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Outline

• Spectroscopy Intro and Background

• Recent Results:

• Checkout what has happened in the charm system!

• A few notes light quark states

• Prospects for Future Discovery

Note:  Results presented here are only a small sampling of
ongoing work.  There are many other unmentioned

recent results in meson spectroscopy.
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Spectroscopy
• There has been long-standing 

interest in the search for 
hybrids and glueballs in our 
quest to understand the bound 
states of QCD.

• These states arise from the 
gluon-gluon interaction and are 
therefore seen as fundamental 
predictions of QCD.

Conventional Meson “Hybrid” Meson “Glueball”
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Challenges
• In light quark (u,d,s) sector, states are broad and are difficult to 

resolve and “bump hunting” is not so successful -- need 
amplitude analysis

• Separation from conventional states is challenging, especially 
when states mix -- look for overpopulation of states or exotic 
quantum numbers

• Much info comes from older lower statistics experiments 

• This has lead to a very murky picture of states below charm 
threshold, especially in the 1-3 GeV region despite 20+ years of 
pioneering experimental work

• Is there potential for a breakthrough?  (Yes!)
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A (2nd) Charm Revolution

• With high-statistics data samples at 
B factories (BaBar, Belle, and CLEO) 
we have seen discovery of many new 
states above open charm threshold 
(and a few conventional ones)

• Modern detectors exploring a 
somewhat lower energy region with 
high statistics

• Fascinating results:  potential models 
do a decent job with heavy cc 
spectrum, but some new states are 
difficult to accommodate

Y(4260)

X,Y(3940)
Z(3929)

X(3872)

Dotted Lines:
Godfrey and Isgur 
Potential Model
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Production Mechanisms

• B Factories: e+e- at the Υ(4S)

• CM energy of about 
10.5 GeV

• Υ(4S)→BB (~100%)

• Several production 
mechanisms:

• B decay

• Direct e+e-→cc Production

• Initial State Radiation (ISR)

• Two Photon Fusion

ISR

radiated 
photon

e-

e+

M, ECM < 10.5 GeV   (1--)

e-

e+ e+

e-

γγ Fusion M, ECM < 10.5 GeV  
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X(3872)
• Originally discovered by 

Belle in B+→X(3872)K+

• X(3872)→J/ψππ

• Confirmed in the same 
channel by BaBar

• Observed in pp 
production at FNAL by 
CDF and D0

• Extensive subsequent 
studies to understand 
nature of this state!  

• DD* molecule?

Belle:  PRL 91, 262001 (2003)

BaBar PRD 71,  071103

PRL 93,  072001 PRL 93,  162002
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Y(4260)
• While searching for X(3872) a state 

was observed in ISR production at 
BaBar and subsequently confirmed at 
CLEO also seen at Belle 

• e+e-→Y(4260)→J/ψπ+π-

• All 1-- charm states in this mass 
region seem to be accounted for!

BaBar:  PRL 95, 142001 (2005)

CLEO:  PRD 74, 09114 (2006)

Belle: ICHEP06
hep-ex/0612006

What is
the nature

of this state?
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Y(4260)
• A unique 1-- state -- unlike 

others in the region!

• CLEO energy scans show 
anomalously high decay 
cross section for J/ψππ

• I=0 favored

CLEO:  PRL 96, 162003 (2006)

BaBar:  ICHEP06
hep-ex/0607083

B(Y→DD)

B(Y→J/ψππ) < 7.6

Known 1--

A charm
hybrid?

(DD decays suppressed: 
unusual for vector 

charmonium)
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X, Y, Z at Belle
• X(3940)

• e+e-→J/ψX

• X→DD* seems 
favored over X→DD

• Y(3940)

• B→KY; Y→ωJ/ψ
• no DD(*) decays (yet)

• Z(3929)

• γγ→Z; Z→DD

• ang. dist. favors J=2

• Can be accommodated 
as radial excitations??

• X=ηc’’, Y=χc1’, Z=χc2’?

hep-ex/0507019

PRL 94, 182002 (2005)

PRL 96, 082003 (2006)

Needs Further Study -- Confirmation by BaBar
DD(*) Branching Fractions/EM Transitions?

