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QCD, hadrons and the standard model  3

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments, 
there remain significant mysteries in how hadrons are built from quarks and gluons
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QCD, hadrons and the standard model  4

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments, 
there remain significant mysteries in how hadrons are built from quarks and gluons

unexpected ?
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QCD, hadrons and the standard model  5

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments, 
there remain significant mysteries in how hadrons are built from quarks and gluons

unexplained ?

l i g h t  s c a l a r  me son  r e s on a n ce s
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QCD, hadrons and the standard model  6

While QCD may be a solid part of the standard model, and hadrons are ubiquitous in HEP experiments, 
there remain significant mysteries in how hadrons are built from quarks and gluons

unobserved ?
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the lattice as a tool for QCD  7

(in Euclidean time)

Monte Carlo sample field configurations

hadron spectrum from two-point correlation functions
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quark & gluon fields on a finite space-time grid 
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introduce: lattice spacing, lattice volume, often mq > mq
phys

field  
configuration 
probability

spectrum of  
QCD eigenstates
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precise spectroscopy of stable hadrons  8
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excited spectroscopy  9

but much of the excitement in hadron spectroscopy is in heavier states

and they are resonances observed through their decays

same non-perturbative dynamics binds and causes 
the decay — can’t be separated within QCD …

3.7 3.8 3.9 4.0 4.1

Z c( 3 900 )  →  π +J /ψ

exotic familiar non-trivial

ππ  →  ππ , KK ,ηη
_

ρ  →  ππ

a faithful QCD calculation should give all the 

scattering physics at once …

500 600 700 800 900 1000 1100



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

resonances on the lattice ?  10

the approach can be illustrated within one-dimensional quantum mechanics

imagine two identical bosons separated by a distance z  

interacting through a finite-range potential V(z)

V(z)

z

E

bound 
states

scattering 
continuum

R

phase-shift
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‘scattering’ in a finite-volume  11

now put the system in a ‘box’ — periodic boundary condition at z = ±L/2

V(z)

z

E

L/2−L/2

momentum quantization condition

discrete 
spectrum

if you can compute the discrete finite-volume spectrum 

in a quantum theory, you can find the scattering amplitude

reversing the logic:
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an elastic resonance — the ρ in ππ  12
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canonical resonance ‘bump’  
described by a rapidly rising phase-shift
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an elastic resonance — the ρ in ππ — lattice QCD  13
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an elastic resonance — the ρ in ππ — lattice QCD  14
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an elastic resonance — the ρ in ππ — lattice QCD  15
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coupled-channel resonances  16

most resonances decay into more than one final state

e.g. two-channel scattering described by a t-matrix
<latexit sha1_base64="JqUqFcSlHCgRsBiFZ7OvZDBs8vY="></latexit>

finite-volume spectrum as a function of scattering becomes more complicated

<latexit sha1_base64="0HNiNyD3GVBvvqfflYC10kMZN5c="></latexit>

coup l ed - channe l  s pec t r um

solutions En(L) of

matrix of  
known kinematic  
functions

no longer a one-to-one mapping from energy to scattering … 

… can parameterize the energy dependence of the scattering t-matrix

first lattice QCD calculations of coupled meson-meson scattering  
have appeared in the last four years …
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a0(980) in πη  17
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a0(980) in πη  18
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a narrow resonance seen in the πη final state 

KK threshold
_ KK threshold

_

KK threshold
_

right at the KK threshold
_

e.g.

will need a coupled πη, KK approach …
_
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πη/KK scattering in lattice QCD  19

_
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first calculation — unphysically heavy u,d quarks
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πη/KK scattering in lattice QCD  20

_

mπ ~ 391 MeV PRD 9 3  0 9 4 5 0 6  ( 2 0 1 6 )
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πη/KK scattering in lattice QCD  21

