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Overview

| .Mass from nothing .

2.Baryons

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

3.Glueballs

CF, Huber, Sanchis-Alepuz, EPJC 80 | |, 1077 (2020), arXiv:2004.00415

4.(Heavy-light) Tetraquarks

Wallbott, Eichmann and CF PRD100 (2019) no.l, 014033, arXiv:1905.026 15
Wallbott, Eichmann and CF PRD102 (2020) no.5, 051501, arXiv:2003.12407
Santowsky, Eichmann, CF, Wallbott and Williams, PRD 102 (2020) no.5, 056014, arXiv:2007.06495

Review: Eichmann, CF, Heupel, Santowsky, Wallbott, FBS 61 (2020) 4,38, arXiv:2008.10240
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Hadrons: baryons, mesons and ... exotics !

Tetraquark

Pentaquark

Glueball Hybrid

ordinary hadrons ‘exotic’ hadrons
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Properties of QCD: Dynamical mass generation

@ Mproton = 938 MeV
@ proton

Dynamical quark masses via weak force

quarks u d S C b t
Muwea [MeV] 3 5 80 | 1200 | 4500 | 176000
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Properties of QCD: Dynamical mass generation

mproton — 938 MeV

Dynamical quark masses via weak force and strong force:

quarks u d S C b t

Muwea [MeV: 3 5 80 | 1200 | 4500 | 176000
Miwong [Mev] | 350 | 350 | 350 | 350 | 350 350
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Hadrons from functional methods
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Dynamical mass generation
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Dyson-Schwinger equations - “3PIl vs RL”

zaco — [P, Ao {~ [t (96D —myw -1 (52)?))

CF, Alkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026
Huber,EP] C77 (2017) no.l |, 733
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CF, Alkofer, PRD67 (2003) 094020
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Dyson-Schwinger equations - “3PIl vs RL”

ZQCD:'/D[@,A]GXP{_./CZ% (wip-myw -1 (F)*)}

propagators 5 vertices

ﬁaﬁ%ﬁia ‘

+m &er

\i

|
l\le—\

m@%zsw

CF, Alkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026
Huber,EP] C77 (2017) no.l |, 733
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Dyson-Schwinger equations - “3PIl vs RL”

zaco — [P, Ao {~ [t (96D —myw -1 (52)?))

propagators g%

vertices

O

CF, Alkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026
Huber,EP] C77 (2017) no.l |, 733
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Dyson-Schwinger equations - “3PIl vs RL”

zaco — [P, Ao {~ [t (96D —myw -1 (52)?))

PrO Pagato rs : varfirac
1 - “rainbow-ladder” (RL) : g

model for gluon+vertex f ¢ o

O
|

CF, Alkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026
Huber,EP) C77 (2017) no.11, 733
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Quarks: mass from interaction

DSE: CF, Nickel, Williams, EP] C 60 (2009) 47
Williams, CF, Heupel, PRD 93 (2016) 034026
Lattice: P. O. Bowman, et al PRD 71 (2005) 054507

| T T T T | T T T T N T T T T ] T T T T l T T T T I
0.4+ .

-& = Lattice: quenched
~ « Lattice: unquenched (N=2+1)
— - DSE: quenched

% 0.3:— T — DSE: unquenched (N.=2)
g | .
202 '
s
» Latticg? unquenched (N f=2+1)
0.1~ — - DSI£ quenched
i : unquenched (N=2)
O._.. L S P RS
(8).0 1.0 , [ZG((Z,V] 30 4.0
‘constituent quark’: ‘current quark’:
large mass; very composite - small mass; nhon-composite
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Light meson spectrum

m [GeV] 7,(1600)
p(1450) a,(1450) S
(1300) b,(1235) a;(1260)
1.5 F I I 7T1(1400)
10 — CF, Kubrak, Williams, EPJA (2014) 126
[ p —
_ — Bl P0G Experiment
05 |
T
0.0 *=
o-t 1~ ottt 1t— 1t o-- o+~ 1+ J¥C
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Light meson spectrum

m [GeV] 7,(1600)
p(1450) ao(1450) R i
i m(1300) b:(1235) a,(1260) —
1.5 - - m,(1400)
XXXXX N\
| N A -
| N ‘
10 F A\
[ p
_ Bl PG Experiment
Y 3PI-3L
05
_ pra | OUr results
T
Williams, CF, Heupel, PRD93 (2016) 034026
00 b
o-t 1—— oft 1t— 1tt 0-— ot~ 1~* JPC

® good agreement with experiment in most channels
® special channels:
pseudoscalar 0~ :(pseudo-) Goldstone bosons
scalar 0"t : complicated channel...
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Overview

| .Mass from nothing .

