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Experimental Mapping of the Hybrid Spectrum

•  Ted Barnes and Jo Dudek have set the stage for why QCD 
mesons (glueballs and hybrids) outside of the conventional 
meson spectrum should exist and how information about their 
spectra is essential in understanding the  confinement sector 
of QCD.

•  Whether such mesons exist is an experimental question to 
be addressed by experiment.  If these mesons exist, 
experiment will tell us about their masses and decay modes.

•  What is the experimental status of these searches and what
are the prospects for the future?
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Conventional and Hybrid Mesons

With three light quarks
the conventional and 
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flavor nonets - for eachJ
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Nonets of Conventional Light Quark Mesons

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

- using assignments from Quark Model Review - 2006 PDG  WWW pages 
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Non-qq Mesons Do they exist?  
Experiment has to answer this

Glueballs

Hybrids

Their signature?  
States below 4 GeV have non-exotic
Q.N. - mixing with conventional 
mesons complicates their identification

Their signature?  
Within flux-tube model and LQCD the
Q.N. of the excited glue couple with 
those of the quarks to lead to 
exotic quantum numbes
a ‘smoking gun signature’
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Exotic Hybrid and Glueball Masses

 0 0

 1 1

 2 2

 3 3

 4 4

 5 5

00
++++

22
++++

33
++++

00
-+-+

22
-+-+

00
+-+-

11
+-+-

22
+-+-

33
+-+-

11
----22
----

33
----

Glueball Masses
(LQCD)

Exotic
Hybrid Masses

(LQCD &
Flux Tube)

GlueX
Mass

Coverage

0.0

1.0

2.0

3.0

4.0

5.0

ex
ot
ic



Meson Spectroscopy - A. Dzierba - 12/6/2006 8

JPC = 1−+

State Processes

π1(1400)→ ηπ

π1(1600)→ η′π

π1(1600)→ ρπ

π1(1600)→ b1π
π1(1600)→ f1π

π1(2000)→ f1π

π1(2000)→ b1π

π−N Interactions

π−N Interactions
p̄N Annihilations

Evidence for Exotic Hybrids

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

•  possible leakage due to 
acceptance or insufficient wave 
sets

•  interpretation of line shapes 
and phases
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Example: Amplitude Analysis of the 3π System

I(m3π, t, τ) = η(τ)
∑

ε

∣∣∣∣∣
∑

b

aε
b(m3π, t)Aε

b(τ)

∣∣∣∣∣

2

observed intensity

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

acceptance production

spin variables: J, M, S

decay

The analysis is based on the isobar model that assumes an intermediate 2π resonance
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(a) Choice of the !! S-wave parametrization. Extensive

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

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

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

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

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

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

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

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

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

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

f o isobars parametrization does not qualitatively change the

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

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

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

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

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

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

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

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

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

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

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

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

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

bars and the shaded histograms show estimated contributions from

all non-exotic waves due to leakage.

FIG. 19. Phase difference between the

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

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

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

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

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

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

"

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

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

072001-11

Data Supporting π1(1600)→ ρπ

Phys. Rev. D65 (2002) 072001

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

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

dence, almost disappearing in the fits with larger numbers of

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

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

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

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

significant intensity in the unnatural parity sector. This can

be understood in terms of Regge phenomenology in which

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

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

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

the unnatural parity exchange sector with which to conduct

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

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

sector remains unclear.

The phase study is possible in the natural parity exchange

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

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

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

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

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

the only well-established resonance in the vicinity of

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

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

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

!1Y i , where Y i is a

3-element vector consisting of the differences between mea-

sured and parametrized values for the intensities of both

waves and the phase difference between them in the mass bin

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

production amplitudes found in the maximum likelihood fit.

Both waves are parametrized with relativistic Breit-Wigner

forms including Blatt-Weisskopf barrier factors. In addition

to Breit-Wigner phases, a production phase difference which

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

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

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

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

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

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

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

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

wave unlikely. Attempts to use a constant production phase

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

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

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

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

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

mated by fitting the PWA results obtained for different sets of

partial waves and different rank of the PWA fit. Different

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

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

ally large upper systematic error which we assign to the

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

are

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

%24&
*#168%20!12

"150 MeV/c2.

The error values correspond to statistical and systematic un-

certainties, respectively.

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

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

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

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

with comparable branching ratios. They quote the following

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

exotic meson in other channels is necessary to determine its

width with a better precision.