X

Y

Z
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Lucky Charms

• Charmonium in 2002 (10 states):  
ηc, J/ψ, χc0, χc1, χc2, ψ’, ψ(3770), ψ(4040), ψ(4160), ψ(4415)

• Recent Discoveries:

• Expected:  ηc’, hc

• Curious:  X(3940), Y(3940), Z(3929)

• Surprising:  X(3872), Y(4260), Y(4320)?

• Additional interesting discoveries in Ds meson spectrum!

• The dust is still settling -- more experimental results are on the 
way in addition to a dedicated future experiment:
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Are there connections
to

Light Quark Spectroscopy?
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Hybrid Status
• π1(1400)

• ηπ:  lighter than expected, observed 
by multiple experiments, final state 
rescattering?

• π1(1600)

• η’π:  nice signal, what fraction is 
rescattering background?

• ρπ:  high statistics 3π channel, new 
analysis shows leakage from π2(1670)

• b1π and f1π:  very interesting, but 
statistics limited

• π1(2000)

• b1π and f1π:  exciting -- need more 
statistics!

We look to GlueX at JLab to provide definitive answers on the 
existence of these states.

10

FIG. 6: From reference [64]: results of a PWA of the
η3π system. f1π intensities of the (a) 1−+0+(f1π)P ;
(b) 2−+0+(f1π)D; (c) 1−+1+(f1π)S; and phase differences:
(d) φ(1−+)−φ(2−+); (e) φ(1−+)−φ(1++); and (d) φ(1++)−
φ(2−+). The results from a least squares fit are overlaid as
the solid line (two poles in the 1−+f1π wave) and the dashed
line (one pole). Please reference [64] for details.

charged mode that agrees with the earlier E852 result of
reference [61] 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 π2(1670) (P -wave
ρπ and F -wave ρπ - included in the high-wave set but
not the low-wave set) leads to a false enhancement in the
exotic 1−+ 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. Exotic Hybrids Decaying into b1π and f1π

The E852 collaboration has recently published evi-
dence for additional exotic states, all with JPC = 1−+.
Two states, with masses of 1.6 and 2.0 GeV/c2, decay
into f1π followed by f1 → ηππ [64] (see Figure 6). An-
other two states, also with masses of 1.6 and 2.0 GeV/c2,
decay into b1π followed by b1 → ωπ [65] (see Figure 7).
Evidence from VES also finds evidence for JPC = 1−+

states with a mass of 1.6 GeV/c2 decaying into f1π and
b1π [62].

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 qq̄ states are those
favored by the flux-tube model. However, these states
need confirmation.
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FIG. 7: From reference [65]: results of a PWA of the ωππ sys-
tem. Wave intensities of the (a) 1−+1+(b1π); (b) 1−+0−(b1π);
(c) 2++1+(ωρ) and (d) 4++1+(ωρ). The solid line is the Breit-
Wigner result for two 1−+ poles and the dashed line is for one.
Please reference [65] for details including phase plots.

5. Exotic 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
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 qq̄ nonets. As is evident from the above
discussion of the amplitude analysis of the 3π 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 JPC 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 = 1

2
and two have I = 0. The I = 1

2
members have

b1π

1−+S+

1−+S−

ωρπp→ 5πp

2−+S

4++D

PRL 94, 032002 (2005)

From E852PRL 86, 3977 (2001)
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Another Y?
Y not?

• B-factories active in light 
quark spectroscopy also

• ISR production of vector 
states (1--)

• Observe e+e-→Y(2175); 
Y→Φf0(980)

• Note:

• MY(4260)-MJ/ψ ~ 1160 MeV

• MY(2175)-MΦ ~ 1160 MeV

BaBar:  PRD 74, 091103 (2006)

...hmm...coincidence?
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Glueball Status
• Three f0 (0++) states where two are 

expected:  f0(1370), f0(1500), and
f0(1710)

• Much experimental progress:  CBAR, 
WA102, BES, and others

• Are all experimental data consistent 
with this picture?

• need extensive cross checks in a 
variety of production and decay 
modes

• need to better understand 
properties of states themselves

• how to accommodate f0(1790) seen 
by BES in J/ψ→ϕπ+π-?

• What about the tensor glueball?