2.Baryons

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

3.Glueballs

CF, Huber, Sanchis-Alepuz, EPJC 80 | |, 1077 (2020), arXiv:2004.00415

4.(Heavy-light) Tetraquarks

Wallbott, Eichmann and CF PRD100 (2019) no.l, 014033, arXiv:1905.026 15
Wallbott, Eichmann and CF PRD102 (2020) no.5, 051501, arXiv:2003.12407
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Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Light baryon spectrum - quark model

B A exp — = = B A exp — _— R
— = | T ——I =l (= = _I
e i | T E e ="
_S _:AIQOO m—= | % =[ﬂ _:}__3_?_5__ ........
~ KT TS ry
é | 1710 1720 —
- I w . . —— 1680 mou 1700 1675
g e een R E —_ —__ T s
1520
1500 — 1440 - gﬂ =
RepE T
rcsg%tance
1000 —
939
In 12+ 3/2+ 5/2+ T2+ 9/2+ 1/2- 3/2- 5/2- 7/2- 9/2-

® ‘missing resonances’

® level ordering: N,. vs. N, _

2

2

Loring, Metsch, Petry, EPJA 10 (2001) 395
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Lattice QCD
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| | | | | | | | 30(
ETMC Nf=2+1+1 —@— ositive pari

- BMW N¢=2+1 il -eei | d partly
PACS-CS Nf=2+1 & 25

"QCDSF-UKQCD Ni=2+1 —¥—i

B

M | _ [ fg ¢!

| | | 0.5 i

N

negative parity

%

A X E

Pt

Q

125
12.0
115

11.0

N A\ 2 =

® baryon ground states well under control

|
A 2* =* Q
Alexandrou et al. (ETMC), PRD 90 (2014) 7

® baryon excited states: very tough problem
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Engel et al. (BGR), PRDS2 (2010) 034505
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Faddeev - equation

D-PBD+20+3D-1D

® irreducible three-body forces: may be neglected

® two-body interactions:

* non-perturbative one-gluon exchange (RL)

o beyond One_gl uon exchange Eichmann, Alkofer, Krassnigg, Nicmorus, PRL 104 (2010)

Sanchis-Alepuz, CF, Kubrak, PLB 733 (2014)

S/ q ua rl(- d iq ua rl( a_P P rOXi M ati on Oettel, Hellstern, Alkofer and Reinhardt, PRC 58 (1998) 2459

D-B2

see also: Bloch, Chang, Chen, Cloet, Thomas, Ramalho, Roberts, Segovia et al.
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DSE/BSE/Faddeev landscape (2015)

level of complexity

l) NJL/contact
interaction

D-22D

I1) Quark-diquark
model

4

| D- 2D XD 1D ED

IIl) DSE (RL)

IV) DSE (bRL)

up/down

P=—-|P=+| P=4%4

N, A masses
N,A em. FFs
N — A~

4
4
4

4
4

4

N*, A*masses

YN — N* /A"

SRS EEENEN

N*, A*masses

YN — N*/A*

YRR PPN

strange

ground states
excited states
em. FF
TFFs

<

c/b
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ground states

excited states

Cloet, Thomas,
Roberts, Segovia,
Chen, et al.

Oettel, Alkofer,Bloch,

Roberts, Segovia, Chen, et al.

