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Exotic hadrons at Belle, BABAR, BES, LHCb,...
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Overview
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Dyson-Schwinger equations: QCD vs YM-Theory
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Dyson-Schwinger equations: QCD vs YM-Theory
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Dyson-Schwinger equations: QCD vs YM-Theory
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Dyson-Schwinger equations: QCD vs YM-Theory
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Bound states and Bethe-Salpeter equations
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Eigenvalue equations: masses and wave functions
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Landau gauge gluon propagator

e fully dressed gluon appears massive p|GeV]
Cornwall PRD 26 (1982); DSE:  Huber, PRD 101 (2020) 114009, arXiv:2003.13703
Cucchieri, Mendes PoS Lat2007 297 Lattice: Sternbeck, Miiller-Preussker, PLB 726 (2013)

Aguilar, Binosi, Papavassiliou, PRD 78,025010 (2008);
Boucaud et al. JHEP 0806 (2008) 099;
CF, Maas, Pawlowski, Annals Phys. 324 (2009) 2408

Christian S. Fischer (University of Gie3en, HFHF) Exotic mesons with functional methods



Glueballs: results
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® confirmation of results from lattice YM-theory

o » redictions for some channels CF, Huber, Sanchis-Alepuz, EPJC 80 (2020) [arXiv:2004.00415]
Huber, CF, Sanchis-Alepuz, EPJC 81 (2021) [arXiv:2110.09180]
To do:

chart the mixing of glueballs with conventional meson states...
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Dyson-Schwinger equations - “3PIl vs RL”
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Dyson-Schwinger equations - “3PIl vs RL”
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Light meson spectrum - full 3Pl-calculation
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Light meson spectrum - full 3Pl-calculation
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® good agreement with experiment in most channels
® special channels:
pseudoscalar 0~ :(pseudo-) Goldstone bosons
scalar 0"t : complicated channel...
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Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s
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correct level ordering (without coupled channel effects...)
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Review on diquarks: Barabanov et al, PPNP 116 (2021), 103835
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Light baryon spectrum: diquark-picture
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Overview

JFCglueballs
o o
EfT
¢ o - N
. 4t .ot ; “om . ¢ Lo
) j’ - |
| .Glueballs: pure Yang-Mills . IR
S o3k n
= > ° ®
¢ ewm
5l « BSE
* - » lattice [Morningstar , Peardon, 1999]
= lattice [Athenodorou , Teper, 2020]
1+
OJ‘rJr OlJr 2+‘+ 2l+ 34‘r+ 3l+ 4J‘r+ 4l+

. m [GeV]
2.Conventional mesons (and baryons) e O

15 - [

R= _Oo&

\
10 \\\
I p
0.5 —
T
0.0 -
ot 1—— ott 1t 1++

3.Four-quark states: hidden and
open flavour "t

Junnarkar et. al. (2018) - o
Braaten et. al. (2020) - ot
Noh et. al. (2021) 1 °
Meng et. al. (2021) -
Albaladejo (2021) A
Ke et. al. (2021) 1
LHCb Collab. (2022) -
Ortega et. al. (2022) -
Lyu et. al. (2023) 1
Song & Jia (2023) 1
Wang et. al. (2024) -
Four-quark BSE ———

Binding energy ccnn 0(1") (T.))

~0.1 0.0 0.1 0.2 0.3
EB [GeV]
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Light mesons with gqgqg-content

Light scalar mesons:

[d5] [us]
9 (800) x+(800)

(wii/dd]
al(980)

f0(980)  fo(500)
(s3] [u@i/dd]

ag (980)
[du]

ag (980)
[ud]

%~ (800) °(800)
[su] [sd]

wrong level ordering

R. L. Jaffe, Phys. Rev. D 15,267 (1977)
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Light mesons with gqgqg-content

Light scalar mesons:

[d5] [us]
9 (800) x+(800)

