope parameter of o = 8 (GeV/c)?.
The resonance width is assumed to be 0.15 GeV/c*. For each
resonance the yield is shown for photon peak energies of 10,
9 and 8 GeV. The inset shows the yield for the 2.8 GeV/c?
energy in more detail.

imum [t|, |t|min needed to produce the resonance rises
rapidly with mx and has a significant variation across
the width (T') of the resonance. This distorts the line
shape and decreases the integrated yield. In Figure 9
we show the dependence of [t|,in as a function of mx.
The curves correspond to beam photon energies, ., 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/c?
for the 8.0 GeV peak.

In Figure 10 we show the Breit-Wigner line shape and
overall production rate for resonances of masses 2.5 and
2.8 GeV/c? are affected by the value and variation of
|t|min across the width of the resonance for various as-
sumptions about the position of the coherent photon
peak. We assume the same cross-section for the two res-
onances and describe the line shape by a Breit-Wigner
form weighted by an amplitude that falls exponentially
in [t| with a slope parameter of @ = 8 (GeV/c)?. The
resonance width is assumed to be 0.15 GeV/c?. 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/c? in more detail. It can be
seen that the line shape varies dramatically as the photon
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FIG. 11: Relative yield as a function of meson mass for beam
photon peak energies of 8, 9 and 10 GeV. The variation in
yield is due to the exponential fall off of production as a func-
tion of |t| combined with the variation of |t|m:n with Mx as
explained in the text.

peak moves from 10 to 9 to 8 GeV. And in the step from
9 to 8 GeV the resonance at 2.8 GeV/c? the resonance
shape disappears.

Figure 11 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 ex-
periment. It would, in effect, remove between one-third
to one-half of the mass range from 2 to 3 GeV/c? from
exploration, precisely the range of mass where hybrids
are expected.

C. Linear Polarization and Analysis

The amplitude analysis that will be employed by
GLUEX to identify the spin, parity and charge conju-
gation quantum numbers of produced meson states and
their production mechanisms depends critically on hav-
ing linearly polarized photons. Indeed, significant pio-
neering work on the photoproduction of mesons at SLAC,
near proposed GLUEX photon energies, was carried out
using a low-intensity linearly polarized photon beam pro-
duced using Compton backscattering off of laser light [71]
into a liquid hydrogen bubble chamber.

Consider photon beams that are (1) unpolarized; (2);
circularly polarized with either |R) or |L) polarization;
(3) linearly polarized with |z) or |y); or (4) partially
polarized. The linear polarization states are related
the circular states by |z) = (|L) — |R))/v2 and |y) =
i(|L) + |R))/v/2. From this we can see how maximal
information from decays are obtained with linearly po-
larized photons as opposed to unpolarized or circularly
polarized.
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FIG. 12: Photoproduction of a meson X by the exchanged of
a particle e with natural (N) or unnatural (U) parity.

Consider the diagram of Figure 12 that shows the pho-
toproduction of a meson X via exchange of a particle (e)
with either natural (N) or unnatural (U) parity. Natural
parity for the exchange particle assumes that the spin J,
and parity P, are related by P. = (—1)/¢ whereas for
unnatural parity P, = (—1)7¢*1.

The wave function for X — a + b, if the spin of X is
¢, is given by Y, (0, ) where m = £1. If the photon
is circularly polarized with either m = +1 then the ob-
served decay angular distribution is given by W (6, ¢) =
Y0, 6))? o« |P}cosle®™®? oc (P}cosf])?. If the
photon is linearly polarized then for |x2 polarization the
wave function is proportional to Y;' — Y[l yielding
W(0,¢) x (P}[cosb])? cos? ¢ whereas for |y) polariza-
tion the wave function is proportional to Y, 4+ Y, and
W (6, $) o< (P}[cos])?sin ¢ . With unpolarized photons
or circularly polarized photons there is no information
from the ¢ decay angle — that only obtains in the case of
linear polarization.

Polarization information can also be used to separate
meson production by natural (N) or unnatural (U) par-
ity exchange. For example, diffractive photoproduction,
which occurs by Pomeron exchange (natural parity ex-
change), will produce background to exotic meson pro-
duction that may occur through unnatural parity ex-
change. With unpolarized photons or circularly polar-
ized photons the two exchange processes cannot be iso-
lated. But with linear polarization the two exchange
mechanisms can be separated by selecting events based
on the angle the polarization vector makes with the pro-
duction plane. This was originally pointed out in papers
by Cooper [72] and Thews [73] and developed more fully
shortly thereafter in a detailed treatment by Schilling,
Seyboth and Wolf [74] who present distributions includ-
ing those for partial linear polarization. This ability to
select the production mechanism was exploited by Afana-
sev and Szczepaniak [75] who point out that a similar
selection can be used as an exotics filter mechanism.

