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The Particle ZooThe Particle Zoo

HADRON  SPECTRUM
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How to calculate an observable??How to calculate an observable??
From statistical mechanical From statistical mechanical 

correlation functionscorrelation functions

3232



Two Point Correlation FunctionTwo Point Correlation Function
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The two-point correlation function 
decays exponentially at large separation of time
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Analysis  (Extraction of Mass)Analysis  (Extraction of Mass)
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decays 
exponentially

mm11

mm11, , mm22

How to extract How to extract mm22 mm33…… : : excited statesexcited states..
Non linear fitting.Non linear fitting.

Need help with statistics.Need help with statistics.

Sequential Sequential BaysianBaysian Method.Method.
…….hep.hep--lat/0405001lat/0405001

Alternative approach : Alternative approach : 
Solving generalized Solving generalized 
cross cross correlatorcorrelator eigenvalueeigenvalue problemproblem

vtGttvtG )(),( )( 00λ=



Overlap Fermions

Expected features:Expected features:

٭٭ Numerically intensive Numerically intensive (~100 times of Wilson (~100 times of Wilson fermionfermion to invert)to invert)
ZolotarevZolotarev approximation of matrix sign function (< 10approximation of matrix sign function (< 10--99 accurancyaccurancy))

٭٭ No No O O ((aa)) errorserrors (no dimension 5 (no dimension 5 chirallychirally symmetric action)symmetric action)

٭٭ No additive quark mass renormalizationNo additive quark mass renormalization

٭٭ No exceptional configurationNo exceptional configuration ((eigenvalueseigenvalues on a circle)on a circle)

٭٭ Well defined topology both globally and locallyWell defined topology both globally and locally

٭٭ No mixing of operators in different No mixing of operators in different chiralchiral sectorssectors

Unexpected desirable features:Unexpected desirable features:
O O ((aa22)) error are smallerror are small ((ππ and and ρρ masses on 3 lattices).masses on 3 lattices).

O O ((mm22aa22)) errors are smallerrors are small (dispersion relation, renormalization (dispersion relation, renormalization 
constants). This justifies its application on both heavy constants). This justifies its application on both heavy and light quarks.and light quarks.

Critical slowing down is gentle (mCritical slowing down is gentle (mππ ~160 ~160 MeVMeV).).

Topological charge density void of large ultraTopological charge density void of large ultra--violet fluctuationviolet fluctuation
(overlap operator is exponentially local)(overlap operator is exponentially local)



Locality of overlap action
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Ground state Octet BaryonsGround state Octet Baryons
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GellGell--Mann Okubo RelationMann Okubo Relation
( ) ΣΛΞ +=+ MMMM N 32
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BoinepalliBoinepalli et al. et al. hep-lat/0604022
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What is the nature of the
Roper ((1440) 1/2+) resonance?

- Hybrid state (qqqg)? 
- Dynamical meson-baryon state?

Radial excitationRadial excitation? q? q44qq state?state?



Roper is seen on the lattice at the right mass with three quark
interpolation field …..Mathur et.al. Phys. Phys. LettLett. B605, 137 (2005). B605, 137 (2005)

0.5

1.0

1.5

2.5

2.0

M
as

s (
G

eV
)

N(938) 1/2+

P11(1440) 1/2+

S11(1535) 1/2-

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

M
a

s
s
e

s
 (

G
e

V
)

mπ
2 (GeV2)

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Nucleon

S11(1535)

Roper

Cross
over
occurs
in
chiral
domain



 0.5

 1

 1.5

 2

 2.5

 3

-0.2  0  0.2  0.4  0.6  0.8  1

M
as

s 
(G

eV
)

mπ
2 (GeV2)

1/2+

1/2-

1/2+

Λ(1116)

Λ(1405)

Λ(1600) 1/2+

1/2-

1/2+

Λ(1116)

Λ(1405)

Λ(1600) 1/2+

1/2-

1/2+

Λ(1116)

Λ(1405)

Λ(1600)

What about Hyperons? What about Hyperons? 
The The ΛΛ(1405)?(1405)?

……different different 
story!!story!!
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Hyperfine Interaction of quarks in  BaryonsHyperfine Interaction of quarks in  Baryons
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21
21 .. σσλλ cc

ColorColor--Spin Interaction Spin Interaction 
Excited positive > Negative Excited positive > Negative 

Glozman & Riska
Phys. Rep.  268,263 (1996)

21
21 .. σσλλ FF FlavorFlavor--Spin interaction Spin interaction 

ChiralChiral symmetry plays major rolesymmetry plays major role
Negative > Excited positiveNegative > Excited positive
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Octet Octet ΞΞ BaryonsBaryons

Parity cross over Parity cross over in in chiralchiral domain?domain?
Roper like state?Roper like state?
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DecupletDecuplet ΞΞ BaryonsBaryons
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The The ηη′′ ghost in quenched QCDghost in quenched QCD
Quenched QCDFull QCD

(hairpin)

… ....