(wii/dd]
al(980)

f0(980)  fo(500)
(s3] [u@i/dd]

ag (980)
[du]

ag (980)
[ud]

%~ (800) °(800)
[su] [sd]

wrong level ordering

[d5ui) [usdd]
K°(800) '+ (800)
[uii /dds3]
ay (980) f (ZB;(SJ)SOJ): (500) ag (980)
[diis3] ° ’ [uds3]

[uti/dds3] [uddii]

%~ (800) 7°(800)
[sudd] [sdu ]

correct level ordering

R. L. Jaffe, Phys. Rev. D 15,267 (1977)
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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
0 - - — I T—0—
Ao o - - + T + 7 o N
- - T 10— - 4 o 4 o perm.

+ perm. + perm.

29

Q

Two-body interactions Three- and four-body
Interactions
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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

D= DB - S -
+ perm. -+ joerm.
Two-body interactions Three- and four-body

Interactions
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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)
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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

D= DB - S -
+ perm. -+ joerm.
Two-body interactions Three- and four-body

Interactions

fo(500) : mm — component dominates!

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
Santowsky, CF, PRD 105 (2022) 4,313
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Structure of the amplitude

Scalar tetraquark:

s =1 q::E e 01\ g

—

I'(P,p,q,k Zfz 31, . S9) X 1;(P,p,q, k) x color x flavor
7

9 Lorentz scalars 256 tensor 3®3,6®6 or

(built from Pp,q,k) structures 1®1,8®8
(scalar)

® reduce # tensor structures guided by physics

light scalars: Ti-Tt and diquark-antidiquark
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Bound state vs resonance: scalar four-quark states

without twobody-clustering
0 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

T s

without twobody-clustering
0 300-400 1200

yTetra (MeV]

with Tt-clustering Bound state of

Two-pion resonance 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

T s

without twobody-clustering
0 300-400 1200

yTetra (MeV]

with Tt-clustering Bound state of

Two-pion resonance four massive quarks

— identify with fo(500) (‘O-meson’)

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

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

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
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Bound state vs resonance: scalar four-quark states

T s

without twobody-clustering
0 300-400 1200

yTetra (MeV]

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  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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Structure of the amplitude

Vector tetraquark:

— _ el
p - )y ezl ) o ke
I'(P,p,q,k) Zfz 51, . S9) X 1;(P,p,q, k) x color x flavor

7
9 Lorentz scalars 768 tensor 3®3,6®6 or

(built from Pp,q,k) structures 1®1,8®8
(vector)

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

® re l,'

I(J") Physical components

11 3®3 8R® 8 6®6

Jo J1 J2 VE Ja /5

0(1+)bban|| BB* B*B*| AwS | BB* B*B*| SwA
benn|| BD* B*D | Ap.S | BD* B*D | SpA
ccnn|| DD* D*D*| A:.S | DD* D*D*| S. A

bbss || BsBY — | AwAss | BsB: — — —
bcss || BsD., B:Dgs | SvcAss | BsD; B, D | ApeSss

ccss || Ds Dy — | AccAss | Ds Dy — —

1(1")bbgqg || BB*  — AwA | BB*  — —
bcGg|| BD* B*D | Sy.A | BD* B*D*| Ap.S

ccqq || DD — A..A | DD*  — _

lavor
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bb, bc and cc four-quark-states

M |GeV] bbqq M [GeV] bcqq M [GeV] ccqq
13.5-
9.0 4.8-
13.01 7
| 7
19.51 8.5 10 @
|
12.0- A %
8.0 1
4.2 -
115' 7,
2 b a b B
11.01._ &2 . _ BsB | 75?—1)‘@' ''''' —%‘ ''''' { 4.07
) / B*D T+
BB == _. N N i - — e ——— 1 poL_ 4 d-ee ] n € su d
105_ Iin_iz; 70 Tb—z 38- { ) }
01 1(17) 0(1t)  1(1%) 0(1*) 1(1%)

QQ) cc excited 77771 QQ'ss excited 777 QQ'nn excited
QQ'cc ground QQ'ss ground QQ'nn ground

Hoffer, Eichmann, CF, 2409.05779
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bb, bc and cc four-quark-states

bbnn 0(17)

benn 0(17)

cenn 0(17)

LHCDb Collab.