 
 
 

|gg〉

|nn̄〉
|ss̄〉

f0(1370)

f0(1500)

f0(1710)

Close and Kirk
(2000)
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Light Quark Outlook
• What seemed to work for charm:

• large increase in statistics

• new energy regime

• large acceptance multipurpose detectors to study many 
decay modes 

• different production mechanisms

• complementary/competing experiments: cross-checks

• Many of these same ingredients are on the horizon in the light 
quark sector

• Perhaps one key difference:  Sophisticated analysis 
techniques are needed to tackle complex production 
mechanisms and broad overlapping resonances.
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Near Future
• Expect continued results from B factories 

although statistical potential has probably 
already been realized

• CLEO has worlds largest (28M) ψ’ sample

• excellent glue-rich decay channels:  ψ’, 
χcJ, J/ψ

• very versatile high-resolution detector 
ideal for coupled channel analysis

• ψ’ running finished -- analysis underway

• BES III has extraordinary potential

• 10B J/ψ per year

• 3B ψ’ per year

• greatly improved detector capability over 
BES II BES III

BEPCII/Beijing

Solenoid Coil
Barrel 

Calorimeter

Drift 
Chamber

Inner Drift Chamber /
Beampipe

Endcap
Calorimeter

Iron
Polepiece

Barrel Muon
Chambers

Magnet
Iron

Rare Earth
Quadrupole

SC 
Quadrupoles

SC Quadrupole
Pylon

Ring Imaging Cherenkov
Detector

CLEO-c
CESR/Cornell
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Closer to Home:  GlueX
• Itself has all the ingredients of being a 

thrilling discovery experiment:

• high statistics in key mass range:  
up to 3 GeV

• largely unexplored production 
mechanism:  photoproduction

• multipurpose:  try to optimize 
resolution, acceptance, and charged 
particle identification

• GlueX is in a position to make a 
unique and significant contribution to 
the global meson spectroscopy 
program

• light hybrid focus

• BESIII better for glueballs

4

barrel
calorimeter

(BCAL)

time-of
-flight
(TOF)

lead-glass detector
(FCAL) 

superconducting
magnet

(SCM)
Other systems:

Electronics (ELEC)
Data Acquisition (DAQ)

counter
(START)

forward
drift chambers

(FDC)
central

drift chamber
(CDC)tagger

magnet
(TM) 

photon beam
(BEAM)

12 GeV 
electon beam

C̆erenkov
counter

(PID)

target
(LH2)

upstream
veto

(UPV)

GlueX Detector

FIG. 1: A schematic of the GlueX detector and beam (not to scale). Please see Table III for institutional responsibilities for
GlueX detector subsystems.

amplitude analysis and published results such as intensi-
ties and phases. These results were then used by theorists
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, e.g.,
π−p → π−π−π+p and π−p → π−π0π0p. In addition a
great deal of work went into optimizing the fitting pro-
cedure 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 develop-
ing a general purpose set of tools that in principle could
be used in other experimental contexts. These can be
broadly broken into several pieces. At clas photon en-
ergies, both s and t-channel processes contribute and the

typical generators based on E852 analysis do not han-
dle such mixed terms. The CMU group implemented an
amplitude package based on covariant tensor formalism
[11–15]. This formalism was developed in a more gen-
eral context than the standard helicity formalism, and
therefore 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 differ-
ent minimization algorithms (MINUIT, FUMILI) as a fit
proceeds, and a set of tools to systematically vary the
data sets that go into the fits. This analysis framework
is easy to use and is designed to avoid the typical pitfalls
that are common when managing many files. Finally,
development has started on a set of tools to visualize re-
sults and compute and display typical observables such
as cross sections. The results are stored in a searchable
database that is keyed by fit parameters and allows easy
comparison of related fits. In clas, these tools are being
used to analyze photoproduction reactions on the proton
leading to ηp, η′p, ωp, π+π−p, K+Λ, and π0p and π+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
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Summary

• Meson spectroscopy, a key part of our understanding of QCD, is 
still active on many fronts and producing very interesting results

• There has been a recent renaissance in charm spectroscopy due 
largely to new, high-statistics studies carried out at B factories

• Results are exciting and still emerging

• New facilities on the horizon 

• The future of light quark spectroscopy also looks quite 
promising as modern, high-statistics experiments begin acquiring 
data

• GlueX is well poised to play a key role in what we hope will be the 
next “spectroscopy renaissance.”  (Want to join us?)