•• It becomes a light degree of freedomIt becomes a light degree of freedom
–– with a mass degenerate with the with a mass degenerate with the pionpion mass.mass.

•• It is present in all It is present in all hadronhadron correlatorscorrelators G(tG(t).).
•• It gives a negative contribution to It gives a negative contribution to G(tG(t). ). 

–– It is unphysical (thus the name ghost).It is unphysical (thus the name ghost).

W > 0

W<0

mtWetG −=)(

mtetEWtG −+= )1()( π



Quenched ArtifactsQuenched Artifacts
ChiralChiral llogog in in mmππ
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Is  (0Is  (0++++) a two quark state?) a two quark state?
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CorrelationCorrelation
functionfunction
for for 
Scalar Scalar 
channelchannel

Ground state : Ground state : πηπη′′ ghost state,ghost state, Excited state :Excited state : aa00



Evidence of Evidence of ηη’’N GHOST State in SN GHOST State in S11 11 (1535) Channel(1535) Channel
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Roper and SRoper and S1111(1535)(1535)
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Ghost States in Ghost States in HadronHadron SpectrumSpectrum
ParticleParticle Ghost StateGhost State PresencePresence

aa0 0 (1450) (1450) 

00++++

SS--wavewave πηπη′′

2m2mππ< 1450< 1450

Ground stateGround state

πηπη′′,,aa00 ....

11--+ + (1600?)(1600?) SS--wavewave aa1 1 ηη′′
(1230 +140 < 1600)(1230 +140 < 1600)

Ground stateGround state

aa1 1 ηη′′,1,1-- ++....

N*(1440)N*(1440)
1/21/2++

PP--wavewave NNηη′′ 11stst or 2or 2ndnd excited stateexcited state

N,N, NNηη′′,,N* N* ……

N*(1535)N*(1535)
1/21/2--

SS--wavewave NNηη′′

(940 +140 < 1535)(940 +140 < 1535)
Ground stateGround state
NNηη′′,,N* . . .N* . . .

?         *22
N

22
NLL mpmpm <+++π



Ghosts surround low Ghosts surround low pionpion mass quenched QCDmass quenched QCD

We have isolated total 18 ghosts!We have isolated total 18 ghosts!

Unless a good fitting algorithm, quenched analysisUnless a good fitting algorithm, quenched analysis
at low at low pionpion mass region will fall apart.mass region will fall apart.



Properties of ghost statesProperties of ghost states

They contribute negatively to They contribute negatively to hadronhadron correlatorscorrelators..

They are multiThey are multi--particle states. Weight depends on volume. particle states. Weight depends on volume. 
Smaller volume have more dominant ghost states.Smaller volume have more dominant ghost states.

They decouple from the spectrum around 250They decouple from the spectrum around 250--350 350 MeVMeV pionpion
mass (for mass (for aa00, higher)., higher).

ChiralChiral fermions are more susceptible to ghost states than fermions are more susceptible to ghost states than 
Wilson Wilson fermionfermion..



MultiquarkMultiquark



MultiMulti--particle statesparticle states
A problem for finite box latticeA problem for finite box lattice

Finite box : Finite box : MomentaMomenta are quantizedare quantized
Lattice Hamiltonian can have bothLattice Hamiltonian can have both
resonance and decay channels states resonance and decay channels states 
(scattering states)(scattering states)

A A x+yx+y, Spectra of , Spectra of mmAA andand
One needs to separate out resonance states One needs to separate out resonance states 
from scattering statesfrom scattering states
Need multiple volumes, stochastic propagatorsNeed multiple volumes, stochastic propagators

La
nppmpm nnynx

π2,2222 =+++



Scattering state and its volume dependenceScattering state and its volume dependence

),,|1,,| spn
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Lattice ContinuumTwo point function :
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For one particle bound state
Spectral weight (W) will NOT be explicitly  dependent on lattice volume



Scattering state and its volume dependenceScattering state and its volume dependence
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spn ∞>Normalization condition requires :

Lattice ContinuumTwo point function :
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For two particle scattering state
Spectral weight (W)   WILL be explicitly  dependent on lattice volume
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Problem of studying Problem of studying ΘΘ+ + onon the Latticethe Lattice

suuddQuark content :Quark content :