EX3

13}
Eichten & Quigg
Sakai et. al.

Park et. al.

Carames et. al.
Maiani et. al.
Braaten et. al.
Mohanta & Basak
Meng et. al.

Noh et. al.

Meng et. al.
Albaladejo

Ke et. al.

Ortega et. al.

Song & Jia

Kucab & Praszalowicz
Wang et. al.

13§
12

12 L‘;

O

O

O

O -1

T Francis et. al.
: Junnarkar et. al.
v Leskovec et. al.

‘ Francis et. al.
] Lyu et. al.
B Hudspith & Mohler

Aoki et. al.
Padmanath et. al.
Alexandrou et. al. (2023
Alexandrou et. al. (2024

2023
2023

—O—
Q

Four-quark BS

—0—

)
A

—0.1

0 04 v 2 0 P 5.4 1 Wi v 2 e s T 2 <7 03

QQ'cc ground

QQ'ss ground

Christian S. Fischer (University of Gie3en, HFHF)

1_',-

0.0 0.1

EB [Ge\/]

e T TT T XTI

QQ'nn ground

iV

0.0 0.1

Hoffer, Eichmann, CF, 2409.05779
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bb, bc and cc four-quark-states

M |GeV] bbqq M [GeV] bcqq M [GeV] ccqq
13.5-
9.0 4.8-
13.01 7
| 7
19.51 8.5 10 @
|
12.0- A %
8.0 1
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115' 7,
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bb, bc and cc four-quark-states

| Eichten & Quigg (2017) - O O O
13} Park et. al. (2018) O O O
Carames et. al. (2018) 7 O
19 | Braaten et. al. (2020) - —— HH ')
" Song & Jia (2023) O O O
: Wang et. al. (2024) O
12 Four-quark BSE - O —O— O
11} 0.0 01 0.0 0.25 0.00 0.25
Eg [GeV]
7R N N e —————— TR I hedu
10.54 == -, T 5 g {u, d}
0(1") 1(17) 0(1%) 1(1) 0(1%) 1(1%)

1(J")

QQ'cc excited 77 QQ'ss excited 7772 QQ'nn excited
QQ'cc ground QQ'ss ground QQ'nn ground

Hoffer, Eichmann, CF, 2409.05779
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bb, bc and cc four-quark-states

M |GeV] bbqq M [GeV] bcqq M [GeV] ccqq
13.5-
9.0 4.8-
13.01 7
| 7
19.51 8.5 10 @
|
12.0- A %
8.0 1
4.2 -
115' 7,
2 b a b B
11.01._ &2 . _ BsB | 75?—1)‘@' ''''' —%‘ ''''' { 4.07
) / B*D T+
BB == _. N N i - — e ——— 1 poL_ 4 d-ee ] n € su d
105_ Iin_iz; 70 Tb—z 38- { ) }
01 1(17) 0(1t)  1(1%) 0(1*) 1(1%)

QQ) cc excited 77771 QQ'ss excited 777 QQ'nn excited
QQ'cc ground QQ'ss ground QQ'nn ground

Hoffer, Eichmann, CF, 2409.05779
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|dentifying leading structures...