Eichmann, Alkofer,
Krassnigg, Nicmorus,
Sanchis-Alepuz, CF
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Eichmann, Alkofer,
Sanchis-Alepuz, CF,
Qin, Roberts

Sanchis-Alepuz,
Williams, CF




DSE/BSE/Faddeev landscape

level of complexity

g
D-22D | D-.DND 1D ED

) NJL/contact I1) Quark-diquark IIl) DSE (RL) IV) DSE (bRL)
interaction model
§ 4 N, A masses v v v v v
S || N,A em. FFs v v v v
= ~ N JANSY v v v v
+ N, A*masses v v v v
|
~ 7N = N*/A* v v
||| N*, A*masses v v v v
o ground states v v v v
x excited states v v v v
5 em. FF v 4
TFFs v
A ground states v v v
Ky excited states v v

Cloet, Thomas, Oettel. Alkofer Bloch Eichmann, Alkofer, Eichmann, Alkofer, _
Roberts, Segovia, Rob © Z’ (')eéh och, I Krassnigg, Nicmorus,  Sanchis-Alepuz, CF, Sanchis-Alepuz,
Chen, et al. oberts, segovia, -hen, et al. Sanchis-Alepuz, CF Qin, Roberts Williams, CF
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Light baryon spectrum:

3 parameters + myds
(all fixed in meson sector)

M [GeV]
2.0 1 . 2.0 1 S .
B A(1920
. . M N(1900) W N(1875 2 A(1910) ‘ (1920)
. N(1875)
1.8 - . ) 1.8 ] ]
7/} N(1710) N(1720) = n(1700) | = 7 A(1700)
- @ N(1650) o 6 A(1620) % A(1600)
| B A N(1535) 2 N(1520) |
144 2 N(1440) 14-
1 ' -d
1.2 1o Bl a-dq . A(1232)
PDG **
E PDG***
1.0+ 1.0 PDG ****
N(940)
1+ 1~ 3t 3~ 1t 1~ 3T 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...)
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Light baryon spectrum:

M [GeV]
2.0 .
1.8

NO710) e N(1650)
1.6

m 2% N(1535)
4 N(1440)
1.2
1.0 1

N(940)

1t 1=

5 2

M N(19200)

N(1720)

(\S][oV)

(NN |

][N}

N(1875)
N(1700)

N(1520)

2.0

1.8

1.6

1.4

1.2 4

1.0

3 parameters + myds
(all fixed in meson sector)

]
A(1700)

A(1920)

-
A(1620) % A(1600)

1 qaq
B 9-dq . A(1232)
PDG **
7 PDG ***
PDG XKX¥
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...)

® three-body agrees with diquark-quark where applicable
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Relativistic proton

non-relativistic p———

three quarks with spin 1/2: S=1/2 or S=3/2

parity P = (—1)" : L=0or L=2
relativistic 64 components in wave function: 8 s-wave (L=0)
r 36 p-wave (L=1)
P =(-1) 20 d-wave (L=2)

% N N*(1440) A  A*(1600)

S wave 66 15 96 10

p wave 61 40 33

d wave 1 4 3 41

f wave — — < 0.5 16

Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]
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non-relativistic p———

three quarks with spin 1/2: S=1/2 or S=3/2
parity P = (—1)" : L=0or L=2

relativistic 64 components in wave function: 8 s-wave (L=0)
36 p-wave (L=1)
20 d-wave (L=2)

Yo N N*(1440) A  A*(1600)
S wave 66 15 96 10
p wave ’ 61 40 33
d wave 1 4 3 41
f wave — — < 0.5 16

Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]
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Strange baryon spectrum: DSE-RL (preliminary !)

2.0 - 22-
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)?
7] ¥(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 !)

2.0 2.2
o % A(1890) pm -
1.8 'J A(1810) "l A(1800) W ! 2.0
' A(1690) | - )
o [-l A(1600) A(1670) - (1690) s = (1820
/' m | — A(1520) i ]
1.6 1
4 == =(1530)
1.4
1.2 P = £(1320)
= A(1115) a2
+ 1— 3+ 3—
1+ 1— : 1 1 3 3
5 5 2 2 2 2
""" 22-I
| | i e 2.8-
2.0 L o o i l
R | E 24 B ceinor . o 0(2380)?
.8 - " — 4 .
18‘ m ‘e £(1750) - L} 0(2250)?
7] ¥(1660) £(1670) .
1.6 - P 20-
1.4 == 5(1385) - Q(1672) E‘ o
| PDG **
1.2 === 5(1190) E o
b e D77 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 !)