D. Electron Beam Energy & Emittance

Electron beam energy is an important beam property
for achieving the physics goals of GlueX. For 9 GeV pho-
tons, the polarized beam intensity and polarization are
strongly dependent on electron beam energy. Beam in-



tensity is controlled by electron beam current, so the
reader may wonder how this is coupled to the beam en-
ergy. The reason for this is tied to the presence of all
of the low-energy photons that are present in the photon
beam together with the tagged photons are 9 GeV. At the
low-energy end of the photon beam spectrum the spectral
intensity scales like 1/k where k is the photon energy, so
in terms of photon count the beam is dominated by low-
energy photons. These low-energy photons undergo both
electromagnetic and hadronic interactions in the target
which are the primary source of background in the de-
tector. The GLUEX detector and trigger are designed to
operate in the presence of these backgrounds and ignore
them, but there are limits on how high a background is
acceptable.

Independent of what those exact limits will be, it is
possible to compute a relative figure of merit as a function
of electron beam energy.

The polarization figure of merit is the product of the
intensity of the tagged photon beam at the entrance to
the GlueX target multiplied by its mean-square linear
polarization. More precisely,

S\
fom = . dEP (E)dE (1)
where dN/dE is the spectral intensity of the collimated
photon beam, P(F) is its linear polarization, and Ey and
E; are the limits of the tagged region of the spectrum.

The results are shown in Figure 13 for a variety of colli-
mator diameters located 75 m downstream of the tagger.
These curves were generated by computing the square of
the average polarization in the photon beam multiplied
by the flux of tagged photons between 8.4 and 9 GeV di-
vided by the total hadronic interaction rate in the target.
Each curve is a smooth interpolation between points at
several discrete energies over the range 9 - 13 GeV. Nor-
malizing to the total electromagnetic rate instead of the
hadronic rate would produce essentially the same result.
The lowest curve in the figure corresponds to the photon
beam without any collimator in place. It is included to
show that the improvement in the beam polarization fig-
ure of merit in going from 9 GeV to 12 GeV electrons is
mainly achieved through collimation.

The electron beam emittance at the entrance to the
crystal radiator is very important to the GlueX exper-
iment. Having a small-emittance electron beam, along
with a thin (20 p) diamond radiator, is what makes it
possible to use strict collimation to significantly enhance
the photon beam 9 GeV flux and polarization. Both the
tagging efficiency and the polarization figure of merit are
sensitive to emittance. The combined figure of merit, tak-
ing into account both tagging efficiency and polarization
figure of merit, as a function of electron beam emittance
are shown in Figure. 14 for various collimators.

Increasing the emittance increases the photon spot size
on the collimator. Because of this, the photon intensity
at the GlueX target tends to decrease with increasing
emittance for fixed electron beam current. This decrease
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FIG. 13: Polarization figure of merit (arb. units) as a func-
tion of electron beam energy for the reference design with (a)
a 1.6 mm diameter collimator, (b) a 3.2 mm diameter colli-
mator, (c) a 6.4 mm diameter collimator, and (d) without a
collimator. The vertical axis has been normalized to unity
for an uncollimated beam at 12 GeV. The reference configu-
ration is represented by the intersection of curve (b) with the
vertical grid line at 12 GeV.
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FIG. 14: Combined figure of merit as a function of horizontal
electron beam emittance for (a) a 1.6 mm diameter collimator,
(b) a 3.2 mm diameter collimator, and (c) a 6.4 mm diameter
collimator. The tagging efficiency and polarization figure of
merit were combined by simply taking their product. The
reference configuration is represented by the intersection of
curve (b) with the vertical grid line at 10™% m-r.

can be compensated by increasing the electron beam cur-
rent as long as the current remains within the operating
range of the beam line.



V. DETECTOR PERFORMANCE
A. Needs Imposed by Amplitude Analyses

We should summarize here the need for excellent ac-
ceptance, resolution and particle identification so that we
can cleanly kinematically isolate various exclusive reac-
tions and also have the acceptance needed for a PWA.

B. Detector Performance

This summary could be based on the Design Report
presented to the GLUEX Detector Review in October
2004. Most of those simulations were based on HDFAST.

C. Detector Simulation

Source: GlueX-doc-654 by Richard Jones. This
should refer to the recommendation of the GLUEX Detec-
tor Review Committee that we develop a more realistic
GEANT-based simulation of the integrated detector with
an eye to understanding reconstruction issues. This sec-
tion will describe work to date.