:D :E+ :®+ :?
- B B D

meson-meson diquark-antidiquark
hadro-onium

® norm contributions
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Internal structure

n € {u,d}

777777 o @00
M _ BB* — A A
bbnn s App San bb
N = = -7—7_ - 777777 .- 2
bece Bene
_____ S I e —
bcss BeDs
_____ |
% EED B*D
benn ] 5
_____ 0 —_——_ e i
chg DSD: AccAsg
BN NN P
DD*
CCﬁT_L I DD* — A..A
7777777777777 B YN @ W em
foofoirfo2fosfoafi1fi2f13/14f22 23 2433 44 fooforfoz2fosfoafi1f12/13/14f22f23/24f33f44
0(17) 1(17)

® decided dynamically !
® flavour and spin dependent...prediction for bC  neffer, Eichmann, cF 2409.05779
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Internal structure

bbcc n € {u,d}
bbss
A A — Arp San BB — AbbA
bbnn B-B_- 777777 1&7—7_ . - -
beee iy
_____ —_—
ey B Dg
bcss ¢ g -
benin [ 1 5o
_____ N . T
cce DSD: AccA.§§
CCSS = B_ _ T
DD* R CccC
) ) DD* —
ccnn Jb—"""""" D _
Joofoifo2fosfoaf11f12/13 1422 232433 f44 foofoifo2fo3/oaf11f12/13/14f22 23 2433 44
0(1") 1(17)

® decided dynamically !
® flavour and spin dependent...prediction for bC  neffer, Eichmann, cF 2409.05779
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Internal structure

bbcc n € {u,d}
bbss
bbnn
beee also seen on
— — the lattice
bess  __ ° B = Bicudo et al, PRD D103 (2021)
B*D Review:
benn B*D Francis, accepted for PPNP
_____ . .  __ -
cce DSD: — AccA.§§
L - T
DD* R ——— CccC
cenn I | DD" =
7777777777777 N N @@ e
Joofoifo2fosfoaf11f12/13 1422 232433 f44 foofoifo2fo3/oaf11f12/13/14f22 23 2433 44
0(1") 1(17)

® decided dynamically !
® flavour and spin dependent...prediction for bC  neffer, Eichmann, cF 2409.05779
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Hidden flavour four-quark states

M [GeV]  Charmonium Mass spectrum
T W (4660) 7. (4430)

+o° = y(4360) e xer (4274)

== (4230 Z.(4220)
= p{1e0) — %
___ 1(4040) X (3060) X(4020) Xe1(4140)

4.04 — 5 (3915) T
o ) x%m)

___ %(3770) Z.(3900)
— e o o
Nc(2S5) C\ ™~ Xcl_lp
3.9 = Xeo(1P)

| —

J/1(18)

3 O _ nc(]'S)
. 1 cssc excited

[ 1 essc ground

cnﬁ(_:gexcited ne {u’ d}
25 1 enne ground
Bl Fxp. (exotic)
B Exp. (conv.)

JPC Hoffer, Eichmann, CF, PRD 109 (2024) 7 074025

® no repulsive color channels included yet...
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| RG] DD, DD DD* -

_ — J/ Y
cnnc DD"‘I
_____ e =B B-__ _

43060) Y X1 (4274)

(
(4230) i < (4720) %
(4040) X (3060) X(4020) Xc1(4140)

W
i
—
4.01 — om0 (3915) T a
$ Xeof ! -(39 Xc1(3872)

€3770) Zc 3900)

_770(28) hc(l_P) XC].(_]-P)
3.5' ==  yeo(1P)

| —

3 O_ 776(15)

. cssc excited
[ 1 essc ground

D n u, d
4 ennc excited S { ! }
2.D- 1 enné ground
Bl Fxp. (exotic)
B Exp. (conv.)

JPC Hoffer, Eichmann, CF, PRD 109 (2024) 7 074025

® no repulsive color channels included yet...
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Hidden flavour four-quark states
M [GeV] Bottomonium Mass spectrum

12+
11- "5 (10860
— Y (10753 _ Zy(10650)  x51(3P)
o %(ggg . —— Z,(10610)
i i Y(2S x60(2P)  hy(1P) xb1(2P)
X0 (1P) Xb1(1P)
o Y(15)
m(1S)
9 -
bssb excited beeh excited
1 bs5b ground beeb ground
87 bnnb excited Hl Exp. (exotic)
1 bnnb ground M Exp. (conv.)
O;+ 1;— O;+ 14— 14+

Christian S. Fischer (University of Gie3en, HFHF)

JPC

Hoffer, Eichmann, CF, PRD 109 (2024) 7 074025

® no repulsive color channels included yet...