_
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at KK threshold

_

is there a resonance causing this ?
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_
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πη/KK scattering — the a0 resonance  22
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a resonance can be rigorously defined to  
be a pole singularity at a complex energy

with pole position

_

PRD 9 3  0 9 4 5 0 6  ( 2 0 1 6 )mπ ~ 391 MeV
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πη/KK scattering — the a0 resonance  22
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a resonance can be rigorously defined to  
be a pole singularity at a complex energy

with pole position
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πη/KK scattering — the a0 resonance  22
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a resonance can be rigorously defined to  
be a pole singularity at a complex energy

with pole position
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r e s on a n ce  c ou p l i n g s
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πη
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_
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ππ, KK, ηη scattering  23

ππ→ππ

ππ→KK

_

ππ→ηη

_

expe r imen ta l  amp l i t ude s

combination of broad σ resonance  
and narrow f0(980) at KK threshold

_
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ππ, KK, ηη scattering in lattice QCD  24
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_

PRD 9 7  0 5 4 5 1 3  ( 2 0 1 8 )

considerable 

elastic 

region

three-channel 

almost immediate

0.10

 0.12

 0.14

 0.16

 0.18

0.20

 0.22

 0.24

 16  20  24  16  20  24  16  20  24  16  20  24  16  20  24
570

1.9 fm

2.4 fm
2.9 fm

680

790

900

1020

1130

1250

[ 0 00 ] [ 1 00 ] [ 1 10 ] [ 1 11 ] [ 2 00 ]

mπ ~ 391 MeV 
mK ~ 549 MeV 
mη ~ 587 MeV

_



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

ππ, KK, ηη scattering in lattice QCD  25PRD 9 7  0 5 4 5 1 3  ( 2 0 1 8 )

mπ ~ 391 MeV 
mK ~ 549 MeV 
mη ~ 587 MeV

 0.2

 0.4

 0.6

 0.8

 0.14  0.16  0.18 0.20  0.22  0.24

 0.2

 0.14  0.16  0.18 0.20  0.22  0.24

ππ/ KK/ηη  c ou p l e d - c h a n n e l  s c a t t e r i n g  a m p l i t u d e s
_

<latexit sha1_base64="eo1+QslcXq5xJsyyQVF81KjWCJU=">AAACJnicbVC7TsMwFHXKq5RXgJHFoqrEUFVJVQnGSiyMRaIPqQmR4ziNW+ch20GqQr+AH2FlhX9gQ4iNma/ATTPQliNZPj7nXl3f4yaMCmkYX1ppY3Nre6e8W9nbPzg80o9PeiJOOSZdHLOYD1wkCKMR6UoqGRkknKDQZaTvTq7nfv+BcEHj6E5OE2KHaBRRn2IkleToNYsHsUNhfo2hVYeWS0ePUDoZHc8Wj/umo1eNhpEDrhOzIFVQoOPoP5YX4zQkkcQMCTE0jUTaGeKSYkZmFSsVJEF4gkZkqGiEQiLsLF9nBmtK8aAfc3UiCXP1b0eGQiGmoasqQyQDserNxf+8YSr9KzujUZJKEuHFID9lUMZwng30KCdYsqkiCHOq/gpxgDjCUiVYWRrjhnWhFguIN1PhmKtRrJNes2EaDfO2VW23ipjK4AycgwtggkvQBjegA7oAgyfwAl7Bm/asvWsf2ueitKQVPadgCdr3L/v3pTo=</latexit>

800 910 1020 1130 1240 1350

800 910 1020 1130 1240 1350

E / MeV

_

nothing much 
happening in ηη



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

ππ, KK, ηη scattering in lattice QCD  26PRD 9 7  0 5 4 5 1 3  ( 2 0 1 8 )

mπ ~ 391 MeV 
mK ~ 549 MeV 
mη ~ 587 MeV

 0.2

 0.4

 0.6

 0.8

 0.14  0.16  0.18 0.20  0.22  0.24

 0.2

 0.14  0.16  0.18 0.20  0.22  0.24

ππ/ KK/ηη  c ou p l e d - c h a n n e l  s c a t t e r i n g  a m p l i t u d e s
_

