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Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s

1+ 1= 3t 3~ 3+ 3~ 1+ 1=
M [GeV] 2 2 2 2 2 2 2 2
20 r
N , B
s | N(1880) o nisss) g N190o) ] werers) A(1920) A A(1910) A(1900)
16_ N(1710) B Neeso) 222 N(1720) N(1700) = A(1700) — at620)
e L N(1535) == N(1520) A(1600)
14
ezzzz N(1440 [] 9499
_ (1440) _ = a-dg
1.2 — == A(1 232) PDG *%
B PDG *kk
10 F PDG ****
=1 N(940)

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

® spectrum in one to one agreement with experiment
® correct level ordering (without coupled channel effects...)

Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
® Stra‘nge ba‘ryon S CF, Eichmann PoS Hadron 2017 (2018) 007
. h b Sanchis-Alepuz, CF, PRD 90 (2014) 096001
ea’vy a'ryo n S Qin, Roberts, Schmidt, Few Body Syst. 60 (2019) no.2, 26

Torcato, Arriaga, Eichmann and Pena, FBS 64 (2023) 45

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

Christian S. Fischer (University of Gie3en, HFHF) Open flavour heavy-light four-quark states



Light baryon spectrum: diquark-picture

M [GeV]

20
18 |
16
14 |
12 }

1.0

l+ 1= §+ 3—
2 2 5 5
=
N(1880) A N(1895) g N(1900) m N(1875)
N(1710) B, n(1es0) 222 N(1720) N(1700)
. o
- N(1535) N(1520)

ezzzn N(1440)

| need:
== Ne4t ‘sood’ scalar diquark: O+

= 3 parameters + mygd;s

3+ 3 1+ 1=
2 2 2 2
A(1920) A A1910) A(1900)
- A(1700) = A(1620)
A(1600)
] 949
. N g-dq
§A(1232) PDG **

m PDG *k%k
m PDG *kkk

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

o spectrn one ge with experiment
® correct level ordering (without coupled channel effects...)

® strange baryons
® heavy baryons

Christian S. Fischer (University of Gie3en, HFHF)

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

Qin, Roberts, Schmidt, Few Body Syst. 60 (2019) no.2, 26

Torcato, Arriaga, Eichmann and Pena, FBS 64 (2023) 45

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

Open flavour heavy-light four-quark states



Light baryon spectrum: diquark-picture

M [GeV]

20
18 |
16
14 |
12 }

1.0

l+ 1= §+ 3—
2 2 5 5
=
N(1880) A N(1895) g N(1900) m N(1875)
N(1710) B, n(1es0) 222 N(1720) N(1700)
. o
- N(1535) N(1520)

ezzzn N(1440)

| need:

== Ne4t ‘sood’ scalar diquark: O+

= 3 parameters + mygd;s

3+ 3 1+ 1=
2 2 2 2
A(1920) A A1910) A(1900)
- A(1700) =. A(1620)
A(1600)
1 9ad
. N g-dq
§A(1232) PDG **

m PDG *k%k
m PDG *kkk

i ‘bad’ axialvector diquark: |+

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

o spectrn \ with experiment
® correct level ordering (without coupled channel effects...)

® strange baryons
® heavy baryons

Christian S. Fischer (University of Gie3en, HFHF)

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

Qin, Roberts, Schmidt, Few Body Syst. 60 (2019) no.2, 26

Torcato, Arriaga, Eichmann and Pena, FBS 64 (2023) 45

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

Open flavour heavy-light four-quark states



Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s

1+ 1—- 3+ 3~ 3+ 3~ 1+ 1-
M [GeV] 2 2 2 2 ) 5 5 3
20 r
. []
1 N(1880) A N(ises) g N(1900) [l wis7s) A(1920) & 200 A(1900)
16_ N(1710) B Neeso) 222 N(1720) N(1700) = A(1700) . a6z
B o N(1535) == N(1520) A(1600)
14
ezzz2 N1440 ] 9ad
i ( A A A PSS B g-dq
1.2 — " ” A(1 232) PDG *%
need: ~
1.0 F ' PDG ****

' ‘good’ scalar diquark: 0+
i ‘bad’ axialvector diquark: |+

' ‘u gly Ps/ Vv d|quark ] Eichmann, CF Sanchis-Alepuz, PRD 94 (2016) [1607.05748]
' ‘ Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2

o spectru in one to oneagreement with experiment
® correct level ordering (without coupled channel effects...)

Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
® Stra‘nge ba‘ryon S CF, Eichmann PoS Hadron 2017 (2018) 007
. h b Sanchis-Alepuz, CF, PRD 90 (2014) 096001
ea’vy aryo n S Qin, Roberts, Schmidt, Few Body Syst. 60 (2019) no.2, 26

Torcato, Arriaga, Eichmann and Pena, FBS 64 (2023) 45

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

Christian S. Fischer (University of Gie3en, HFHF) Open flavour heavy-light four-quark states



Exotic hadrons at Belle, BABAR, BES, LHCb,...
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Four-quark states:

compact diquark meson
tetraquark  anti-diquark molecule

hadro charmonium

i Related to details of underlying QCD forces]
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meson
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Open flavour heavy-light four-quark states
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Open flavour heavy-light four-quark states
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Open flavour heavy-light four-quark states
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Open flavour heavy-light four-quark states
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binding mechanism !

role of meson-meson ?
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Bound states and Bethe-Salpeter equations
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Eigenvalue equations: masses and wave functions
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Tetraquarks from the four-body equation

Kvinikhidze & Khvedelidze, Theor. Math. Phys. 90 (1992)

ExaCt eq u ati on: Heupel, Eichmann, CF, PLB 718 (2012) 545-549

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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Tetraquarks from the four-body equation
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Tetraquarks from the four-body equation

Kvinikhidze & Khvedelidze, Theor. Math. Phys. 90 (1992)
Heupel, Eichmann, CF, PLB 718 (2012) 545-549

ExaCt eq uation: Eichmann, CF, Heupel, PLB 753 (2016) 282-287
. ——O— - 10— — -
. 41 o N 11 o 4 F—0— .
—} = —} v —o—} - —o—} - - + perm.
+ perm. + perm.
Two-body interactions Three- and four-body
Interactions
diquark meson Eotmpact
anti-diquark molecule hadro charmonium etraquark

® Two-body interactions: allow for internal clustering
® use rainbow-ladder approximation...
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Tetraquarks from the four-body equation

Kvinikhidze & Khvedelidze, Theor. Math. Phys. 90 (1992)

ExaCt eq u ati on: Heupel, Eichmann, CF, PLB 718 (2012) 545-549

Eichmann, CF, Heupel, PLB 753 (2016) 282-287

+ perm.

b
N
]

8

+ perm.

yo-body interactions Three- and four-body
interactions

a(k?)

<
1

® Input: Non-perturbative quark, quark-gluon interaction

@)
|
|
D)

2 5 [ 2
— . O Ck(k’Q) = 7T777 (%) e (%) -+ OéUV(k’Q)

Christian S. Fischer (University of Gie3en, HFHF) Open flavour heavy-light four-quark states



Tetraquarks from the four-body equation

Kvinikhidze & Khvedelidze, Theor. Math. Phys. 90 (1992)

ExaCt eq u ati on: Heupel, Eichmann, CF, PLB 718 (2012) 545-549
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fo(500) : mm — component dominates!
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Structure of the amplitude

Scalar tetraquark:
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(scalar)

® reduce # tensor structures guided by physics
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Structure of the amplitude

- I(JF) Physical components

- 1®1 3X3 8X 8 6 X6
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Structure of the amplitude

- I(JF) Physical components
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bb four-quark-states
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bb four-quark-states
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bb four-quark-states
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bc four-quark-states
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cc four-quark-states

M 1GeV]  Open-charm Mass spectrum
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cc four-quark-states
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cc four-quark-states
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cc four-quark-states
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|dentifying leading structures...
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Internal structure

‘reduced’ “full’
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ben E | ~ also seen on
the lattice
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- Review:
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® decided dynamically !
® flavour and spin dependent...prediction for bc
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Hidden flavour four-quark states

M [GeV]  Charmonium Mass spectrum
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Hidden flavour four-quark states

M [GeV] Bottomonium Mass spectrum
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Internal structure
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Hidden flavour four-quark states:

® Dynamical description of O: TI-TT reSONANCe  Eichmann, Ck Heupel, PLE 753 (2016) 262-267

> MiXing With q(_:l StUdied for Iight mesons Santowsky, Eichmann, CF, Wallbott and Williams,
PRD 102 (2020) no.5,056014.

