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current & future experiments 2

BES III

COMPASS

CLAS12
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high statistics 
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PANDA
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current & future experiments 3

BES III

COMPASS

CLAS12

GlueX

W.Gradl

high statistics 
novel production

PANDA

recognition of the need for  
advanced analysis tools  
→ JPAC & other efforts

… but what about the connection to QCD ?

lattice QCD  
& the Hadron Spectrum Collaboration

in its current form since 2009

vibrant experimental program
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where the field was … meson spectrum 4
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(actually appeared after  

first HSC results)

state-of-the-art determinations of the excited meson spectrum in lattice QCD

few low-spin ground-states  
plus occasionally one  
badly-determined excited state
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where the field was … hybrid mesons 5

in 2009 flux-tube and bag models (1980s) were still state-of-the-art
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hadron spectrum collaboration 7

efficiently evaluate a large number of correlation functions

extract many excited states

found a workaround for the  
breakdown of rotational symmetry

distillation

compute quark annihilation where needed

large basis of hadron operators

began with meson operator basis 

‘subduced’ into the irreps of the cubic symmetry

variational solution

‘diagonalize’ a matrix of correlation functions 

(up to three derivatives)
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excited isovector meson spectrum 8

PRD88 094505 (2013)
PRD82 034508 (2010)
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excited isovector meson spectrum 9

1−− QUARK MASS DEPENDENCE 

decreasing quark mass

• spectrum does not change qualitatively
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isovector hybrid mesons 10

• ‘super’-multiplet of hybrid mesons roughly 1.3 GeV above the ρ

PRD82 034508 (2010)

PRD88 094595 (2013)

• these states have a dominant overlap onto 

utilized overlaps with characteristic operators to identify state make-up
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exotic hybrid quark mass dependence 11
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isoscalar meson spectrum 12

isovector

PRD83 111502 (2011) 
PRD88 094595 (2013)

determined light-strange mixing through operator overlaps

evaluated all the required annihilation diagrams
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first ever  
prediction 
of isoscalar 
exotic JPC 

mesons

isovector
rest of the lattice community 
still struggling with η,η′ alone
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JHEP 1207 126 (2012)

• two ‘super’-multiplets of hybrid mesons
this work lead by our 
Dublin collaborators
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chromo-magnetic gluonic excitation 15

• lightest set of hybrid mesons appear to contain a 1+− gluonic excitation

quarks in  
an S-wave

1000

1500

CHARMONIUM HYBRIDS

- 1+− in a Coulomb-gauge approach

- bag model also has 1+− lowest in energy

• some models have similar systematics
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chromo-magnetic gluonic excitation 15

• lightest set of hybrid mesons appear to contain a 1+− gluonic excitation

quarks in  
an S-wave

quarks in  
a P-wave

1000

1500

CHARMONIUM HYBRIDS

- 1+− in a Coulomb-gauge approach

- bag model also has 1+− lowest in energy

• some models have similar systematics
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excited baryons 16

PRD84 074508 (2011)
PRD85 054016 (2012)

• a ‘super’-multiplet of hybrid baryons

spectrum from large basis of baryon operators 
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chromo-magnetic excitation 17

• subtract the ‘quark mass’ contribution
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common energy scale of 
chromomagnetic gluonic excitation

lowest gluonic excitation in QCD now determined ?
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what other properties ? 18

with this technology, can you obtain any other info 
about excited state mesons ? 

interactions with external currents ?
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excited-state radiative transitions 19

three-point correlation functions

PRD91 114501 (2015)

this work lead by  
graduate student 

Christian Shultz
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excited-state radiative transitions 19

three-point correlation functions
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excited-state radiative transitions 20
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excited-state radiative transitions 21
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excited-state radiative transitions 22

ρ′→π  TRANSITION FORM-FACTOR
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excited spectra summary of progress 23

- obtained unprecedented, and mainly still unmatched, detailed excited state spectra 

- isolated the spectrum of hybrid mesons and baryons, both exotic and non-exotic 

- inferred the probable nature of the lightest gluonic excitation 

- demonstrated the possibility of extracting current transitions between excited states 

using operators                          and 

(2009 - 2013)
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excited spectra summary of progress 23

- obtained unprecedented, and mainly still unmatched, detailed excited state spectra 

