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construct a ladder from the debris of nuclear 
explosions to the beauty of Babylon
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strong coupling Hamiltonian lattice gauge theorystrong coupling Hamiltonian lattice gauge theory

Isgur & Paton, PRD31, 2910 (85)Isgur & Paton, PRD31, 2910 (85)
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‘topological’ sector‘topological’ sector

Isgur & Paton, PRD31, 2910 (85)Isgur & Paton, PRD31, 2910 (85)



strong coupling Hamiltonian lattice gauge theorystrong coupling Hamiltonian lattice gauge theory
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adiabaticadiabatic

small oscillationsmall oscillation

nonrelativistic beadsnonrelativistic beads

m   = b am   = b a
bb

Isgur & Paton, PRD31, 2910 (85)Isgur & Paton, PRD31, 2910 (85)
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Hybrid StateHybrid State

Hybrid Quantum NumbersHybrid Quantum Numbers

Λ + ζ (-Λ)Λ + ζ (-Λ)



Adiabatic Surface Quantum 
Numbers

Adiabatic Surface Quantum 
Numbers the diatomic moleculethe diatomic molecule
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projection of the string angular momentum 
onto the qq axis

projection of the string angular momentum 
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Adiabatic Surface Quantum 
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Adiabatic Surface Quantum 
Numbers

Adiabatic Surface Quantum 
Numbers the diatomic moleculethe diatomic molecule

Y = +/-Y = +/-

reflection in a plane containing the qq axisreflection in a plane containing the qq axis
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Hybrid Quantum Numbers (one m=1 phonon)Hybrid Quantum Numbers (one m=1 phonon)
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FTM Model HamiltonianFTM Model Hamiltonian

flavour m m’

I=1 1.67 1.9

I=0 1.67 1.9

ss 1.91 2.1

cc 4.19 4.3

bb 10.79 10.8

2   ,1   ,0   ,1    2   ,1   ,0   ,1    ++++----++ ---- ++ ++ ---- ++ ++ ---- ++

I&P Hybrid MassesI&P Hybrid Masses



Aside:Aside:

“The presence of vibrational levels  gives ... extra states in 
quantum mechanics. ... that are absent in the charmonium 
model.”

“The presence of vibrational levels  gives ... extra states in 
quantum mechanics. ... that are absent in the charmonium 
model.”

Giles and Tye, PRL37, 1175 
(1976)

Giles and Tye, PRL37, 1175 
(1976)

Coupled quarks to a relativistic 2d sheet... the “Quark 
Confining String Model”.
Coupled quarks to a relativistic 2d sheet... the “Quark 
Confining String Model”.



GT form (b=0.18)GT form (b=0.18)

GT(b=0.26)-1.1+0.1/(6r)GT(b=0.26)-1.1+0.1/(6r)
ΣΣ gg

ΠΠuu

GTGT

J.F. Arvis, PLB127, 106 (83); LuescherJ.F. Arvis, PLB127, 106 (83); Luescher



GT also 
computed finite-
mass 
corrections, and 
spin-orbit 
splittings.

GT also 
computed finite-
mass 
corrections, and 
spin-orbit 
splittings.
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Comparison to the latticeComparison to the lattice

Juge, Kuti, & MorningstarJuge, Kuti, & Morningstar

I&P ground stateI&P ground state

I&P N=1 stateI&P N=1 state



Comparison to the latticeComparison to the lattice

Juge, Kuti, & MorningstarJuge, Kuti, & Morningstar

I&P ground stateI&P ground state

I&P N=1 state, no  CoulombI&P N=1 state, no  Coulomb



Should the Coulomb potential be there?Should the Coulomb potential be there?

Σ + 1.6 GeVΣ + 1.6 GeVgg

ΣΣ gg

ΠΠuu

surface crossing should not be
incorporated in zeroth order

modelling

surface crossing should not be
incorporated in zeroth order

modelling

coupling is suppressedcoupling is suppressed



flavour m m’

I=1 1.67 1.9

I=0 1.67 1.9

ss 1.91 2.1

cc 4.19 4.3

bb 10.79 10.8

lat

1.85

1.85

2.07

4.34

10.85
K. WaidelichK. Waidelich

Born-Oppenheimer + lattice potentialsBorn-Oppenheimer + lattice potentials
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strings and flux tubesstrings and flux tubes

N=1N=1
N=2N=2
N=3N=3
N=4N=4

Juge, Kuti, & MorningstarJuge, Kuti, & Morningstar



Barnes, Close, & ES, PRD52, 5242 (95)Barnes, Close, & ES, PRD52, 5242 (95)

Adiabatic and small oscillation 
approximations

Adiabatic and small oscillation 
approximations

linear potentiallinear potential

m    = 0.2 GeVm    = 0.2 GeVbb

Adiabatic limit (check small 
osc)

Adiabatic limit (check small 
osc)

small oscsmall osc
exactexact



Adiabatic approximation (ground state 
meson)

