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… with focus on those containing strange quarks …
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 quark model picture is simpleqq̄
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phenomenology 6

 names typically assigned assuming OZI rule holdsω, ϕ
ω ∼ uū + dd̄
ϕ ∼ ss̄

ideal flavor mixing

OZI rule (generalized)
“connected diagrams favored over disconnected”
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phenomenology 8

 names typically assigned assuming OZI rule holdsω, ϕ
ω ∼ uū + dd̄
ϕ ∼ ss̄

ideal flavor mixing

OZI rule (generalized)
“connected diagrams favored over disconnected”

famous strong evidence:  Γ(ϕ(1020) → KK̄ ) ≫ Γ(ϕ(1020) → πππ)

but doesn’t work at all for pseudoscalars η ∼ uū + dd̄ − 2ss̄

η′ ∼ uū + dd̄ + ss̄
maybe axials not  
ideally mixed either
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ū
u

u

ū
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mρ(770) ≈ mω(782)

essentially empirical
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 names typically assigned assuming OZI rule holdsω, ϕ
ω ∼ uū + dd̄
ϕ ∼ ss̄

ideal flavor mixing

OZI rule (generalized)
“connected diagrams favored over disconnected”

famous strong evidence:  Γ(ϕ(1020) → KK̄ ) ≫ Γ(ϕ(1020) → πππ)

but doesn’t work at all for pseudoscalars η ∼ uū + dd̄ − 2ss̄

η′ ∼ uū + dd̄ + ss̄
maybe axials not  
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ū ū

u

s
s̄

s
s̄

u
ū
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mρ(770) ≈ mω(782)

essentially empirical

we shouldn’t assume ‘strangeonium’ is 
how QCD chooses to manifest isoscalar 
mesons in all , and at all energiesJP

it might, but we should establish it …
(this talk is not going to achieve this)
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experimental evidence 10

 annihilatione+e−

. 
. 

.ρ, ω, ϕ
 only, absolute normalization (cross-section)1−−

peripheral 
production

. 
. 

.

π, K, γ

p p, n, Δ, Λ…

all partial-waves, 
have to be separated

e.g. LASS (1980s)

K−p →

K−π+ n
K−η p
K 0π+π− n
K−ω p

heavy flavor 
decays

J/ψ, B…
Dalitz plot analysis

model multiple pairs 
simultaneously

e.g. LHCb

B → J/ψKϕ

put in all PDG  resonances, assuming 
they are well established and consistent

K⋆
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e+e− → ηω

e+e− → ηϕ

published analyses of these data have 
no resonances in common !

but even the ‘simple’ cases prove to be tricky:

in principle expect four resonances could 
contribute to each of these final states
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experimental evidence 12
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but even the ‘simple’ cases prove to be tricky:
and it’s not clear resonance identifications 
are really consistent, e.g.
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first principles QCD ? 13

lattice QCD

begin with a simpler case, still QCD but take mu,d → ms

ensures an exact  flavor symmetry — mesons in either octet ( ) or singlet ( ) representationsSU(3) 8 1
ρ, ω8, K* ω1

lightest pseudoscalar becomes heavy, m(η8) ∼ 700 MeV

and only meson-meson decays kinematically accessible  
to the resonances of interest
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⋮

… using the physical light quark mass very challenging here
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singlet , , 1− 2− 3− 14
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totally non-surprising  
‘two-pole’ situation in 1−



 meson resonances in QCDJ−−

octet , , 1− 2− 3− 15

coupled-channel  scatteringη8η8, η8ω8, η8ω1

octet case is new, presenting here for the first time
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octet , , 1− 2− 3− 16

coupled-channel  scatteringη8η8, η8ω8, η8ω1

octet case is new, presenting here for the first time
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computed in five lattice volumes,  
hundreds of energy levels constraining  
the scattering amplitudes
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octet , , 1− 2− 3− 17

coupled-channel  scatteringη8η8, η8ω8, η8ω1

octet case is new, presenting here for the first time
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⋮

very similar masses for octet and singlet vector mesons 
makes separation of these channels challenging in finite volume

finite-volume approach works via energy shifts
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octet 3− 19
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octet 2− 20
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 flavor point resonance spectrum in QCDSU(3) 22

1500

1700

1900

2100

18

1−−

2−− 3−−

Γ(η8η8) = 18(2)
Γ(η8ω8,1) = 11(4)

