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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 
hybrid mesons form 
ßavor nonets - for eachJP C
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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 Ôsmoking gun signatureÕ
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Exotic Hybrid and Glueball Masses
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JP C = 1! +

State Processes

! 1(1400) ! " !

! 1(1600)→ " ′!

! 1(1600) ! "!

! 1(1600)→ b1!
! 1(1600) ! f 1!

! 1(2000)→ f 1!

! 1(2000) ! b1!

π! N Interactions

π! N Interactions

øpN Annihilati ons

Evidence for Exotic Hybrids

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

¥  possible leakage due to 
acceptance or insufÞcient wave 
sets

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

I (m3! , t, τ ) = η(τ )
!

"

"
"
"
"
"

!

b

a"
b(m3! , t)A"

b(τ )

"
"
"
"
"

2

observed intensity

! = { "GJ , #GJ , "H , #H , m! ! }kinematic variables

acceptance production

spin variables: J, M, S

decay

The analysis is based on the isobar model  that assumes an intermediate 2! 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 parametersof the 1! " state.In the unnaturalparity
sector, theM !# 1! waveexhibitsvery strongmodeldepen-
dence,almostdisappearingin theÞtswith largernumbersof
partialwaves.TheM !# 0! waveis morestablebut it peaks
above1.7 GeV/c2ÑsigniÞcantly higher than the "1(1600)
statein the naturalparity exchange.We note that Ref. #8$,
which is basedon the 3" data obtainedat about twice as
high beamenergy than in our experiment,claims to seeno
signiÞcantintensity in the unnaturalparity sector. This can
be understoodin termsof Reggephenomenologyin which
crosssectionsfor unnaturalparity exchanges%for example,
b1 or f 1 exchanges& areexpectedto fall rapidly with energy.
We Þndthat a combinedcontributionof all unnaturalparity
wavesalreadyat 18 GeV/c is no more than 1Ð5% of the
total intensity. As a result, thereareno signiÞcantwavesin
the unnaturalparity exchangesectorwith which to conduct
phasestudiesof the 1! " signal.Without sucha study, the
natureof the 1! " wavesin the unnaturalparity exchange
sectorremainsunclear.

Thephasestudyis possiblein thenaturalparity exchange
sector. To conductsucha study and to determinethe reso-
nanceparametersof the 1! " state,a seriesof two-state'2

Þts of the 1! " #($P1" and 2! " # f 2$S0" wavesas a func-
tion of masswas made.The latter wave was chosenas an
anchorbecauseit is a major decaymodeof the "2(1670),
the only well-established resonancein the vicinity of
1.6 GeV/c2. An exampleof suchÞts is shown in Fig. 24.
This plot correspondsto the21-waverank-1PWA Þt.The'2

function of the Þt is '2# )Y i
TEi

! 1Y i , where Y i is a
3-elementvectorconsistingof the differencesbetweenmea-
sured and parametrizedvalues for the intensitiesof both
wavesandthephasedifferencebetweenthemin themassbin

i, andEi is a 3$ 3 error matrix for thesevaluescalculated
through Jacobiantransformationfrom the error matrix of
productionamplitudesfound in the maximumlikelihood Þt.
Both wavesare parametrizedwith relativistic Breit-Wigner
forms including Blatt-Weisskopfbarrier factors.In addition
to Breit-Wignerphases,a productionphasedifferencewhich
varieslinearly with massis assumed.The Þt shownin Fig.
24 yields '2# 25.8 for 22 degreesof freedom,with the pro-
duction phasedifferencebetweenthe two wavesbeing al-
mostconstantthroughoutthe regionof theÞt. Themassand
width of the "1(1600) state found in this Þt are
1593 MeV/c2 and168 MeV/c2 correspondingly. If instead
the1! " waveis assumedto benon-resonant%with no phase
motion&, thentheÞt has'2# 50.8for 22 degreesof freedom,
and requires a production phase with a slope of
7.6 radians/(GeV/c2). Such rapid variation of the produc-
tion phasemakesa non-resonantinterpretationof the 1! "

wave unlikely. Attemptsto usea constantproductionphase
in a non-resonantcaseresultin a totally unacceptableÞt with
'2/degreeof freedom# 396.6/23.