2.0 - e 2.2-
- % A(1890) gy ]
18 77 A(1810) |.| A(1800) ! 20 =
Wl P e =g Ao, = ez
/' m — A(1520) i
1.6 1
1.4 - - %(1530)
1.4
1.2 S = £(1320)
— A(1115) a2 T
1t 1- 3+ 3~
% + %— %‘ 2 2 2 2
""" 22_"I
2.8 1
200 B4 0 BA WA l
. ¥(1880) = ! £(1940) - l 0(2470)? - — I
. = = Z(1750) = = Q(2250)?
77} 1(1660) £(1670) :
1.6 i 2.04
. = 5135) N Q(1672) E' g
PDG **
1.2 4 R 2(1190) PDG ***
— 1.2 4 777777 PDG ****
. Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
New states: Bonn-Gatchina (talk of M. Matveev at N*2019) CF. Eichmann PoS Hadron 2017 (2018) 007

Sanchis-Alepuz, CF, PRD 90 (2014) 09600
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Strange baryon spectrum: DSE-RL (preliminary !)
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New states: Bonn-Gatchina (talk of M. Matveev at N*2019)

== 5(1530)
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Q(1672)
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2
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L]
= z(1820)

§_
2

= 0(2380)?
[ aqaq
B gdq
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3
2

Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2
CF, Eichmann PoS Hadron 2017 (2018) 007
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Strange baryon spectrum: DSE-RL (preliminary !)
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New states: Bonn-Gatchina (talk of M. Matveev at N*2019)

Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2

CF, Eichmann PoS Hadron 2017 (2018) 007
Sanchis-Alepuz, CF, PRD 90 (2014) 09600
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Strange baryon spectrum: DSE-RL (preliminary !)

2.2 4

2.0

1.8 4

1.6 -

1.4

1.2 1

2.0 1

1.8 4

1.6

1.4

1.2

P A810) -

! A(1690)

[-] A(1600)
4 — A(1520)

g x(1990)
[
£(1670)

== 5(1385)

e £(1190)

—

1t 1~ 3+ 3~

2 2 2 2

2.2

2.0+

1.8

1.6 1

1.4 1

1.2 1

2.8 -

2.4 -

2.0 1

1.6

1.2 -

l 0(2470)?

N =

New states: Bonn-Gatchina (talk of M. Matveev at N*2019)

L]
= z(1820)

== 5(1530)

[
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
[
r
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
[
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

1~ 3t 37
2 2 2
M = 0(2380)?
== ()(2250)?
—_— ] aq
E==1 0(1672) —
PDG **
1= 3+ 3~
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

Christian S. Fischer (University of Gie3en, HFHF)

Hadrons from functional methods



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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Nucleon form factors and magnetic moments

1.0

08

06

04

0.2 -

1% 2 ¥ Crawford
GE (Q ) $ Ron
% Zhan
% Paolone
® Punjabi
0 1 2
Q*/M?

Q*/M*

0.10

0.08

0.06

0.04

0.02 -

Y Geis

¢ Passchier, Herberg,

Zhu, Bermuth, Warren

¥ Plaster/Madey

T Riordan

|Gu (@)

® Anderson

Y Kubon
Anklin

¢ Lachniet

4 Lung

+ Rock

® missing pion cloud effects

Q°/M*

2

® similar for axial form factors

Isovector (p-n), isoscalar (p+n):

5 | L 1 ' 1 ¥ 1 ¥ ] L T

4 —*:' KV [ﬂN] 1
| % |
D i E  § i -
T kS [ua] '
0 -.5_1;%_&1“1' = S +* -
-1 : s ] ) 1 L 1 L 1 s 1

0.0 0.1 0.2 03 04 05 06

Eichmann, PRD 84 (201 1)

Eichmann and CF, EP) A48 (2012) 9

latest results: see Chen, CF, Roberts, Segovia, in preparation
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Overview

| .Mass from nothing .

2.Baryons

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

3.Glueballs

CF, Huber, Sanchis-Alepuz, EPJC 80 | |, 1077 (2020), arXiv:2004.00415

4.(Heavy-light) Tetraquarks

Wallbott, Eichmann and CF PRD100 (2019) no.l, 014033, arXiv:1905.026 15
Wallbott, Eichmann and CF PRD102 (2020) no.5, 051501, arXiv:2003.12407
Santowsky, Eichmann, CF, Wallbott and Williams, PRD 102 (2020) no.5, 056014, arXiv:2007.06495

Review: Eichmann, CF, Heupel, Santowsky, Wallbott, FBS 61 (2020) 4,38, arXiv:2008.10240
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Glueballs