V. SUMMARY AND CONCLUSIONS

The main results of this paper are summarized in Table II

and below.

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

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

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

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

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

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

production phase between them %3&.

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

072001-14

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

E852
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distribution in 3! mass was uniform from 3m! to
2:5 GeV=c2. The 2! masses were chosen to uniformly
populate the 3! Dalitz plot at fixed 3! mass and the
distributions in the relevant decay angles were also gen-
erated uniformly.

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

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

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

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

III. PWA METHODOLOGY

A. Overview

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

(a) (b)

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

(a) (b)

(c) (d)

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

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

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

072001-7
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π−p→
π−π−π+p

π−π0π0p

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

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

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

π−p→
π−π−π+p

π−π0π0p

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

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

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

Phys. Rev. D73 (2006) 072001
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What to Conclude from Existing Evidence?

•  Evidence is tantalizing but not strong.

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

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

•  Perhaps pions are not the optimal probe for producing 
  exotic hybrids.
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 •  Photon beam with sufficient energy for the mass reach.
  – 9 GeV photons ideal.

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

 •  Detector optimized for PWA and detecting a variety of decay modes.
  – The GlueX detector design optimizes:
    (1) hermeticity
    (2)  energy and momentum resolution
    (3)  particle identification
    (4)  data rate

Requirements for Exotic Meson Discovery
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Design is mature:
 -  based on 6 years of optimization
  and R&D on subsystems
 -  well matched to 9 GeV 
  photon beam

GlueX Detector
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Collaborative Research:
Open Access Amplitude Analysis on a Grid

A. R. Dzierba, G. C. Fox, M. R. Shepherd and A. P. Szczepaniak
Indiana University, Bloomington, IN

C. A. Meyer
Carnegie Mellon University, Pittsburgh, PA

R. T. Jones
University of Connecticut, Storrs, CT

J. J. Dudek
Old Dominion University, Norfolk, VA

Overview

Discoveries in particle physics, typically made at the frontiers of energy or precision, are facili-
tated by developments in technology. Likewise, the discovery of new states of mesons predicted by
quantum chromodynamics (QCD), will require the development of a new paradigm for conducting
precise analyses of large data sets. The data provide information on mesons decays, that can be the-
oretically described in terms of quantum mechanical amplitudes. The development and subsequent
testing of the phenomenology that underpins the construction of these amplitudes necessitates close
collaboration between theorists and experimentalists. Such collaborations are currently hampered
by the lack of supporting technology – a problem we intend to remedy. Modern Cyberinfrastructure
offers the opportunity to build an open access suite of services and data repositories that enable
transparent analysis of data. We propose the development of such an infrastructure that would
expedite collaboration among physicists by providing ready access to data and the fitting and visu-
alization tools needed to conduct precision analyses of it. While the proposed analysis framework
will be engineered specifically to meet the demands of massive, future data sets, it can be utilized
immediately to further our understanding of existing data. In addition, the tools developed as
a part of this proposal may form the basis for future experiments that wish to adopt this new
paradigm of data analysis.

Meson Spectroscopy and QCD

Overview: The theory describing the force between quarks and gluons, QCD, must account
for the experimental observation that quarks and gluons are confined in hadrons. The theoret-
ical investigation of this confinement in QCD, by seeking analytical solutions, is intractable but
formulating QCD on a discrete space-time lattice (LQCD) shows great promise. What we learn
from LQCD is that the gluonic field between the quarks in a hadron is contained within flux tubes
[1] whose excitations lead to a new family of particles, called hybrid mesons, that exhibit both
quark and gluonic degrees of freedom. The transverse size of these flux tubes remains constant,
independent of the distance between the quarks and that implies a constant force, independent of
quark separation, or a linear confining potential.

In the case of mesons, this flux tube picture predicts that when the quantum numbers of
the excited flux tube are combined with those of the quark (q) and anti-quark (q̄), the resulting
system can have JPC quantum numbers that are not possible for a qq̄ system that ignores the
gluonic degrees of freedom. These new mesons, exotic hybrid mesons, have a unique experimental

1

TPI 6623935

Physics at the Information Frontier (PIF)
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The proposal requests funding for 
four postdoctoral fellows to work on:
(1) phenomenology;  (2)  GRID; and 
(3) tools for fitting.

and implemented in a way to take advantage of Grid resources. The crucial part of the fitter is
to provide tools that allow for optimal calculation of the log-likelihood function using a variety of
different types of amplitudes. It will support both precomputed amplitudes as well as those which
need to be calculated during every iteration of the fit. Since reducing the number of iterations
directly reduces overall compute time needed to perform a fit, methods for quickly finding good
starting values for a fit will be explored. In addition, the fitter will compute derivatives of the
log-likelihood with respect to the fit parameters to aid the minimizing algorithm in reducing the
number of fit iterations. Finally the fit interface will utilize routines in the core fitter to couple
and constrain different data sets—either within the same experiment, but also potentially across
experiments.