D. Charged Particle Tracking

Attn: David Lawrence. It was also decided that we
would focus on understanding our single charged parti-
cle track reconstruction efficiency using the above sim-
ulation package. The idea is to vary ¢DC and FDC pa-
rameters and placement and note the effect this has on
efficiency. Also included will be a realistic simulations
of backgrounds and an attempt to simulate the effect on
acceptance of real chamber frames and cabling.

E. Particle Identification

Attn: Wener Boeglin wrote a response to the
Review Committee comments based on work of
Ryan Mitchell. It was also noted by the GLUEX
Detector Review Committee that we need to have a
more integrated approach to particle ID. There is still
the outstanding issue of the DIRC versus a gas Cerenkov
counter. A.D. will attempt to summarize where we are
in addressing this issue.

F. Summary of R&D to Date

This will be a brief discussion of the R&D that has been
performed on various subsystems also referencing publi-
cations that have resulted. It should also include a para-
graph on developments with silicon PM’s and their ap-
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plication for BCAL and possibly FCAL and other GLUEX
subsystems.

G. Future Beam Tests

This will summarize our plans for beam tests in
HALL B this year for BCAL and FCAL the following year
and ¢DC and FDC prototype tests the next year.

VI. GLUEX: THE FIRST TWO YEARS OF
RUNNING

A. Overview

The GLUEX run plan for the first two years is broken
down into three phases. During Phase I (first six months)
we will be doing low-level detector commissioning that
requires neither 12 GeV electrons nor the ultimate emit-
tance from the machine. During the detector commis-
sioning phase the beam tagger will also be commissioned.
During Phase II (following six months) we will system-
atically go through physics commissioning by studying
well-known reactions, in particular, measuring the den-
sity matrix elements of diffractively produced p, w and ¢
mesons to check out our event reconstruction and parti-
cle identification capabilities. During this phase we want
to also study the photon beam linear polarization and
measure how it tracks with electron beam emittance. It
may be necessary during this phase of match the photon
energy (adjust the crystal angle relative to the electron
beam) to available electron energy to maximize polariza-
tion. Finally, in Phase III (the next twelve months) we
will start exploratory physics, searching for exotic meson
in decay channels that are expected to be fertile channels
for such searches and/or channels where tantalizing evi-
dence for exotic meson signals have been reported. Dur-
ing this phase we plan on running with a 12 GeV electron
beam at the design emittance of 10 mm-ur and at a flux
of 107 /s with some running at higher fluxes as we push
toward the ultimate 10%/s rate. The running conditions
for the three phases are summarized in Table III.

B. Event Rate & Yield Assumptions

The total event rate is given by equation 2, where the
event rate is R, the total cross section is o7, the number
of scattering centers per unit area in the target is NV; and
the photon beam flux is IV,.

R = or-N;-N, (2)

The total hadronic cross-section, o, for the reaction:
vp — anything at a photon energy of £, = 9 GeV is



TABLE III: GLUEX Running Conditions - First Two Years

Quantity Phase 1% Phase II* Phase II1¢
Duration (months) 6 6 12
Min. electron energy (GeV) 10 11 12
Max. emittance (mm-ur) 50 20 10
Min. photon energy (GeV) 8—-9 8—-9 9
Photon Flux (y/s) 10° 107 107

“Detector commissioning
“Physics commissioning - appropriately match photon energy to

electron energy to maximize polarization
¢Exploratory physics at design energies and emittance. Some run-

ning will take place at a photon flux of 10%/s.

approximately 120 ub. The GLUEX target is a 30 cm-
long LH cylinder and the number of scattering centers
per area is

N, = 12.6 x 1022 em™2 or
= 1.26b7 L.

A photon beam flux of N, = 10%/s corresponds to an
event rate R of 15 kHz. During initial running we will
use a photon flux that is a factor of 10 smaller.

Another way to express the event rate for a 30 cm-
long LH; target is that with a photon beam flux of NV, =
107/s, a 1 ub cross-section yields a rate of 12.5 Hz.

During Phases II and IIT we assume that the com-
bined efficiency of accelerator, photon beam and GLUEX
detector will be 30% so for purposes of estimating yields
Phases II and III, the effective integrated running time
will be 5 x 10 s and 107 s respectively. Also, based
on Monte Carlo studies, we estimate the combined ge-
ometric and reconstruction efficiencies for typical event
topologies to be about 75%.

C. Phase II Running

During Phase II running GLUEX will collect data on
well-measured reactions, such as the diffractive produc-
tion of the vector mesons p, w and ¢, whose produc-
tion cross-sections are listed in Table IV. For a photon
beam flux of N, = 107/s, including overall detection ef-
ficiency, we expect to collect a total sample of 940M p
events, 94M w events and 18M ¢ events. The spin den-
sity matrix elements of these low-lying vector states have
been determined in photoproduction with linearly polar-
ized photons (e.g. see [76]). Various decay modes for
these will be studied as well. For example the decays
w — 7t 7% and w — 7%y occur with branching frac-
tions of 89% and 9% respectively. And for the ¢ the de-
cay modes into KK, 37 and 7y occur with branching
fractions of 49%, 15% and 1.3% respectively.