We choosethis PWA Þt %21-waverank1& asthebasisfor
quoting the "1(1600) massand width becauseit gives a
satisfactorydescriptionof all observables%moments,angular
distributions,Dalitz plots,etc.& usingtheminimal numberof
free parametersamongall acceptablePWA Þts.The system-
atic errorson the "1(1600) resonanceparameterswereesti-
matedby ÞttingthePWA resultsobtainedfor differentsetsof
partial wavesand different rank of the PWA Þt. Dif ferent
"2(1670)and"(1800)waveswereusedasanchorwavesin
theseÞts. In someof them, the "1(1600) was found to be
muchbroaderthanin our preferredÞt resultingin anunusu-
ally large upper systematicerror which we assignto the
"1(1600) width. TheÞttedmassandwidth of the1! " state
are

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

%24&
*# 168%20! 12

" 150 MeV/c2.

The error valuescorrespondto statisticalandsystematicun-
certainties,respectively.

Our recentanalysisof the +!" ! state#7$ conÞrmedthe
existenceof the"1(1600) exoticmeson.In this channel,the
following "1(1600) parameterswere obtained:M# 1597
%10! 10

" 45 MeV/c2, *# 340%40%50 MeV/c2. A combined
Þt of the PWA results for the +!" ! , (" and b1(1235)"
channelswasdoneby theVES groupfor their data#8$. They
concludethat a broad1! " stateis seenin all threedecays
with comparablebranchingratios.They quotethe following
"1(1600) parameters: M# 1560%60 MeV/c2, *# 340
%50 MeV/c2. Largeerrorbarsallow thesemeasurementsto
be consistentwith eachother. A searchfor the "1(1600)
exotic mesonin otherchannelsis necessaryto determineits
width with a betterprecision.

V. SUMMARY AND CONCLUSIONS

Themain resultsof this paperaresummarizedin TableII
andbelow.

FIG. 24. A coupled mass-dependentBreit-Wigner Þt of the
1! " #((770)$P1" and 2! " # f 2(1270)$S0" waves. %a&
1! " #((770)$P1" waveintensity. %b& 2! " # f 2(1270)$S0" wavein-
tensity. %c& Phasedifferencebetweenthe 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&, andthe
productionphasebetweenthem %3&.

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

072001-14

! ! p ! ! ! ! ! ! + 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! masseswere chosento uniformly
populatethe 3! Dalitz plot at Þxed 3! massand the
distributionsin the relevant decayangleswere also gen-
erateduniformly.

The responseof eachdetectorcomponentto a charged
pion or photonfrom ! 0 decaywassimulatedalongwith
relevant smearingof momentaor energies.The detector
responseswereusedasinput to thesamesoftwareusedto
reconstructtracksandphotonsfrom actualdata.Theoutput

wasthenpassedon to the kinematicÞtting software.The
cutssummarizedin TablesI andII werethenimposedon
thesimulatedeventsamples.

The acceptanceasa function of 3! effective mass,for
both neutraland charged modes,is shown in Fig. 10(a).
Theacceptanceasa functionof t for bothmodesis shown
in Fig. 10(b).Themassresolution" m asa functionof 3!
effective massand t resolution" t, as a function of t for
bothmodesis shown in Fig. 10(c)and10(d),respectively.

Figures11(a)and11(b) show the comparisonbetween
the acceptance-corrected! !! 0! 0 and ! !! !! " mass
distributions for two regions in t, t1, and t8 (deÞnedin
TableIII).

III. PWA METHODOLOGY

A. Overview

The production of the #3! $! systemin the reaction
! !p ! #3! $!p is describedasa coherentandincoherent
sum of partial wave amplitudes.The productionthrough
one such partial wave amplitude, assumingthe isobar
model, is shown schematicallyin Fig. 12. The state X
describedby the partial wave decaysat point 1 into a di-
pion resonanceR!! (alsoreferredto asthe isobar) anda
bachelor! followedby thedecayof thedi-pion resonance

(a) (b)

FIG. 8 (coloronline). Uncorrected#3! $! massdistribution for
the(a)neutralmodeand(b) chargedmodefor threet regions:t1,
t6, andt8 asdeÞnedin TableIII.