Two possible statesTwo possible states

NN

KK

u

u
d

S d

u

d
S
u

d

TwoTwo--particle particle NKNK scattering statescattering state

SS--wave :wave : mmKK+ + mmNN ~ 1432 ~ 1432 MeVMeV

PP--wave :

ΘΘ++ bound statebound state
m(m(ΘΘ++) ~ 1540 ) ~ 1540 MeVMeV

wave : 2222 pmpm NK +++
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S d mmKK+ + mmNN
~ 1432 ~ 1432 MeVMeV

m(m(ΘΘ++) ~1540MeV) ~1540MeV

To separate out nearby states :To separate out nearby states :

٭٭ MultiMulti--exponential better fitting algorithm with high statisticsexponential better fitting algorithm with high statistics
٭٭ MultiMulti--operator cross operator cross correlatorcorrelator fitting with high statisticsfitting with high statistics

Positive parity channel will have unphysical (ghost) states
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C(t) ~ w0exp(-mKN t)+w1 exp(-mΘ t) +…

Positive parity channel will have unphysical (ghost) states



Volume Dependence in 1/2Volume Dependence in 1/2-- channelchannel
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• For bound state, fitted weight will not show any volume
dependence.

• For two particle scattering state, fitted weight will show  
inverse volume dependence

Our observed ground state is S-wave scattering state
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SpectrumSpectrum
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Octahedral group and lattice operatorsOctahedral group and lattice operators

ΛΛ JJ

GG11

GG22

HH

1/21/2⊕⊕7/27/2⊕⊕9/29/2⊕⊕11/211/2 ……
5/25/2⊕⊕7/27/2⊕⊕11/211/2⊕⊕13/213/2 ……
3/23/2⊕⊕5/25/2⊕⊕7/27/2⊕⊕9/29/2 ……

BaryonBaryon

ΛΛ JJ
AA11

AA22

EE
TT11

TT22

00⊕⊕44⊕⊕66⊕⊕88 ……
33⊕⊕66⊕⊕77⊕⊕99 ……
22⊕⊕44⊕⊕55⊕⊕66 ……
11⊕⊕33⊕⊕44⊕⊕55 ……
22⊕⊕33⊕⊕44⊕⊕55 ……

MesonMeson

……R.C. Johnson, Phys. R.C. Johnson, Phys. Lett.BLett.B 113, 147(1982)113, 147(1982)



Lattice operator constructionLattice operator construction
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Three quark elemental operators : Three quark elemental operators : 

With covariant displacementWith covariant displacement

)3,2,1(   )ˆ)1((~)....ˆ(~)(~),(~
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jjnxUjxUxUyxD jnxyjjj

n
j δ

……C. MorningstarC. Morningstar



Radial structure : displacements of different lengthsRadial structure : displacements of different lengths
Orbital structure : displacements in different directionsOrbital structure : displacements in different directions

……C. MorningstarC. Morningstar



VariationalVariational Method  Method  ……LuscherLuscher and Wolf, NPB 339, 220 (1990)and Wolf, NPB 339, 220 (1990)

Each operatorEach operator φφαα(t) (t) can projectcan project to any quantum stateto any quantum state
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Anisotropic Clover LatticeAnisotropic Clover Lattice

•• Gauge Action : WilsonGauge Action : Wilson
•• FermionFermion Action : CloverAction : Clover
•• Anisotropy (finer temporal lattice spacing)Anisotropy (finer temporal lattice spacing)
•• Stout smearingStout smearing

Expected lattice sizesExpected lattice sizes



R.G. Edwards, USQCD All Hands 2007R.G. Edwards, USQCD All Hands 2007



•• DDsJsJ (2317)(2317) DDSSππ00 PRL 90, 242001(2003) BABARPRL 90, 242001(2003) BABAR

•• DDsJsJ(2460) (2460) DDSS**ππ00 PRD68, 032002 (2003) CLEOPRD68, 032002 (2003) CLEO

•• X(3872)X(3872) J/J/ψψππ++ππ-- hephep--ex/0308029, SELEXex/0308029, SELEX

•• Y(3940), Y(4260)                          Y(3940), Y(4260)                          hephep--ex/0507019, 0507033, 0506081ex/0507019, 0507033, 0506081

•• ΞΞCCCC
++ ++ (3460)                        (3460)                        

•• ΞΞCCCC
+  +  (3520)(3520) PRL89,11 2001(2002) SELEXPRL89,11 2001(2002) SELEX, , 

•• ΞΞCCCC
++ ++ (3780)           (3780)           …… Mathur, Lewis, Mathur, Lewis, WoloshynWoloshyn et. al. PRD66, 014502 (2002); PRD64,et. al. PRD66, 014502 (2002); PRD64,

•• 094509 (2001)094509 (2001)

