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Heavy Exotic States
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h/t Randall Munroe
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Exotics States Abound!

h/t Patrick Koppenburg



B/Λb → HX e+e− → X

pp̄/pp → X γγ → X γp → BX

πN → BX

Exotic Production Modes
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h/t Lebed, Mitchell, Swanson 1610.04528

(for reference)

https://arxiv.org/abs/1610.04528
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h/t Lebed, Mitchell, Swanson 1610.04528

(for reference)

https://arxiv.org/abs/1610.04528
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Exotic Interpretations -- molecules

X(3872)

h/t F-K Guo
arXiv:hep-ph/0311229

π



9 h/t Christian Hanhart

Exotic Interpretations -- molecules
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Exotic Interpretations -- threshold effects

X(4630)
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Exotic Interpretations -- dynamical dyquarks

h/t R. Lebed
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Exotic Interpretations -- loop singularities
X(2900)

arXiv:2008.12838arXiv:2208.05106

Y(4230)
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Exotics @ EIC

‣ large luminosity

‣ high energy

‣ access to quantum numbers

‣ polarized photons and protons

‣ orthogonal to other production methods

👍
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Exotics @ EIC

‣ orthogonal to other production methods arXiv:2305.01449

h/t Alessandro Pilloni (2020)

arXiv:1801.10211
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Exotics @ EIC

‣ large luminosity

‣ high energy

‣ access to quantum numbers

‣ polarized photons and protons

‣ orthogonal to other production methods

👍 👎
‣ is the orthogonality useful?

‣ reactions will be complicated!
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K-matrix Analysis

{a real example!}



17
h/t Randall Munroe



K-matrix Formalism
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μ
R

ν μ νμ ν =

μ ν

K

ℳ μ ν=

+

- μ νC
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K-matrix Formalism

h/t chat-gpt



20

K-matrix Formalism 👍

▸ (sometimes) computationally simple

▸ respects two-body unitarity (sums of 
Breit-Wigners are not encouraged!)

▸ more reliable extraction of couplings 
(from pole residues); avoids assumptions 
in extracting branching fractions

▸ employing a Chew-Mandelstam representation permits 
avoiding kinematic singularities at  and 
pseudothreshold (and in formfactor models)

s = 0

h/t BESIII

𝒞(s + iϵ) = 𝒞(s1) −
s − s1

π ∫s0

ds′ 

s′ − s1

ρ(s′ )g2(s′ )
s′ − s − iϵ
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K-matrix Formalism 👎

▸ ghost poles can befuddle

Can arise due to spurious 
non-invertibility of 
(1+CK). 

Identify by anomalous 
residues and behaviour  
under rescaling the 
couplings .̂g → λ ̂g

h/t Nils Hüsken

▸ "Analyticity" -- model for the (meromorphic) structure; unintended 
structure (form factors); continuing to the complex plane

▸ Three-body unitarity?

▸ extracted couplings tend to show 
model-dependence

▸ "reality" is often ascribed to the fit parameters/ 
overfitting is a problem

▸ left hand cuts? (➛ N/D)

▸ overfitting is all too easy
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grey=ghost poles with 
sizable residues

K-matrix Applications
pole positions (+ 1000 bootstrap datasets)

arXiv: 2204.11915 

https://arxiv.org/abs/2204.11915


23Y(5S) Y(6S)

couplings and branching fractions

PDG PDG

K-matrix Applications

arXiv: 2204.11915 

https://arxiv.org/abs/2204.11915


Λ(n)

K−

N
N

Σ0

π0 ℳ ∼ ∑
nm

ūγμu Dμν(q) N̄*mγνN ⋅ BW(N*m) ⋅ gN*ΛnK ⋅ BW(p, Λn) ⋅ gKN

q

p

Model as   scatteringγ*N → K(KN, Σπ)

K+

N*

Kαβ = ∑
R=Λ(1405),Λ(1520)

gαRgβR

m2
R − s

+ fαβ

Ex. Electroproduction of  @ CLAS/JLabK(KN, πΣ)
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J ν

ψ

π+

π−

f0

J ν

ψ

π+

π−

Zc

J ν

ψ

π+

π−
Merge K-matrix and isobar formalisms

J ν

ψ

π+

π−

Ex. e+e− → ππJ/ψ



27.7.24

ℳ ∼ D1
Λ,ν−ν′ 

( ̂ke) hVJ:ee
ν,ν′ 

⋅ BW(s) ⋅ DJ*
Λρ(α, β, γ) ⋅ Oρ

λ1λ2λ3

dσ =
|hY:ee |2 ⋅ |BW(s; Y) |2 ⋅ ∑ν{λ} Oν

{λ}Oν*
{λ}

(2π)3 64p1CM s3/2
dm2

12dm2
23

arXiv:1910.04566

Ex. e+e− → ππJ/ψ



J ν

π+

π−

f0
J ν

ψ λ

π+

π−

Zc

J ν

π+

π−

Zc

1

2

3

k=1spectator: k=2 k=3̂θ1(1) = 0 θ23

ζ3
1(0) = ζ3

1(3)

̂θ2(1)
̂θ3(1)θ13 θ12

ζ3
2(0) = ζ3

2(3) ζ3
3(0) = ζ3

3(3) = 0

Oν
λ = ∑

τλ′ 

BW(s; Y ) d1
ν,τ( ̂θ1(1)) hY:πZ

τ BW(σ1; Z) d1
τ,−λ′ 

(θ23) hZ:πψ
λ′ 

d1
λ′ ,λ(ζ

3
1(0))