(a) (b)

(c) (d)

FIG. 9. Uncorrected2! massdistributionsfor selectedregionsof the3! effective mass.(a) ! !! 0 massin thea2 region;(b) ! 0! 0

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

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

072001-7
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! ! p !
! ! ! ! ! + p
! −! 0! 0p

(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 3! modes comes to another
conclusion.  This new analysis is similar to the previous analysis but included additional waves.

! ! p !
! ! ! ! ! + p
! −! 0! 0p

(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)
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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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J PC = 1+ ! or 1! +Combine excited glue QN (                                    )    
with those of the quarks:

J
PC = 1−−

or 1+ +
JPC

= 0
! + , 1+ ! , 2! +

J PC = 0+! , 1! +, 2+!

!L = 0, !S = 0 !L = 0, !S = 1
exotic

Production of Exotic Hybrids with Photons

!

N N

X"

N

(K)

N

X

excite the
flux tube
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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 identiÞcation
! ! ! ! (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
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Coll aborati ve Research:
Op en A ccess A mpl it ude A nalys is on a Gr id

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
o! ers 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 Spectrosco py 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 JP C 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)

18

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 Þtter is
to provide tools that allow for optimal calculation of the log-likelihood function using a variety of
di! erent typesof amplitud es. It will support both precomputed amplitud es as well as those which
need to be calculated during every iteration of the Þt. Since reducing the number of iterati ons
directly reduces overall compute time needed to perform a Þt, methods for quickly Þnding good
startin g values for a Þt will be explored. In addit ion, the Þtter will compute derivatives of the
log-likelihood with respect to the Þt parameters to aid the minimizing algorithm in reducing the
number of Þt iterations. Finally the Þt interface will util ize routines in the core Þtter to couple
and constrai n di! erent data setsÑeith er with in the same experiment, but also potential ly across
experiments.

Resul ts Database: In the processof carryin g out a large scale analysis, many di! erent sets of
phenomenological amplitud es need to be tested. Each of these wil l likely generate a set of Þt results.
Not only from varying the mixtur e of amplit udesin a Þt, but also from simply repeating the same
Þt several times to make sure that a good solution has been found. Even for a simple analysis, th is
quickly leadsto a ballooning of the number Þt results, all of which need to be both documented and
readily accessible. The most e! ect ive way to do this is with a databasethat allows keyed access
to Þts. Thi s will facil itate comparison of Þt results and minimize the duplication of Þts. The suite
of visualization tools wil l uti lize the power of th is databaseto e" cientl y and transparent ly present
the results of individual Þts or comparisons of sets of Þts.

Grid I mplem entati on

Our Grid strategy will build on Open ScienceGrid (OSG) software and hardware. JLab has com-
mitted to useand support th is approach and Indiana Universit y is an acti ve existin g partner. OSG
provides core middle ware and leaves application speciÞc 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 amplitu de analysis toolkit which will be conÞgured asGrid Servicesthat will link to
Grid capabilities at OSG and job/ data management levels. Our service architecture will make us
insensitive to the software and hardware infrast ructur e. So we anticipat e no delays or risks for our
project as the details get worked out for we can interface with existi ng OSG LHC implementati ons
and also the TeraGrid of which Indiana UniversityÕsnew 23 Teraßop supercomputer is a part.

Jefferson Lab Contributi on: The Je! erson Lab Computin g Center supports the labÕsphysics
requirements to store and analyze data for the scientiÞc program, and fully intends to support the
computin g model in th is proposal. SpeciÞcally we plan to establish an infrastructure for sharing
compute and storage resourceswithi n the GlueX collaboration based on the OSG consort iumÕs
Vir tual Data Toolkit. Je! erson Lab will serve as the collaborationÕsVirtu al Organization Registra-
tion Auth orit y for DoE ScienceGrid certiÞcates, to provide authentication and authorization for
access to theseresources. The laboratory will work with the collaborating inst ituti ons in th is pro-
posal to support thi s computi ng model using OSG, aswell as investigateenhancements to Je! erson
LabÕs resources to interface OSG middle-ware with the Grid services of Je! erson Lab and GlueX.

not clear that it will ult imately lead to a more efficient Þtti ng technique. Cert ainly the proposednormalization sum
will work for any set of experimental data.
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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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The Fitting Challenge

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