10

12
£ 6
4
0

++ —+

PC

Morningstar and Peardon, PRD 60 (1999) 034509
Y.~Chen et al., PRD 73 (2006) 014516

Lattice:

® States in the light and heavy
quark energy regions

® Most calculations quenched

® Unquenched calculations
very involved

Gregory et al,, JHEP 1210 (2012) 170

DSE:

® structural information

Meyers, Swanson, PRD 87 (2013) 3, 036009
Sanchis-Alepuz, CF, Kellermann and von Smekal, PRD 92 (2015) 3, 034001

Christian S. Fischer (University of Gie3en, HFHF)
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Landau gauge - 3Pl truncation

Huber, PRD 101 (2020) 114009, arXiv:2003.13703
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Landau gauge - 3Pl truncation

Huber, PRD 101 (2020) 114009, arXiv:2003.13703
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Landau gauge - 3Pl truncation

+
D=

Huber, PRD 101 (2020) 114009, arXiv:2003.13703
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Landau gauge gluon propagator

® spacelike momenta:
good agreement with lattice

/N

® fully dressed gluon appears massive =

® time-like momenta: work in progress

Cornwall PRD 26 (1982);
Cucchieri, Mendes PoS Lat2007 297
Aguilar, Binosi, Papavassiliou, PRD 78, 025010 (2008);
Boucaud et al. JHEP 0806 (2008) 099;
CF, Maas, Pawlowski, Annals Phys. 324 (2009) 2408
p|GeV]

DSE:  Huber, PRD 101 (2020) 114009, arXiv:2003.13703

CF, Huber, PRD 102 (2020) 094005, arXiv:2007. 1 1505 Lattice: Sternbeck, Muller-Preussker, PLB 726 (2013)
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Glueballs from DSE/BSEs

Meyers, Swanson, PRD 87 (2013) 3, 036009
Sanchis-Alepuz, CF, Kellermann and von Smekal, PRD 92 (2015) 3, 034001

® Mixing of two-gluon amplitudes with ghost-antighost
® Probes analytical structure of gluons and ghosts

Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Glueballs: results

Spin-0 glueballs

| e ® spectrum:
4 bug , very good agreement
: lattice vs. DSE/BSE

— |
- ot oom
O
= :
- 3
. « BSE
« lattice [Morningstar, Peardon, 1999]
1k-
= lattice [Athenodorou, Teper, 2020]
or | | | | | | CF, Huber, Sanchis-Alepuz, accepted by EPJC, arXiv:2004.004 5
0++ 0*++ 0**++ O—+ 0*—+ 0**—+
Amplitudes 07 Amplitudes 0+
: . hi|_+ 0.20; . h;{++
O.20j .
— hit 0.15 — by .

_ets g — et | ® excited states:
\% L 3 i \% : 3 : . .
oo 1 oo ] different internal
< 1< I ]

tosl 0.05 ] structure

0.00 = 000" 1

p[GeV] p[GeV]
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Overview

| .Mass from nothing .

2.Baryons

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

3.Glueballs

CF, Huber, Sanchis-Alepuz, EPJC 80 | |, 1077 (2020), arXiv:2004.00415

4.(Heavy-light) Tetraquarks

Wallbott, Eichmann and CF PRD100 (2019) no.l, 014033, arXiv:1905.026 15
Wallbott, Eichmann and CF PRD102 (2020) no.5, 051501, arXiv:2003.12407
Santowsky, Eichmann, CF, Wallbott and Williams, PRD 102 (2020) no.5, 056014, arXiv:2007.06495

Review: Eichmann, CF, Heupel, Santowsky, Wallbott, FBS 61 (2020) 4,38, arXiv:2008.10240
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Tetraquark candidates with qqqg-content

Light scalar mesons:

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

(wii/dd]
al(980)

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

ag (980)
[ud]

%~ (800) °(800)
[su] [sd]

wrong level ordering

R. L. Jaffe, Phys. Rev. D 15,267 (1977)
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Tetraquark candidates with qqqg-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;(OQ)SO; (500) ag (980)
[diis3] ° ’ [uds3]

[uti/dds3] [uddii]

x~(800)
[stidd]

®°(800)

[sdu ]

correct level ordering

R. L. Jaffe, Phys. Rev. D 15,267 (1977)

Christian S. Fischer (University of Gie3en, HFHF)
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Tetraquark candidates with cqqc-content