ψ λ ψ λ
τ τ

Oν
λ = ∑

τλ′ 

BW(s; Y ) d1
ν,τ( ̂θ2(1)) hY:πZ

τ BW(σ2; Z) d1
τ,−λ′ 

(θ13) hZ:πψ
λ′ 

d1
λ′ ,λ(ζ

3
2(0))

Oν
λ = ∑

λ′ 

BW(s; Y ) d1
ν,−λ′ 

( ̂θ3(1)) hY:fψ
λ′ 

BW(σ3; f ) d0
0,0(θ12) hf:ππ d1

λ′ ,λ(ζ
3
3(0))

δλ′ ,λ

δν,τ

1

k=1

k=2

k=3

Ex. e+e− → ππJ/ψ



k=1spectator: ̂θ1(1) = 0 θ23

ζ1
1(0) = 0

J ν

π+

π−

f0

ψ λ

S

S

1

2

3

f2(μ) D

(1)Oν
λ = ∑

Rλ′ 

BW(s; Y ) d1
ν,0−λ′ 

( ̂θ1(1)) hY:fRψ
0λ′ 

BW(σ1; fR) d0
00(θ23) hfR:ππ

00 d1
λ′ ,λ(ζ

1
1(0))

δλλ′ 
δν,−λ′ 1

J ν

π+

π−

ψ λ

use P-vector here!

Notice that this gives predictions 
for  and KK̄J/ψ ηηJ/ψ

→ δν,−λ BW(s; Y ) ∑
αβ

hY:(αβ)Sψ
0λ Tαβ:ππ(σ1)

≈ δν,−λ BW(s; Y ) hY:(ππ)Sψ
0λ Tππ:ππ(σ1) with T = (1 + KC)−1K = K(1 + CK)−1, C = R − iρ

So we have δν,−λ BW(s; Y ) ∑
γ

(1 + KC)−1
ππ:γ (

gR:γgR:ππ

m2
R − s

+ fγ:ππ) hY:(ππ)ψ

Alternatively, we can bend the  line back and think of this as production from a  P-vectorψ Jψ

δν,−λ BW(s; Y ) ∑
γ

(1 + KC)−1
ππ:γ (

gR:YψgR:γ

m2
R − s

+ fYψ:γ) The formulations are equivalent under  and 


.

fγ:Yψ = fγ:ππhY:(ππ)ψ

gR:Yψ = gR:ππhY:(ππ)ψ

Ex. e+e− → ππJ/ψ



k=1spectator: ̂θ1(1) = 0 θ23
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1
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J ν
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use P-vector here!

Notice that this gives predictions 
for  and KK̄J/ψ ηηJ/ψ

→ δν,−λ BW(s; Y ) ∑
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0λ Tππ:ππ(σ1) with T = (1 + KC)−1K = K(1 + CK)−1, C = R − iρ

So we have δν,−λ BW(s; Y ) ∑
γ

(1 + KC)−1
ππ:γ (

gR:γgR:ππ

m2
R − s

+ fγ:ππ) hY:(ππ)ψ

Alternatively, we can bend the  line back and think of this as production from a  P-vectorψ Jψ

δν,−λ BW(s; Y ) ∑
γ

(1 + KC)−1
ππ:γ (

gR:YψgR:γ

m2
R − s

+ fYψ:γ) The formulations are equivalent under  and 


.

fγ:Yψ = fγ:ππhY:(ππ)ψ

gR:Yψ = gR:ππhY:(ππ)ψ

Ex. e+e− → ππJ/ψ



Ex. incorporate three-body unitarity

Sebastian Dawid, Nils Hüsken

π π
D̄n

D̄j

Dp

Di

ψm D̄k

e

= et cyc. + 

=
bubble

+

=
contact

+

=
ladder

+

ℳ2

𝒟 et cyc.
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Conclusions
▸ EIC will be a complementary & powerful  probe of exotic hadrons

▸ these will almost certainly appear in complicated reactions 

▸ which will require sophisticated modelling

▸ expertise developed at COMPASS, JLab/JPAC  (LHCb, BEPC) will go a long 
way in helping!



~thank you~
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G ~ V / C *  
*'n' Mass - Negative Beam 

F i e  6.12 p mass spectrum, standard cuts, negative beam. 

A single peak above background does not fit the observed signal well. A sec- 

. ond peak above the yt was added to the fit to improve this. The fit parameters are 

shown on the following page: 

The X(3872) in 1992

Tom LeCompte, 
Northwestern thesis
E705 at  FNAL



34

https://arxiv.org/pdf/2504.04096



vector bottomonium
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masses 
[BW params, poles, quark model eigenvalues, LGT plateaus]

LGT

PDG

HMS

GM

ARM
NR

bbg
SOEF
EFT

1S2S3S4S5S6S

Υ
(1

07
50

)

1S2S3S4S5S6S

2S 1S3S
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Discussion

 (keV)Γ(ee)



20.5.23JPAC Helicity Formalism Summary

{  are the final state polarisationsλi}

k(ij) refers to the (ij)-isobar /or/ the k spectator

σk = m2
ij is the (ij) isobar invariant mass

J ν

λk

λi

λj

k(ij) sτ

 are fixed angular functions of invariants w/  (thus the reference 
frame topology simplifies)

̂θk(1), θij, ζℓ
k(0)

̂θ1(1) = 0

X_s = isobar BW model3 topologies

final state Wigner spin rotations

helicity amps

possible isobars
isobar helicities

DalitzPlotDecomposition.pdf
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What is the interaction?
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