Γ(η8ω8,1) = 62(6)
Γ(η8η8) = 19(3)

Γ(η8ω8,1) = 8(5)
Γ(η8η8) = 27(7)

this should be a solid prediction for the 
spectrum in a version of QCD with mu = md = ms ≈ mphys

s

up to probably modest discretization effects
or blunders
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crude (?) extrapolation scheme 23

assume couplings are constant with changing light quark mass 
apart from angular-momentum barrier:

|cphys | =
kℓ

phys

kℓ
lat

|clat |

decompose  into  statesSU(3) (I, Iz, S)

use the PDG masses to set the kinematics

e.g.|8 (I = 0, Iz = 0, S = 0⟩ = 1

20
(K+K*− + K−K*+ − K0K*0 − K 0K*0)− 1

5
(π+ρ− + π−ρ+ − π0ρ0 − η8ω8)

assume ideally mixed  
assume 

ω, ϕ
η = η8

construct partial widths via Γ =
ρ
M

|c |2

everything shown after this point is a MODEL,  
not a direct result of a QCD calculation
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extrapolation to physical kaons 24
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incomplete list  
of thresholds
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extrapolated  resonances K⋆ 25

K*3 (1780)
   Γ(Kπ) ∼ 30 Γ(Kη) ∼ 13

            Γ(Kρ) ∼ 9 Γ(K*π) ∼ 14 Γ(K*η) ∼ 0 Γ(Kω) ∼ 3 Γ(Kϕ) ∼ 1

 ∑i
Γi ∼ 70

K2(1780)“                “             Γ(Kρ) ∼ 55 Γ(K*π) ∼ 74 Γ(K*η) ∼ 3 Γ(Kω) ∼ 17 Γ(Kϕ) ∼ 9

 ∑i
Γi ∼ 157

K*(1410)    Γ(Kπ) ∼ 19 Γ(Kη) ∼ 9
           Γ(Kρ) ∼ 41 Γ(K*π) ∼ 95 Γ(K*η) ∼ 0 Γ(Kω) ∼ 12

 ∑i
Γi ∼ 176

K*(1680)    Γ(Kπ) ∼ 24 Γ(Kη) ∼ 16
              Γ(Kρ) ∼ 5 Γ(K*π) ∼ 7 Γ(K*η) ∼ 0 Γ(Kω) ∼ 2 Γ(Kϕ) ∼ 1

 ∑i
Γi ∼ 56

don’t yet have the  state to admix2−+
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extrapolation to physical isoscalars 26
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extrapolation to physical isoscalars 27

in this case states are superpositions of octet and singlet

 point calculation can’t tell us the mixing angle — leave as a free parameterSU(3)
|ω⋆⟩ = cos θ |ω8⟩ − sin θ |ω1⟩

|ϕ⋆⟩ = sin θ |ω8⟩ + cos θ |ω1⟩

ideal flavor , θ = − 54.74∘

cos θ = 1
3 , sin θ = − 2

3
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extrapolation to physical isoscalars — ω3(1670), ϕ3(1850) 28

ideal flavor mixing:

Γ(ω⋆ → KK ) ∼ 6
Γ(ω⋆ → πρ) ∼ 61
Γ(ω⋆ → KK*) ∼ 2
Γ(ω⋆ → ηω) ∼ 1
Γ(ω⋆ → ηϕ) ∼ 0

Γ(ϕ⋆ → KK ) ∼ 29
Γ(ϕ⋆ → πρ) ∼ 0
Γ(ϕ⋆ → KK*) ∼ 20
Γ(ϕ⋆ → ηω) ∼ 0
Γ(ϕ⋆ → ηϕ) ∼ 3
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extrapolation to physical isoscalars — “ ”ω2(1670), ϕ2(1850) 29

ideal flavor mixing:

Γ(ω⋆ → πρ) ∼ 237,110
Γ(ω⋆ → KK*) ∼ 38,2
Γ(ω⋆ → ηω) ∼ 12,2
Γ(ω⋆ → ηϕ) ∼ 0

Γ(ϕ⋆ → πρ) ∼ 6,6
Γ(ϕ⋆ → KK*) ∼ 102,35
Γ(ϕ⋆ → ηω) ∼ 0,0
Γ(ϕ⋆ → ηϕ) ∼ 28,6

ΓP(πρ)

ΓP(KK*)

ΓP(ηω)

ΓP(ηϕ)