Y(43S.)
Y(4360) 3
z he(3'P,) Gl
o 7y (a260) Xc0(3°Pp)
4 7
B 7
) XA sy (oo
1
— Pe@ P | e @Po) (2P| [ (@ry)
) X(3872)
>
%) 3.8 - ,(1301)
Q) R N Y A
[ S— ¢ ( - — m
2 a6l ;(A0) T o
' 3
g hz(1'Py) X01(13P1) Xe2 (17P2)
3.4 xe0(1°Po)
\/ [+
3.2+
Gl [ owm ]
not predicted, discovered
3.0- ﬂc(",so) - :
predicted, discovered
predicted, undiscovered
- - - e - -
0 1 1 0 1 2

Christian S. Fischer (University of Gie3en, HFHF)

Many new unexpected states
found: Belle, BABAR, BES, LHCb ...
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Tetraquark candidates with cqqc-content

Mass [ GeV/c?]

p(4°S.)
Y(4360)
) /;4260 he(3'P;) TR Xc2(3%P2)
e+ A Y(4260)
4- 7
 $(2°Dy)
1
) ¥'s) {_ [ooo]
1
he(2'Py) e 1(2°Py) 2 (2Py)
X(3872)
3.8'_ ,(1301)
' o Mpo
7t (X So) + &
36l LEAE —
ho(17P1) o (°P1) Xc2(1°Pz)
3.4} X0 (13Pg)
\/ /+
3.2
ikl [ oews ]
not predicted, discovered
3.0 ’lc(ﬂso) ‘ '
predicted, discovered
predicted, undiscovered
0ot 1—— 1+-— ot++ 1++ 2++

Many new unexpected states
found: Belle, BABAR, BES, LHCb ...

Internal structure ??

diquark
anti-diquark

meson
molecule

compact
tetraquark

hadro charmonium

, Related to details of underlying QCD

¢ forces between quarks and gluons

Christian S. Fischer (University of Gie3en, HFHF)

¢
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Tetraquarks from the four-body equation

Exact equation:

> - =D 2D ED - D D -

Two-body interactions Three- and four-body
Interactions

L1 1 1

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

Exact equation:

Two-body interactions Three- and four-body
Interactions

+ perm.

L1 1 1

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

Exact equation:

Two-body interactions Three- and four-body
Interactions

+ perm.

L1 1 1

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

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

® Two-body interactions: allow for internal clustering
® use RL-approximation

Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Four-body equation: permutations

® Singlet:  So = (p° +¢° +k%)/4 p,q,k: relative momenta
® Doublet: s~ p* +¢° — 2k°

aNq2_p2

:]:> diquark pole
- | e b

:[t:}

meson poles
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Four-body equation: permutations

® Singlet:  So = (p° +¢° +k%)/4 p,q,k: relative momenta
® Doublet: s~ p* +¢° — 2k°

aNq2_p2

. > diquark pole

sl
Ank
o

molecule

meson poles
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Bound state vs resonance: light scalars

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

Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Bound state vs resonance: light scalars
qqg-state: 600 1 100

RL beyond RL

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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Bound state vs resonance: light scalars
qqg-state: 600 1 100

RL beyond RL

0 1 190

MrretralMeV]
| | >

restricted kinematics

Bound state of
four massive quarks

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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Bound state vs resonance: light scalars

qqg-state: 600 1 100
| | | >
RL beyond RL

qqqq state: I'(So, s, a,...)
0 400 < 1 190
! ! , MetraMeV]
| | | >

full kinematics restricted kinematics

Two-pion resonance Bound state of
four massive quarks
— identify Wlth fo(SOO) (‘O'_meson’) Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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Bound state vs resonance: light scalars

qqg-state: 600 1 100
| | | >
RL beyond RL

qqqq state: I'(So, s, a,...)
0 400 < 1 190
! ! , MetraMeV]
| | | >

full kinematics restricted kinematics

Two-pion resonance Bound state of
four massive quarks
— identify Wlth fo(SOO) (‘O'_meson’) Eichmann, CF, Heupel, PLB 753 (2016) 282-287

M iXi ng With qa: S mal I effe Ct Santowsky, Eichmann, CF, Wallbott and Williams,

PRD 102 (2020) no.5, 056014, arXiv:2007.06495.
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D7D DD

Cuuc cssc cccc
7 : : e DD* :

: A DD* 4+ wJ/¥

: : X DD* +wJ/¥ + AS
6 4 N R My, Mg, Mg

m. fixed
mq varied

3 | : T T T T
0 200 400 600 800
<

> Mg [MeV]

Extrapolation in BSE necessary...