- isolated the spectrum of hybrid mesons and baryons, both exotic and non-exotic 

- inferred the probable nature of the lightest gluonic excitation 

- demonstrated the possibility of extracting current transitions between excited states 

using operators                          and 

(2009 - 2013)

we learn a lot from these results, but need to move to methods 
   that can reproduce the true physics of excited states

resonances ! 

but this comes close to exhausting what can usefully be learned  
   from using just these operators
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excited hadrons are resonances 24

even the simplest excited hadrons are not really states of a definite single mass
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excited hadrons are resonances 24

ρ resonance

even the simplest excited hadrons are not really states of a definite single mass
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excited hadrons are resonances 25

RESONANT PHASE SHIFT

PARTIAL WAVE AMPLITUDE

but how can scattering amplitudes be accessed in lattice QCD ?
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one-dim quantum mechanics 26

• consider scattering of two identical bosons

finite-range  
potential

outside the well

scattering 
phase-shift

continuous  
momentum

continuous spectrum 
of energy eigenstates⇒
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‘scattering’ in a finite-volume 27

• consider scattering of two identical bosons

outside the well

• apply periodic boundary conditions

discrete  
energy  
spectrum
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3+1 dim field theory in a cubic volume 28

Lüscher:

known 
functions

[ modulo some subtleties 
    regarding !-mixing ]
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what operator basis is required ? 29

supplement large                         basis with meson-meson-like operators 

e.g. where

now need to evaluate 
diagrams like

distillation can handle  
the annihilation lines
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spectra in moving frames 30
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ππ P-wave phase-shift 31
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mapped out the energy dependence 
in unprecedented detail
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ππ P-wave phase-shift 31
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ππ P-wave phase-shift 32
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ππ P-wave phase-shift 33

PRD92 094502 (2015) 
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• reducing the pion mass moves mass, width in the right direction …
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coupling to external currents 34

• e.g. GlueX/CLAS12 use photons to excite resonances - can this be studied ?

• finite-volume formalism applied to three-point functions
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coupling to external currents 34

• e.g. GlueX/CLAS12 use photons to excite resonances - can this be studied ?

• finite-volume formalism applied to three-point functions

• first explicit application has appeared 
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excited isovector meson spectrum 35

PRD88 094505 (2013)

above a number of 
decay thresholds

• what about decays of higher excited states ?

e.g. the exotic  
       hybrid mesons 

need to study  
coupled-channel 
scattering
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coupled-channel meson-meson scattering 36

• more challenging analysis problem

e.g. in a two-channel process, three unknowns 
specify the S-matrix at each energy

our solution: parameterize the  
energy dependence of the S-matrix  
and describe the finite-volume  
spectra by varying parameters
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coupled-channel meson-meson scattering 36

• more challenging analysis problem

e.g. in a two-channel process, three unknowns 
specify the S-matrix at each energy

our solution: parameterize the  
energy dependence of the S-matrix  
and describe the finite-volume  
spectra by varying parameters

• need to compute the finite-volume spectra … lots of Wick contractions …

• first attempt, coupled-channel πK/ηK scattering
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πK/ηK lattice QCD spectra 37
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πK/ηK lattice QCD spectra 37
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πK/ηK lattice QCD spectra 38
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πK/ηK coupled-channel scattering 39
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versus experimental scattering 40

LASS, NPB296 493
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versus experimental scattering 41

D-WAVE πK→πK  AMPLITUDE
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versus experimental scattering 41
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singularity content - K* resonances 42
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singularity content - K* resonances 42
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singularity content - K* resonances 43
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singularity content - K* resonances 44
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• S-matrix poles as least model-dependent characterization of resonances
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c.f. K0
*(1430)

c.f. K2
*(1430)

c.f. K*(892)
c.f. κ(800) ?

J=0 
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J=2

… but no strong channel-coupling here …
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πη/KK scattering and the a0(980) 45

• sharp experimental enhancement at KK threshold

_

−100 −50 0 50 100

−100 −50 0 50 100

−100 −50 0 50 100

−100 −50 0 50 100

_

• usually in ‘less-simple’ production processes
e.g. pp→ππη

_

ϕ→γπη

• amplitude models typically give 

“KLOE”

“Bugg”

“Achasov”

“E852”

Baru et. al. 
EPJA23 523 (2005)
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πη/KK scattering and the a0(980) 46

• sharp experimental enhancement at KK threshold

_
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• usually in ‘less-simple’ production processes
e.g. pp→ππη

_

ϕ→γπη

• amplitude models typically give 

“KLOE”

“Bugg”

“Achasov”

“E852”

Baru et. al. 
EPJA23 523 (2005)
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πη/KK scattering and the a0(980) 47

• sharp experimental enhancement at KK threshold

_

_

has a ‘partner’ resonance, f0(980), in ππ at KK threshold
_

• often argued that these states don’t fit into the qq picture
_

hidden strange tetraquarks ? 