ω⋆

ϕ⋆

θ

 ∑i
Γi ∼ 401  ∑i

Γi ∼ 184

-wave, -waveP F
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extrapolation to physical isoscalars — ω(1420), ϕ(1680) 30

ideal flavor mixing:

Γ(ω⋆ → KK ) ∼ 7
Γ(ω⋆ → πρ) ∼ 468
Γ(ω⋆ → KK*) ∼ 2
Γ(ω⋆ → ηω) ∼ 6
Γ(ω⋆ → ηϕ) ∼ 0

Γ(ϕ⋆ → KK ) ∼ 25
Γ(ϕ⋆ → πρ) ∼ 10
Γ(ϕ⋆ → KK*) ∼ 191
Γ(ϕ⋆ → ηω) ∼ 0
Γ(ϕ⋆ → ηϕ) ∼ 37
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Γ(ηω)
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Γi ∼ 263
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extrapolation to physical isoscalars — , “ ”ω(1650) ϕ(1850) 31

ideal flavor mixing:

Γ(ω⋆ → KK ) ∼ 11
Γ(ω⋆ → πρ) ∼ 28
Γ(ω⋆ → KK*) ∼ 3
Γ(ω⋆ → ηω) ∼ 1
Γ(ω⋆ → ηϕ) ∼ 0

Γ(ϕ⋆ → KK ) ∼ 28
Γ(ϕ⋆ → πρ) ∼ 0
Γ(ϕ⋆ → KK*) ∼ 12
Γ(ϕ⋆ → ηω) ∼ 0
Γ(ϕ⋆ → ηϕ) ∼ 4
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Γ(ηω)
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θ

 ∑i
Γi ∼ 43  ∑i

Γi ∼ 44
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conclusions 32

not sure I have any yet … but I can summarize some observations :

 isoscalars likely to be very broad (even before  decays are considered)2−− 2+0−

the heavier  state has modest ,  decay branches  
— if the PDG widths are right, there would need to be modes not considered here

1− 0−0− 0−1−

the lighter  state has large  decay branches — can lead to a large total width1− 0−1−

SU(3) point calculation doesn’t indicate any large deviations from OZI expectations
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possible next steps for these states in lattice calcs … 33

depart from SU(3) symmetry point, by reducing  :  
— establish pattern of octet, singlet mixing 
— investigate reasonableness of extrapolation scheme

mu,d

— in  case can compute  to get  1−− ⟨0 | ψ̄γμψ |MM⟩ A(e+e− → MM )

— can calculate contributions to photoproduction treating exchange meson as stable and on-shell

γ

Mexch

M

M
previously done for ,  γπ → ππ γK → πK

compute amplitudes closer to those experimentally measured :

maturation of three-body analysis techniques will 
allow analysis at closer to physical light quark masses
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34
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coupling extrapolation 35
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coupled  scattering with ππ, KK mπ ∼ 391 MeV 36
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coupled-channel resonances 38

most resonances can decay into more than one final state

e.g.

elastic 
resonance

 0.5  0.6  0.7  0.8  0.9 1.0  1.1

 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8

coupled-channel 
resonances
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coupled  scattering with ππ, KK mπ ∼ 391 MeV 39
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 and the  resonance from lattice QCDγK → πK K*

mu=md=ms SU(3)F point 40
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mu=md=ms SU(3)F point 41
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increase the light quark mass to the strange quark mass … 
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 resonances (in LASS)K⋆ 42

br(Kπ) ∼ 0.19(1)

Γ(Kρ)
Γ(K*π)

∼ 1.5(2)

Γ(K*2 π)
Γ(K*π)

≲ 0.8

Kπ
Kππ Kη Kω

Γ(Kη)
Γ(Kπ)

∼ 0.5(2)
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 resonances (in LASS & ACCMOR)K⋆ 43

Kππ Kω
 not seen in LASS 

(dominance of  
pion exchange ?)