® DD* components dominate !

M7 = 3916(74) MeV > X (3872)

Wallbott, Eichmann and CF PRD 100 (2019) 014033, [1905.02615]
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JPC = 1+ and 0**

1(177) cqqe 0(0"") cqqe

T SRR
7__.— mp + mp* 7_-;' ?7/7111;5
. = J/Ur — e DD ’
= 64 ¢ DD: = 64+ DD+J/Vw = . /?,-
&) A DD* 4+ J/¥n i &) x DD+ J/Yw+ SS| 4 T
10 x DD* + J/\IJW‘I'SA _—.{’/ [ ; 10 | /‘,,—"’
1> 5 . F,.er\* : : I3 5 _ . - .
S == ] : 3 : : " - - H
= £ : =~ pam =T T "
% 1’ : S s " :
;’ : 4 d: .—?;_,—* ]
T :I 3 T : T T T T
200 400 600 800 0 200 400 600 300
mg [MeV] mg [MeV]
Wallbott, Eichmann and CF PRD102 (2020)no.5,051501, arXiv:2003.12407 -
14660
151)1) e T ol £44.1.52 ...... L(.“...‘P.)
cqgqc DD T )
M R 3741 (9].) % Z(3900) DD, X(4140) | — .
1 —I— DD’ pé100) Z.(4020)
c _E ngD “sois TeEm ST Z(;()O())
qq — 3 195 ( 107) ? % IDD - \“(—H,) O TXERTY) . w(3770)
Mo+ — g
2P g T 0P
’ Xa(1P)
mass pattern matches molecule picture of /018
sof (S
Cleven et al. PRD 92 (2015) 014005: e —
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Open charm four-quark states

0(17) ceqq

: : —'— mp + mpx
74 A DD*
: : x DD*+ AS
» DD*+ AS + D*D*

0 200 400 600 800
1(0™) ccqq
: ; —'— mp + mp
O I x DD+ D*D* + AA

0 200 400 600
mgq [MeV]
Christian S. Fischer (University of Gie3en, HFHF)

800

1(17) ccqq

: : —'— mp + mp*
74 A DD”
: : x DD*4+ AA

0 200 400 600 300
mg [MeV]

® DD(*) and diquarks important!

Wallbott, Eichmann and CF PRD 102 (2020)no.5,051501, arXiv:2003.12407
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Main goals:

® one framework for all areas of hadron physics:
* discussed: baryons, mesons, glueballs, tetraquarks
* not discussed: hybrids, form factors,
anomalous magnetic moments QCD phase diagram

* access to DXSB, confinement,...

Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91 (2016) [1606.09602]
CF PPNP 105 (2019) [1810.12938]

Main challenge:

® systematic control over error budget:
intrinsic + cp to other methods like lattice QCD

Main results:
® NOT high precision physics
® BUT competitive contributions in many areas

Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Thanks to...

... the group:

Postdocs:
Dr. Chen Chen
PD Dr. Markus Huber

PhD-candidates:
Julian Bernhardt
Pascal Gunkel
Joshua Hoffer
Philipp Isserstedt
Nico Santowsky

MSc-students:

Stephan Hagel
Felix Keil

... and many external collaborators.

% Bundesministerium
fiir Bildung
e RS JFG
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Helmholtz International Center
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Rainbow-ladder model for quark-gluon interaction

-1 -1
O = +

Combine gluon with quark-gluon vertex:

M (pk) = 3 7o, k)T

i=1,12
~ v 7 (k?) “approximation” !
y o kPEYN Z(K2)
D™ (k) = <5M L2 > L2
e
L r(k2)2(K2) ~ a(k?)
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Rainbow-ladder model for quark-gluon interaction

15

)
p—y

1
3

Combine gluon with quark-gluon vertex:

0 . 0.5 . ; 15 . 2
effective coupling k? [GeV?]