ΞΞCCCC
+ + :: 3560(47)(3560(47)(2727

2525))

Recently Observed HadronsRecently Observed Hadrons
Hadrons Experiments
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Our results shows scalar mass around  1400Our results shows scalar mass around  1400--1500 1500 MeVMeV, suggesting , suggesting 

aa00(1450)(1450) is a two quark state   is a two quark state   …… hephep--ph/0607110ph/0607110



ππππ four quark operator (I=0)four quark operator (I=0)
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Volume dependence of spectral weightsVolume dependence of spectral weights
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Volume independence suggests the observed state is an Volume independence suggests the observed state is an one particle stateone particle state
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HybridsHybrids



S = 0, 1S = 0, 1
L = 0, 1, 2, 3L = 0, 1, 2, 3……
J = L + SJ = L + S

SLL CPSLJ ++ −=−=+= )1(    ,)1(   , 1

Allowed :Allowed : ,....2,2,2,1,1,1,0,0 +++−−−++−+−−+++−=PCJ

,....4,3,1,2,1,0,0 −++−++−++−−−−+=PCJForbiddenForbidden (Exotics)(Exotics) : : 



Paul Eugenio Paul Eugenio ……Lattice 2006Lattice 2006
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Charmonium is our test bed
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11-- +  +  MesonMeson

ΨΨ iD4γ

)(    )(    : 4 xxP −Ψ→Ψ γ
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           : CC

Use D instead of µνF

DD not    and  Note : Need 

Required charge conjugation is not possible for 
non-zero momentum with single side derivative

Bing An Li…Acta Physica Sinica Vol 24, 1 (1975)
K. F. Liu and N. Mathur (Lattice 05)
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CharmoniumCharmonium——Laboratory to test hybrid technologyLaboratory to test hybrid technology

•• Light quark hybrids and higher spin Light quark hybrids and higher spin 
mesons are problematic so farmesons are problematic so far

CharmoniumCharmonium needs less constraintsneeds less constraints
---- ChiralChiral extrapolationextrapolation
---- QuenchingQuenching

Experimental data exists to test photoExperimental data exists to test photo--
couplingscouplings

Lattice 06, Tucson



Radiative transition in Charmonium

Phys.Rev.D73,

074507 (2006),

Would be a good testing ground before going 
to light quark (GlueX observables)
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With Jo With Jo DudekDudek, R Edwards and D. Richards, R Edwards and D. Richards



GlueballsGlueballs and hybrid mesonsand hybrid mesons



Y. Chen et al. Phys. Rev. D73, 014516 (2006)



ConclusionConclusion
Lattice QCD is entering an era where it can make  significant
contributions in nuclear and particle physics.

Particle Masses :Particle Masses : Understanding the Structure and Interaction of Hadrons.Understanding the Structure and Interaction of Hadrons.
Quenched lattice calculations can reproduce masses for many grouQuenched lattice calculations can reproduce masses for many groundnd
state hadrons within 10% of experimental numbers. Qualitatistate hadrons within 10% of experimental numbers. Qualitatively spectrumvely spectrum
ordering may well be understood by quench calculationsordering may well be understood by quench calculations..

However, excited state masses are still not accessible comprehenHowever, excited state masses are still not accessible comprehensively. sively. 
Data analysis becomes increasingly difficult as we go towardData analysis becomes increasingly difficult as we go towards s chiralchiral
limit due to the appearance of unphysical ghost states. In llimit due to the appearance of unphysical ghost states. In low quarkow quark
mass region one should consider these states in fitting funcmass region one should consider these states in fitting function.tion.
For full QCD one needs to consider For full QCD one needs to consider multiquarkmultiquark decay channels along with decay channels along with 
resonance states. Multivolume and resonance states. Multivolume and posssiblyposssibly stochastic propagators are stochastic propagators are 
necessary to carry out a reliable studynecessary to carry out a reliable study
A very comprehensive program is ongoing by Spectrum group by usiA very comprehensive program is ongoing by Spectrum group by using ng 
group theoretical multigroup theoretical multi--operator operator variationalvariational method in order to extract method in order to extract 
resonance states both for baryons and mesons including hybrid stresonance states both for baryons and mesons including hybrid states.ates.

MultiquarkMultiquark (>3) and hybrid states :(>3) and hybrid states :
MultiquarkMultiquark and hybrid states may exist in nature and lattice QCD can contrand hybrid states may exist in nature and lattice QCD can contribute ibute 
significantly in this area.significantly in this area.
One need to be careful to distinguish a bound state from a scattOne need to be careful to distinguish a bound state from a scattering state by ering state by 
volume dependence or other methods.volume dependence or other methods.
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