Exotic mesons with functional methods

n € {u,d}



BB, BB BB*
_____ — P — . | I P
o
Y (11020 —
117 == Y (10860 .
- A T (2S Xvo(2P) hy(1P) Xb1(2P)
X0 (1P) Xb1(1P)
o (1)
m(1S5)
9 -
bssh excited beeb excited
1 bs5b ground beeb ground
N bnnb excited Hl Exp. (exotic)
1 bnnb ground M Exp. (conv.)
O;+ 1;— O;+ 14— 14+

JPC

® no repulsive color channels included yet...
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Hoffer, Eichmann, CF, PRD 109 (2024) 7 074025



Internal structure

"0 BoBoy BB . B.B”

sy fo _

BB, BB T
Xc0oTm DDl 533 *
- J/ym

n € {u,d}

D

o]

O—+ 17— O++ 1+— 1++

® decided dynamically !
® flavour and spin dependent. .. Hoffer, Eichmann, CE PRD 109 (2024) 7 074025
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Summary Internal dynamics very important !!
Glueballs:

® First quantitatively reliable results using very involved truncation

CF, Huber, Sanchis-Alepuz, EPJC 80 (2020) [arXiv:2004.00415]
Huber, CF, Sanchis-Alepuz, EPJC 81 (2021) [arXiv:2110.09180]

Hidden flavour four-quark states:

® Dynamical description of O: TI-TT resonance  tichmann, F Heupel PLE 753 (2016) 262-267

® Mixing with qq studied for light mesons T g o and witams
® Results for hidden charm and bottom Wallbott, Eichmann and CF, PRD 100 (2019) 014033
. . Wallbott, Eichmann and CF, PRD102 (2020) 051501
(WIthOUt I"EPUISIVG channels) Hoffer, Eichmann, CF, PRD 109 (2024) 074025

Open flavour four-quark states:

® Results for open charm and bottom
(attractive and repulsive channels) Hoffer, Eichmann, CF. 2409.05779

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

Mini-Review: Eichmann, CF, Heupel, Santowsky, Wallbott, FBS 61 (2020) 4 38, [2008.10240]
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Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s

M [GeV]
2.0- ] 2.0 i 21920 .
- [ B M N(1900) W N(1875) - W A(1910) | W A(1920)
1.8 % 4 1.8 - . -
N(1710) N(1720) N(1700 - — . 77) A(1700)
16 7] N(1650) % ( ) 164 A(1620) Z A(1600)
I 4 N(1535) = N(1520) . Z
14 N(1440) 14
1.2 1 B g-dq 1.2 - = A(1232)
- PDG **
. PDG* ||
== N(940) PG
1t 1- 3+ 3~ 1t 1- 3+ 3~
2 2 2 2 2 2 2 2

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...)
Stra nge ba r’yon S Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2

CF, Eichmann PoS Hadron 2017 (2018) 007
Sanchis-Alepuz, CF, PRD 90 (2014) 096001

h ea'vy baryo ns 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
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Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s

M [GeV]
2.0 B 2.0 i o o
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1.4 - N(1440) 14
12 e s A A == A(1232)
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g € ) o
 ‘good’ scalar diquark: 0+
1+ 1- 3+ 3
2 2 2 2

‘ 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...)
=) Stra nge ba ryon S Eichmann, CF, Few Body Syst. 60 (2019) no.1, 2

CF, Eichmann PoS Hadron 2017 (2018) 007
Sanchis-Alepuz, CF, PRD 90 (2014) 096001

® h ea'vy baryo ns 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
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Light baryon spectrum: diquark-picture

M [GeV]

2.0 . 2.0 1
y . . l N(1900) % N(1875) T
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_ ] M N(1535) 2. N(1520)

14- N(1440) -

i need:
1.0 1 '

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

2//////’. A(1 91 0)

= 3 parameters + mygd;s

i A(1920)
O

-
, A(1700)
7| A(1600)

[
A(1620)

= A(1232)

-+ §+ 3
2 2

DN
N[

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...)