k? *(55) .
2\ 7 —N"\ -5 9 Maris, Roberts, Tandy, PRC 56 (1997), PRC 60 (1999)
a(k®) = mn (F e £+ agy (K7)

® scale A from f; masses my=md, ms from mq Mg
® ayv from perturbation theory
® parameter 7):results almost independent

® qualitatively similar to explicit calc.  winmsemasi cos 557

Sanchis-Alepuz, Williams, PLB 749 (2015) 592;
Mitter, Pawlowski and Strodthoff, PRD 91 (2015) 054035
Williams, CF, Heupel, PRD93 (2016) 034026, and refs. therein
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Extracting form factors from correlators

2
x3 — —= y3 2 ’ x3 — Z — = y3
Pi —F—miz
x; = (4 —< )2 > X2 -<—>"" ""<_“ Y2 DSE/BSE

e D, i x§>---<§.f-<}y Lattice

Form factor from BSEs (derived from equation of motion for G and ‘gauging’)

- @D CZD - CD - CED

® exact equation for baryon form factors

Christian S. Fischer (University of Gie3en, HFHF) Hadrons from functional methods



Nucleon form factors and magnetic moments
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® missing pion cloud effects

® similar for axial form factors

Christian S. Fischer (University of Gie3en, HFHF)

Isovector (p-n), isoscalar (p+n):
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Eichmann, PRD 84 (201 1)

Eichmann and CF, EP) A48 (2012) 9
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A-form factors
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® may serve to distinguish between qqq and g-dq !

Sanchis-Alepuz, Williams, Alkofer, PRD87 (201 3)
Nicmorus, Eichmann, Alkofer, PRD82 (2010)
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Strange form factors: octet and decuplet
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DSE: Sanchis-Alepuz, CF, EPJA 52 (2016)
Lattice: Shanahan et al, PRD 89 (2014), PRD 90 (2014)
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Transition form factor: NAy

3.5 T T T T T 0 T T T T T 0
30 F * 2 i
Gm (QF)
25 % PDG T
P e ¢ DESY (Bartel '68)
20 _“ ¥ SLAC (Stein‘75) |
’ \ $ ® OOPS (Sparveris‘05)
[\ * < MAMI (Stave '08)
1.5 F A CLAS (Aznauryan'09) .
N\ 3
s 1 % MAMI (Beck'99)
1.0 . I ¥ LEGS (Planpied 01) -10
® OOPS (Sparveris‘05)
4 + i
<  MAMI (Stave‘08)
0.5 r T A CLAS (Aznauryan‘09) -12
0.0 n 1 n 1 I 1 M 1 _5 f | f | f | L | L | L _14
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Q° [GeV?]

® Rem highly dominated by p-waves !
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Eichmann, Nicmorus, PRD 87 (2012)
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Mader, Eichmann, Blank, Krassnigg PRD84 (201 I)

® Decay constants can be calculated in rainbow-ladder
(although bound states have no width)

® Good agreement with lattice and experiment

AX AX A AX ' AX
I — i
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® Decay constants can be calculated in rainbow-ladder
(although bound states have no width)

® Good agreement with lattice and experiment
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evolution of tetraquark

M [GeV]
15 6

strange charm
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® Resonance becomes bound state for large mq
® Dynamical decision: meson clusters, not diquarks
® Results: M. ~ 350 MeV
m, ~ (50 MeV
May, f, ~ 1080 MeV

Mgsss 7 1.5 GeV
Mecee N 5.7 GeV

Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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Charmonium spectrum
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CF, Kubrak,Williams, EPJA 51 (2015)
Hilger et al. PRD 91 (2015)

® good channels: |-,2**, 3-,...
® acceptable channels: 0-*,|**
® deficiencies in other channels: missing spin-structure
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Charmonium spectrum
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® good channels: |-,2**, 3-,...
® acceptable channels: 0-*,|**
® deficiencies in other channels: missing spin-structure
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Theoretical Tools |l: DSEs and BSEs

T

WC( = WCZ:K+‘ Kernel K uniquely

related to quark-DSE
via axWTI

—Pion is bound state and Goldstone boson

Maris, Roberts, Tandy, PLB 420 (1998) 267

® Determine gauge invariant spectrum from underlying, gauge
dependent quark/gluon dynamics
® Need approximations for dressed quark-gluon vertex
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