Adiabatic approximation (ground state 
meson)

adiabaticadiabatic

Monte CarloMonte Carlo



Adiabatic approximation (hybrid gap)Adiabatic approximation (hybrid gap)
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quark creation operatorquark creation operator
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flux tube overlapsflux tube overlaps
Kokoski & Isgur, PRD35, 907 (87)Kokoski & Isgur, PRD35, 907 (87)

meson decaymeson decay
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Isgur, Kokoski, & Paton, PRL54, 869 (85)Isgur, Kokoski, & Paton, PRL54, 869 (85)
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A. Charge 
Radii

A. Charge 
Radii

Isgur, PRD60,114016 (99)Isgur, PRD60,114016 (99)

flux tube zero point motion induces transverse
oscillation in the quarks → larger charge radius
flux tube zero point motion induces transverse
oscillation in the quarks → larger charge radius

increased elastic  form factor slope → flux lost to 
hybrid production
increased elastic  form factor slope → flux lost to 
hybrid production
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B. Adiabatic Surface 
Mixing

B. Adiabatic Surface 
Mixing

Merlin & Paton, J. Phys. G11, 439 (85)Merlin & Paton, J. Phys. G11, 439 (85)

adiabatic surface mixing is induced by terms 
neglected by I&P, eg:

adiabatic surface mixing is induced by terms 
neglected by I&P, eg:

resulting mass shifts were quoted in I&Presulting mass shifts were quoted in I&P



obtain a small spin-orbit shift and conclude that
spin-orbit splittings are mostly due to Thomas precession
obtain a small spin-orbit shift and conclude that
spin-orbit splittings are mostly due to Thomas precession

C. Spin-Orbit ForceC. Spin-Orbit Force Merlin & Paton, PRD35, 1668 (87)Merlin & Paton, PRD35, 1668 (87)

find uug splittings of:  -140 (2+-)     -20  (2-+)     20 (1-+)     40 (0-+)
140 (1+-)     280 (0+-)       0 (1++)       0 (1--)

find uug splittings of:  -140 (2+-)     -20  (2-+)     20 (1-+)     40 (0-+)
140 (1+-)     280 (0+-)       0 (1++)       0 (1--)



D. Spin-Orbit Force, IID. Spin-Orbit Force, II Szczepaniak & ES, PRD55, 3987 (97)        Szczepaniak & ES, PRD55, 3987 (97)        

map chromofields to phonon degrees of freedommap chromofields to phonon degrees of freedom



spin-dependence in the confinement 
potential

spin-dependence in the confinement 
potential

GromesGromes

Eichten & FeinbergEichten & Feinberg

Ng, Pantaleone, & TyeNg, Pantaleone, & Tye



spin-dependence in the confinement 
potential

spin-dependence in the confinement 
potential

examine  in Coulomb gauge via the Foldy-Wouthuysen transformationexamine  in Coulomb gauge via the Foldy-Wouthuysen transformation



spin-dependence in the confinement 
potential

spin-dependence in the confinement 
potential

perform Rayleigh-Schrödinger perturbation theoryperform Rayleigh-Schrödinger perturbation theory

basis:basis:

first order:first order:



second order perturbation theory in Hsecond order perturbation theory in H

zerozero hyperfine + tensorhyperfine + tensor

VV VV11 22

11

evaluate matrix elements in the flux tube 
model:

evaluate matrix elements in the flux tube 
model:

V  = σr;   V  = O(1/N)V  = σr;   V  = O(1/N)11 22



E. Vector Decay ModelE. Vector Decay Model
Szczepaniak & ES, PRD56, 5692 (97)        Szczepaniak & ES, PRD56, 5692 (97)        

Page, Szczepaniak & ES, PRD59, 014035 (99) Page, Szczepaniak & ES, PRD59, 014035 (99) 

use the same mapping to obtain ψ α.A ψuse the same mapping to obtain ψ α.A ψ



Isgur & Paton, PRD31, 2910 (85)Isgur & Paton, PRD31, 2910 (85)

F. OtherF. Other

glueballs (glue loops)

baryons

check Luescher term and adiabatic surfaces

apply to glueloops in SU(2)

apply to 2+1 U(1)

improve semiclassical fragmentation formalism

examine long range spin-spin and spin-orbit forces

glueballs (glue loops)

baryons

check Luescher term and adiabatic surfaces

apply to glueloops in SU(2)

apply to 2+1 U(1)

improve semiclassical fragmentation formalism

examine long range spin-spin and spin-orbit forces



Conclusions

the FTM provides a compelling picture of strong 
QCD dynamics

it is a picture only!

many extensions and applications, explored 
and unexplored, exist
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strings and flux tubesstrings and flux tubes

Juge, Kuti, & MorningstarJuge, Kuti, & Morningstar



strings and flux tubesstrings and flux tubes Lüscher & WeiszLüscher & Weisz

-π/12-π/12

-π/24-π/24

see talk by Jugesee talk by Juge
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Ichie, Bornyakov, Schierholz, & Streuer, hep-lat/0212036Ichie, Bornyakov, Schierholz, & Streuer, hep-lat/0212036

strings and flux tubesstrings and flux tubes



Ichie, Bornyakov, Schierholz, & Streuer, hep-lat/0212036Ichie, Bornyakov, Schierholz, & Streuer, hep-lat/0212036

1/2 fm1/2 fm

strings and flux tubesstrings and flux tubes
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