® stran ge ba ryons Eichmann, CF, Few Body Syst. 60 (2019) no.1,2

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

® heavy baryons

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

Review on diquarks: Barabanov et al, PPNP 116 (2021), 103835
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Light baryon spectrum: diquark-picture

= 3 parameters + mygd;s
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Strange baryon spectrum: DSE-RL (preliminary !)
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m % A(1890) o
1.8 'J A(1810) "l A(1800) W ! 2.0
' A(1690) i ] o _
. [-l A(1600) ¢ A(1670) - (1690) e ™ -(1820)
L B
i 1.6
1.4 — A(1405) | == =(1530)
: 1.4 1
12- P == £(1320)
= A(1115) ] =
+ 1~ 3+ 3—
1+ 1— : 1 1 3 3
5 5 2 2 2 2
""" 22-I
| | e e 2.8
2.0- L o o i l
R | E 24 B ceinor . o 0(2380)?
8- = = 4- ;
18‘ M ‘e Z(1750) - L} 0(2250)?
77, %(1660) £(1670) :
1.6 P 20-
] — 1 qag
1'4_ == Z(1385) 6. == (1672) = g
PDG **
1.2 === 5(1190) E o s
| = P127 77 PDG **++
1+ 1- 3+ 3~ 1F - 3+ 3”7
2 2 2 2 2 2 2 2

Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
CF, Eichmann PoS Hadron 2017 (2018) 007
Sanchis-Alepuz, CF, PRD 90 (2014) 096001
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)
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Strange baryon spectrum: DSE-RL (preliminary !)

2.2 -
2.0 - 2.2
1.8 |-j A(1810) ! 20-
1 . A(1690) | -
wl [ Aso0 = w20
— A(1520) : 1
1.6
1.4 - - %(1530)
1.4
1.2 1 = 2(1320)
—
1.2
1+ 1~ 3t 3°
2 2 2 2
""" 22_"I
2.8 1
2.0- l
| l 0(2470)? . .
18- 2.4 m 0(2380)?
=== ()(2250)?
1.6 2.0-
1.4 — 1 qaq
| == 7(1385) 6. =3 Q(1672) BB qdq
PDG **
1.2 === 5(1190) E ~777) pDG **
R — ; 1.2 - 777777 PDG ****
1+ 1- 3+ 3~ 1F - 3+ 3”7
) Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
New states: Bonn-Gatchina (talk of M. Matveev) CF, Eichmann PoS Hadron 2017 (2018) 007

Sanchis-Alepuz, CF, PRD 90 (2014) 09600

Christian S. Fischer (University of Gie3en, HFHF) Exotic mesons with functional methods



Strange baryon spectrum: DSE-RL (preliminary !)
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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

Exotic mesons with functional methods
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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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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

— +_O_

A
timelike spacelike P2
generic situation

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

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

Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755
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The complex P2-plane

— O \
_____ — K A(P2)=1
—— ——o— SPM

A(P2) - BSA = kernel - BSA (see talk by Tripolt)

A
timelike spacelike P2
extrapolation to bound state

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

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

Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755
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The complex P2-plane

= K | k-

— +_O_

|
A(P2)=1
SPM

A(P2) - BSA = kernel - BSA (see talk by Tripolt)

timelike
extrapolation to pole in 2nd Riemann sheet

p— T O

o — T

A
spacelike P2

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

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

Santowsky, CF, PRD 105 (2022) 4,313; arXiv:2109.00755
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Quarks: mass from interaction

DSE: CF, Nickel, Williams, EP] C 60 (2009) 47
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