2−

ACCMOR 1981 
(higher beam energy) 
K±p → K±π+π− p

K*2 π

K f2

K*π

slight  improvement here is the main 
evidence for two  resonances 

χ2

2−

ACCMOR data suggests significant branches into 
,  which are closed at the SU(3) flavor point K*2 π K f2

COMPASS data to make two  states firm? 2−
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 resonances (in LASS)K⋆ 44

Kππ Kη

Kω
ambiguous  wave 
(only in a thesis)

1−

Kπ

very weak contribution from K*(1410)

br(K*(1410) → Kπ) ∼ 0.07(1)
br(K*(1680) → Kπ) ∼ 0.39(3)

K*(1680) → Γ(Kρ)
K*(1680) → Γ(K*π)

∼ 0.97(10)

no  in  ?K*(1410) Kρ

ACCMOR 1981 
(higher beam energy) 

 
has no  waves
K±p → K±π+π− p

1−

no  signal1−

176(52)(22) in , 240(18)(12) in  Kπ Kππ

205(16)(34) in , 423(18)(30) in  Kπ Kππ compatible ?
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 resonances (in D-decays)K⋆ 45

Belle Dalitz plot analysis of D0 → K−π+η

KηKπ
K*(892)

K*(892)
a0(980)

Kπ |S

a0(980)
Kπ |S

1410 1680

other contributions smaller than combinatoric background
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 resonances (in ψ’-decays)K⋆ 46

BES Dalitz plot analysis of ψ′ → K−K+η

claim of rather small  contributing in K*3 (1780) Kη
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 meson resonances in QCDJ−−

 in    (and  ?)ω3(1670) πρ ϕ3(1850) 48

VES     @ 36 GeVπ−p → π+π−π0 n

could there be a weak  present in  ?ϕ3(1850) πρ

 wave fit only has  and not any  
so unclear what to conclude from this good fit to the 
phase difference 

2+ a2(1320) a2(1700)

no sharp feature in the phase, but the  coupling  
could be small

ϕ3

only ‘modern’ high statistics evidence for this state
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49

LASS K−p → K0
S K±π∓ Λ

could this be a  with   ?ϕ2(∼1900) Γ ∼ 200
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E852 π−p → ηω n 50

could this be   
in a single bin ?

ϕ(1680)

 with fixed PDG (in 2001) paramsω(1650)

m = 1649(24), Γ = 220(35)

could this be  
a  ? ϕ2(1850) nothing here
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 production of  mesonse+e− 1−− 51

can access  and I = 1, Iz = 0 (ρ) I = 0, Iz = 0 (ω, ϕ)
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e+e− → πππ 52

 G = − ⟹ I = 0 in principle expect four resonances  
could contribute here

appears to be a significant tension 
between BaBar cross-section and DM2 
above 1.5 GeV
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e+e− → ωππ 53
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55
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production amplitudes 56

can also couple to an external current, e.g. electroweak production

0

0.05

0.10

0.15

0.20

0.140 0.150 0.160 0.170

0
1
2

0.140 0.150 0.160 0.170

γK → πK

πK → πK

0.00

0.05

0.10

0.15

0.20

0.25

0.0 0.2 0.4 0.6 0.8

compute three-point functions with a current insertion 
correct for the finite-volume 

PRD 106 114513 (2022)

a recent example of the approach …

resonance transition form-factor K* → Kγ

mπ ∼ 283 MeV
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excited J−− meson resonances — mπ~700 MeV 57
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exact SU(3) flavor symmetry
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exploring meson resonances using lattice QCD

operator basis — I=0 ππ, KK, ηη 58

operator basis:     ‘single-meson’                +     ‘meson-meson’

( & if you like, 
    tetraquark & … )

maximum momentum  
guided by non-interacting 
energies

solutions of the det equation 
when t = 0

[ 0 00 ]  A 1+  2 4 3

op e r a t o r  b a s i s

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

at mπ = 0.069 
at mK = 0.097 
at mη = 0.104

_



 and the  resonance from lattice QCDγK → πK K*

 scatteringπη, KK̄ 59
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 and the  resonance from lattice QCDγK → πK K*

 scatteringππ, KK̄, ηη 60PRD  9 7  0 5 4 5 1 3  ( 2 0 1 8 )
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 and the  resonance from lattice QCDγK → πK K*

coupled-channel scattering from lattice QCD 61

b1 → πω, πϕ



 and the  resonance from lattice QCDγK → πK K*

‘dropping’ ops in ρ → ππ 62

0.10

0.15

0.20

mπ = 0.039
mK = 0.083

L ~ 3.8 fm

exclude the 
KK operator

_ exclude all 
meson-meson

exclude 
all ψΓψ

_

PRD 9 2  0 9 4 5 0 2  ( 2 0 1 5 )



 and the  resonance from lattice QCDγK → πK K*

what’s happening here ? 63

focus on the lowest two states
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