<latexit sha1_base64="eo1+QslcXq5xJsyyQVF81KjWCJU=">AAACJnicbVC7TsMwFHXKq5RXgJHFoqrEUFVJVQnGSiyMRaIPqQmR4ziNW+ch20GqQr+AH2FlhX9gQ4iNma/ATTPQliNZPj7nXl3f4yaMCmkYX1ppY3Nre6e8W9nbPzg80o9PeiJOOSZdHLOYD1wkCKMR6UoqGRkknKDQZaTvTq7nfv+BcEHj6E5OE2KHaBRRn2IkleToNYsHsUNhfo2hVYeWS0ePUDoZHc8Wj/umo1eNhpEDrhOzIFVQoOPoP5YX4zQkkcQMCTE0jUTaGeKSYkZmFSsVJEF4gkZkqGiEQiLsLF9nBmtK8aAfc3UiCXP1b0eGQiGmoasqQyQDserNxf+8YSr9KzujUZJKEuHFID9lUMZwng30KCdYsqkiCHOq/gpxgDjCUiVYWRrjhnWhFguIN1PhmKtRrJNes2EaDfO2VW23ipjK4AycgwtggkvQBjegA7oAgyfwAl7Bm/asvWsf2ueitKQVPadgCdr3L/v3pTo=</latexit>

800 910 1020 1130 1240 1350

800 910 1020 1130 1240 1350

E / MeV

_

 0.2

 0.4

 0.6

 0.8

 0.14  0.16  0.18 0.20  0.22  0.24

 0.2

 0.14  0.16  0.18 0.20  0.22  0.24

strong activity at  
KK threshold

_



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

ππ, KK, ηη scattering in lattice QCD  27PRD 9 7  0 5 4 5 1 3  ( 2 0 1 8 )

mπ ~ 391 MeV 
mK ~ 549 MeV 
mη ~ 587 MeV

_

 0.2

 0.4

 0.6

 0.8

 1

 800  1000  1200  1400

-300

-200

-100

E / MeV

ππ/ KK/ηη  c ou p l e d - c h a n n e l  s c a t t e r i n g  a m p l i t u d e s
_

 0.2

 0.2

 0.4

 0.6

 0.8

 0.14  0.16  0.18 0.20  0.22  0.24

 0.14  0.16  0.18 0.20  0.22  0.24

parameterization 

variation



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

ππ, KK, ηη scattering in lattice QCD  28PRD 9 7  0 5 4 5 1 3  ( 2 0 1 8 )

mπ ~ 391 MeV 
mK ~ 549 MeV 
mη ~ 587 MeV

_

 0.2

 0.4

 0.6

 0.8

 1

 800  1000  1200  1400

-300

-200

-100

E / MeV

ππ/ KK/ηη  c ou p l e d - c h a n n e l  s c a t t e r i n g  a m p l i t u d e s
_

bound-state
resonance



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

ππ, KK, ηη scattering  29

ππ→ππ

ππ→KK

_

ππ→ηη

 0.2

 0.4

 0.6

 0.8

1400 MeV

_

expe r imen ta l  amp l i t ude s

mπ ~ 391 MeV

 0.2

 0.4

 0.6

 0.8

 1

 800  1000  1200  1400

-300

-200

-100



hadron spectroscopy / lattice QCD | 29 May 2018 | CIPANP, Palm Springs

coupled-channel resonances — status  30

have demonstrated presence of coupled-channel resonances in (lattice) QCD

would like to know if there’re simple ways to ‘understand’ them 

e.g. big differences between scalar, vector, tensor mesons

one possible approach to this  
— consider their couplings to external currents …

can determine pole positions (mass, width) and couplings to decay channels

at unphysical quark masses initially

long-standing ideas of qq versus qqqq versus meson-meson molecules
_ __
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addressing the new observations in charmonium (XYZ) 

— challenging, often lie above several thresholds ⇒ multiple coupled channels

a big current challenge is the importance of three-body final states  

— lack of a complete finite-volume formalism so far

predicting resonant properties of hybrid hadrons 

— preferred decay modes, couplings to photons (relevant to GlueX, see next talk)

(finally) understanding the scalar mesons ? 

— studying their behaviour with changing quark mass, evaluating their form-factors …
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