® Results for hidden charm and bottom Wallbott, Eichmann and CF, PRD100 (2019) 014033

. . Wallbott, Eichmann and CF PRD 102 (2020) 051501
(WlthOUt I’EPU|SIVG channels) Hoffer, Eichmann, CE. PRD 109 (2024) 074025

Open flavour four-quark states:

® Results for open charm and bottom
(attractive and repulsive channels)

® Internal structure is flavour and spin dependent!
- Meson-Mmeson iS dominating/impor'tant Hoffer, Eichmann, CF, in preparation

Mini-Review: Eichmann, CF, Heupel, Santowsky, Wallbott, FBS 61 (2020) 4 38, [2008.10240]
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mass evolution:
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Four-body equation: permutations

® Singlet:  So= (" +¢*+k%)/4 p, q, k : relative momenta
® Doublet: D; ~ p? + ¢* — 2k
Dy~ ¢ —p°
¢ ] diquark pole
q —»—
Z : | } D,

k*=0

C —=a_

N / hadrocharmonium

heavy-light mesons
meson poles

Open flavour heavy-light four-quark states
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® Singlet:  So= (" +¢*+k%)/4 p, q, k : relative momenta

® Doublet: D; ~ p? + ¢* — 2k
D2 ~ q2 o p2 |
{ ® model independent:

c T diquark pole heavy-light meson poles
q ——— .

g — o more important than
¢ eoo | diquark poles

(color factor !)

C —=a_

heavy-light mesons ' ’ hadrocharmonium
meson poles
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Bound state vs resonance: scalar four-quark states

without twobody-clustering

1200

yTetra (MeV]

Bound state of
four massive quarks

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
Santowsky, CF, PRD 105 (2022) 4,313
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Bound state vs resonance: scalar four-quark states
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Bound state vs resonance: scalar four-quark states
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Bound state vs resonance: scalar four-quark states

- -> I(So. 5. ....)

without twobody-clustering

0 300-400 1200
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I | 1
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Two-pion resonance four massive quarks
— identify with fo(500) (‘O-meson’)
with strange quarks: m(ao, fo) & 1GeV  fommcramnets o we
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Bound state vs resonance: scalar four-quark states
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without twobody-clustering
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Two-pion resonance four massive quarks

— identify with fo(500) (‘O-meson’)

with strange quarks: m(ao, fo) = 1GeV  Gomndenemig =

Meson-meson components dominate over diquarks !
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Bound state vs resonance: scalar four-quark states

T s

without twobody-clustering

0 300-400 1200
! | : yTetra[Mev]
I | 1
with Tt-clustering Bound state of
Two-pion resonance four massive quarks
— identify with fo(500) (‘O-meson’)
with strange quarks: m(ao, fo) & 1GeV  fommcramnets o we

Meson-meson components dominate over diquarks !

MiXing Wlth qu Sma” effeCt Santowsky, Eichmann, CF, Wallbott and Williams, PRD 102 (2020) no.5, 056014

Santowsky, CF. PRD 105 (2022) 4,313
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Mass evolution of four-quark state: 0++

fo(500) : mm — component dominates!

100

300 400 500 600 M

mg = 3.8 MeV
Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755
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Mass evolution of four-quark state: 0++

fo(500) : mm — component dominates!
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Mass evolution of four-quark state: 0++

fo(500) : mm — component dominates!
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m, = 3.8 MeV mg = 20.0 MeV mg = 50.0 MeV mg = 85.5 MeV
Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755

® mixed state becomes qgq-dominated for large mq
® dynamical decision !
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Mass evolution of four-quark state: 0++

fo(500) : mm — component dominates!

100

600 700 800 800 900 1000 1100 900 1100 1300

300 400 500 600 M

m, = 3.8 MeV mg = 20.0 MeV mg = 50.0 MeV mg = 85.5 MeV
Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755

® mixed state becomes qgq-dominated for large mq
® dynamical decision !

> consequences for ccqgq, ccss, bbg, bbss, bbcc ?
work to be done!
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The complex P2-plane

..... = |K A(P)=I
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generic situation
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The complex P2-plane
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A(P2) - BSA = kernel - BSA (see talk by Tripolt)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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