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1.The formalism: glueballs, quarks and two-quark states 

2.Four-quark states:  
       hidden and open flavour
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Dyson-Schwinger equations - “3PI vs RL”

4

propagators vertices

CF, Alkofer,  PRD67 (2003) 094020
Williams, CF, Heupel,  PRD93 (2016) 034026
Huber,  PRD 101 (2020) 114009

Non-perturbative treatment of strong interaction via Euclidean correlation functions
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 Quark dressing - comparison with lattice
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The complex P2-plane

6

λ(P2)     BSA      =     kernel    BSA

P2spaceliketimelike

X

Williams, PLB 798 (2019) 134943, [arXiv:1804.11161]

Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755

Santowsky, Eichmann, CF,  Wallbott and Williams,
PRD 102 (2020) no.5, 056014, arXiv:2007.06495.

λ(P2)=1
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Light mesons with qqqq-content

Light scalar mesons:

9

wrong level ordering

R. L. Jaffe, Phys. Rev. D 15, 267 (1977)
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Tetraquarks from the four-body equation
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Exact equation:

Two-body interactions Three- and four-body 
interactions

Kvinikhidze & Khvedelidze, Theor. Math. Phys. 90 (1992)
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+ perm.
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Santowsky, CF, PRD 105 (2022) 4,313
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Bound state vs resonance: scalar four-quark states 
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reduce # tensor structures guided by physics  
                                           ~20 tensor structures

Structure of the amplitude: open flavor

12

Vector tetraquark:

9 Lorentz scalars
(built from P,p,q,k)

768 tensor 
structures 
(vector)

3⌦ 3̄, 6⌦ 6̄ or

1⌦ 1, 8⌦ 8

p q k P

�(P, p, q, k) =
X

i

fi(s1, · · · , s9)⇥ ⌧i(P, p, q, k)⇥ color ⇥ flavor

�(P, p, q, k) ! �(S0, s, a, ...)
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norm contributions

Identifying leading structures…
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decided dynamically !
flavour and spin dependent…prediction for bc

Internal structure
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also seen on 
the lattice
Bicudo et al, PRD D103 (2021)
Review:
Francis, PPNP 140 (2025) 104143
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Hidden flavour four-quark states with charm
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Hidden flavour four-quark states with bottom
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Spectrum for hidden and open flavor 
four-quark states
Interesting interplay:  attractive and repulsive forces

 Summary

20

Charm and bottom energy region:

Hoffer, Eichmann, CF,  PRD 109 (2024) 074025

Internal structure is flavour and spin dependent! 
- meson-meson is dominating/important 

Hoffer, Eichmann, CF, 2409.05779

Hoffer, Eichmann, CF, in preparation

To do: - improve two-body forces
- include three and four-body forces
- visit second Riemann sheet
- include mixing with two-quark states
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mixed state becomes qq-dominated for large mq

dynamical decision !

Mass evolution of four-quark state: 0++

23

Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755
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consequences for ccqq, ccss, bbq, bbss, bbcc ?
work to be done!
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Singlet:  
Doublet:

Four-body equation: permutations

24

S0 = (p2 + q2 + k2)/4
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heavy-light mesons
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D2 ⇠ q2 � p2
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24

S0 = (p2 + q2 + k2)/4
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p, q, k : relative momenta

model independent:  
heavy-light meson poles 
more important than 
diquark poles 
(color factor !) 
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spectrum in one to one agreement with experiment
correct level ordering (without coupled channel effects…)
strange baryons
heavy baryons

Light baryon spectrum: diquark-picture

25

Eichmann, CF, Sanchis-Alepuz,  PRD 94 (2016) [1607.05748]
Eichmann, CF, Few Body Syst. 60 (2019) no.1, 2 

3 parameters + mu,d,s 

Qin, Roberts, Schmidt, Few Body Syst. 60 (2019) no.2, 26
Torcato, Arriaga, Eichmann and Pena, FBS 64 (2023) 45

Eichmann, CF, Few Body Syst. 60 (2019) no.1, 2 
CF, Eichmann PoS Hadron 2017 (2018) 007
Sanchis-Alepuz, CF, PRD 90 (2014) 096001

Review on diquarks: Barabanov et al, PPNP 116 (2021), 103835
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