Results Database: In the process of carrying out a large scale analysis, many different sets of
phenomenological amplitudes need to be tested. Each of these will likely generate a set of fit results.
Not only from varying the mixture of amplitudes in a fit, but also from simply repeating the same
fit several times to make sure that a good solution has been found. Even for a simple analysis, this
quickly leads to a ballooning of the number fit results, all of which need to be both documented and
readily accessible. The most effective way to do this is with a database that allows keyed access
to fits. This will facilitate comparison of fit results and minimize the duplication of fits. The suite
of visualization tools will utilize the power of this database to efficiently and transparently present
the results of individual fits or comparisons of sets of fits.

Grid Implementation

Our Grid strategy will build on Open Science Grid (OSG) software and hardware. JLab has com-
mitted to use and support this approach and Indiana University is an active existing partner. OSG
provides core middle ware and leaves application specific software to the individual experiments.
We will work with JLab in the job and data management sectors and expect to use common
solutions to other JLab experiments. However the core work in this proposal is building the phe-
nomenological amplitude analysis toolkit which will be configured as Grid Services that will link to
Grid capabilities at OSG and job/ data management levels. Our service architecture will make us
insensitive to the software and hardware infrastructure. So we anticipate no delays or risks for our
project as the details get worked out for we can interface with existing OSG LHC implementations
and also the TeraGrid of which Indiana University’s new 23 Teraflop supercomputer is a part.

Jefferson Lab Contribution: The Jefferson Lab Computing Center supports the lab’s physics
requirements to store and analyze data for the scientific program, and fully intends to support the
computing model in this proposal. Specifically we plan to establish an infrastructure for sharing
compute and storage resources within the GlueX collaboration based on the OSG consortium’s
Virtual Data Toolkit. Jefferson Lab will serve as the collaboration’s Virtual Organization Registra-
tion Authority for DoE Science Grid certificates, to provide authentication and authorization for
access to these resources. The laboratory will work with the collaborating institutions in this pro-
posal to support this computing model using OSG, as well as investigate enhancements to Jefferson
Lab’s resources to interface OSG middle-ware with the Grid services of Jefferson Lab and GlueX.

not clear that it will ultimately lead to a more efficient fitting technique. Certainly the proposed normalization sum
will work for any set of experimental data.

12

TPI 6623935

Grid Implementation

submitted - September 2006

Data from existing experiments
E852 at BNL and CLAS at JLab
will be used in developing the 
Amplitude Analysis Toolkit

Prepare for GlueX Challenge - Use Existing Data

Sample sizes: 
 E852 - tens of GB  (10 TB raw)
 CLAS - factor 10 larger

Start using OSG in Summer 2007 for a 
3-year period.
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I(m3π, t, τ) = η(τ)
∑

ε

∣∣∣∣∣
∑

b

aε
b(m3π, t)Aε

b(τ)

∣∣∣∣∣

2

The Fitting Challenge

the fit parameters
Do unbinned maximum likelihood fit for n events:

L =
e−µµn

n!

n∏

i=1

I(τi)∫
η(τ)I(τ)dτ

− lnL ∝ −
n∑

i=1

ln

(
∑

bb′

aba
∗
b′AbA

∗
b′

)
+

∑

bb′

aba
∗
b′

(
1
N

N∑

i=1

AbA
∗
b′

)Minimize – ln(L)

normalization determined
using N Monte Carlo events

for a given fit these are fixed: so compute & cache - a simplification arising from the
isobar model assumption and its inherent factorization.

Calculation of L 
can be done over 
parallel machines
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Example: Going Beyond the Isobar Model

Isobar Model:  Data from 
Brookhaven E852 have been 
analyzed using this model.

Other Mechanisms:  The so-
called ‘Deck Model’ is one of 
several that will be studied.

This involved exploring physics that break factorization: 
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Conclusions

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

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

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

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