KK molecules ?
_
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πη/KK scattering and the a0(980) 47

• sharp experimental enhancement at KK threshold

_

_

has a ‘partner’ resonance, f0(980), in ππ at KK threshold
_

• often argued that these states don’t fit into the qq picture
_

hidden strange tetraquarks ? 

KK molecules ?
_

… and can theory ?
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πη/KK/πη′ lattice QCD spectra 48
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• used a basis of πη/KK/πη′ like operators and 
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πη/KK scattering amplitudes 49
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πη/KK scattering amplitudes 50
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cusp-like  
behavior rapid turn 

on of KK
_

• such a strong effect at threshold  
likely indicates a nearby singularity 
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pole singularities in two-channels 51

physical
scattering

• unitarity implies four Riemann sheets in this case

πη KK
_

Re[s]

Im[s]
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physical
scattering

_

πη KK
_

Re[s]

Im[s]

‘Flatté form’



hadron spectroscopy and QCD | 1.20.2016 | JLab 

‘BW-like’ resonance above KK threshold 53

physical
scattering

_

πη KK
_

Re[s]

Im[s]

our canonical view of a multichannel resonance: 
“a bump in each channel” 
relative height of bump � branching fraction

‘Flatté form’
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single-pole resonance on sheet II 54

physical
scattering

nothing forbids an amplitude  
with only a single nearby pole 

fits to experimental data  
tend to exhibit this structure
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single-pole resonance on sheet IV 55

physical
scattering
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−0.05 bit esoteric isn’t it … ?
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‘confined’ state coupled to decay continuum → Breit-Wigner like (two poles) 

molecular state from long-range potential → one pole
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pole distributions and molecular states ? 58

‘confined’ state coupled to decay continuum → Breit-Wigner like (two poles) 

molecular state from long-range potential → one pole

and extract form-factors from the residue of the pole

other molecule diagnostics ?

couple to an external current e.g. ϕ→γ(πη, KK)

or (πη, KK)→γ(πη, KK)

_

_
or other currents …



hadron spectroscopy and QCD | 1.20.2016 | JLab 

pole distributions and molecular states ? 58

‘confined’ state coupled to decay continuum → Breit-Wigner like (two poles) 

molecular state from long-range potential → one pole

and extract form-factors from the residue of the pole

other molecule diagnostics ?

couple to an external current e.g. ϕ→γ(πη, KK)

or (πη, KK)→γ(πη, KK)

_

_
or other currents …

examples of the 
interesting convergence of  
lattice QCD,  
S-matrix ideas,  
and phenomenology
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• application of lattice methods has reinvigorated theoretical hadron spectroscopy

� put ideas of gluonic excitations / hybrid hadrons on a firmer footing

� have a tool for phenomenology directly connected to QCD

� finite-volume methods give access to scattering amplitudes

� can now really calculate the physical observables

• the Hadron Spectrum Collaboration is the world-leader in these efforts

� nobody else is doing ‘spectrum’ calculations of this scope
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and haven’t mentioned charmonium sector …

scattering

axial and other 
mesons in e.g. πρ, πω 

hybrid meson decays

phenomenology

tetraquark operator basis

molecules ? pole distributions ? 
form-factors ?

scalar mesons at lower mπ

at heavier 
quark masses

simple baryon resonances

more photon transitions

three-body scattering

XYZ’s …
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timeline 61

2009 dynamical anisotropic lattices, distillation

2010 highly excited isovector meson spectrum

2011
highly excited isoscalar meson spectrum 
highly excited baryon spectrum 
phenomenology of hybrid mesons

2012
hybrid baryon spectrum 
ππ scattering, isospin=2 
highly excited charmonium spectrum

2013
ππ scattering, isospin=1, ρ resonance 
coupled-channel formalism

2014 coupled-channel πK,ηK scattering

2015 excited meson radiative transitions 
γπ→ππ and the ρ→πγ transition

2016 (to appear) coupled-channel πη,KK scattering 
_
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