In addition to the vector states, the photoproduc-
tion of other mesons have also been measured — such as
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TABLE IV: Cross sections for various photoproduction reac-
tions at a photon energy of 9 GeV.

Reaction Approximate o(ub)
vp — p(770)p 20
P — wp 2
P — ¢p 0.4
p — f2(1270)p 1
vp — af (1320)n 1
vp — b9 (1235)p 1
p — p'(1465)p 1
w — (3m)°p 10
vp — (3m)tn 10
yp — (27w)°p® 0.2
vp — (2mw)Tn 0.2
p — (2m)°p° 0.2
vp — (2mn)tn 0.2

B.R.(w — 77~ 7%) = 89% and B.R.(w — 7%) = 9%
B.R.(n — ntn~70) = 23% and B.R.(n — 2v) = 39%

TABLE V: Possible Decay Modes for Exotic Hybrids

Particle Jre 1 G Possible Modes®
bo O+7 1 +

ho ot- 0 — bim

T 1-F 1 — pm, bim

m 1-+ 0 + as T

ba o= 1 + asT

ha 2t— 0 — pm, bim
¢Assuming the G = + channel 271 or the G = — channels 37 or

2Tw.

the f2(1270) and the a3(1320). Their production cross-
sections are also listed in Table IV. The decays of the
f2(1270) into 7w and KK occur with branching frac-
tions of 85% and 5% respectively. The a2(1320) decays
into pm, nm, wrm, KK and n'm with branching fractions
of 70%, 15%, 10%, 5% and 0.5% respectively. It will
be essential to focus on these decays and obtain consis-
tent results within the amplitude analyses. These decay
channels are also relevant for exotics searches.

Another physics topic of interest is the measurement
of the spin structure of the K+ K~ system near threshold
to study S-wave/P-wave interference — the S-wave states
are the a¢(980) and f(980) while the P-wave state is the
#(1020) (see [77]).

D. Phase IIT Running

This exploratory physics Phase III of GLUEX running
will focus on the exotic nonets: 07—, 17" and 27~ and
in particular will focus on the decay channels pm, by7 and
as7. As indicated in Table V, these modes should access
the I = 0 members of all three nonets and the I = 1
members of the 1~ and 27~ nonets.

The pm, bym and asm modes lead to the final states



37N, 2nwN and 27nN respectively via the decay modes
p — 27, by — wm and az — nw. Table IV lists the
expected cross sections for these final states. We note
that the 27 and wm modes are dominant for the p and
b1 respectively and the branching fraction for as — nm is
15%.

In understanding the entries of Table V we remind the
reader that the G-parity, isospin (I) and charge conjuga-
tion (C) are related as follows: G = C' - (—1)!. For the
31 and 27w channels G = — and G = + for 27n. For pm,
b1 and ae7 the isospin can be 0 or 1. The spins of these
systems are given by given by the spin sums: L+ T, L+T
and L + 2 respectively (where L is the relative angular
momentum between the two mesons) and the parities are
given by (—=1)f, (=1)£*! and (—1)%*! respectively.

We note that photoproduction reactions resulting in
the final states 37N, 2nrwN and 2anN will be partic-
ularly fruitful channels for exotics searches. The cross
section estimates are listed in Table IV.

The GLUEX has extensive experience in analysis of
the 37w system (see the earlier discussion on the analy-
sis of the reactions 77p — (37)"p. The availability of
multiple-decay modes for the w and 1 will also be critical
in understanding backgrounds and systematics.

Figure 15 shows the expected yields for the 37 channel
per 10 MeV mass bin after 3 months of running as a
function of mass along with the expected yields for the
2mw channel per 20 MeV mass bin after 12 months of
running as a function of mass. The assumptions used for
these estimates are:

1. There will be 26 weeks of 12 GeV operation with
beam on the GLUEX target. Of the 26 weeks, % of
it will produce useful data. This leads to 5 x 10°
seconds of good beam per year.

2. Initially, the GlueX Detector will be able to handle
a photon flux of 107 tagged photons per second on
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target.

3. The combination of solid angle and reconstruction
efficiency will allow us to use approximately 75% of
the events that are colleted to tape.

The expected yields will exceed the E852 data by at
least 2-3 orders of magnitude.
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FIG. 15: Expected yields for the 37 channel per 10 MeV mass
bin after 3 months of running as a function of mass along with
the expected yields for the 27w channel per 20 MeV mass bin
after 12 months of running as a function of mass. See the text
for yield assumptions.
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