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X(3872) as a four-quark state in a
Dyson-Schwinger/Bethe-Salpeter approach
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Tetraquark candidates with cqqc-content
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Many new unexpected states
found: Belle, BABAR, BES, LHCb ...

X(3872) as a four-quark state



Tetraquark candidates with cqqc-content
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Related to detalls of underlylng QCD
forces between quarks and gluons

X(3872) as a four-quark state



Tetraquark candidates with cssc-content

Looking for exotic structures with ccss quarks
THE INTRIGUING CASE OF THE X(4140)

* The X(4140) was observed in the invariant mass system of J/WwKK (¢—K"K")

s The X(4140) can be considered the strange counterpart of the X(3872)
s |s the X(4140) a real particle?

-
o

/c?

CDF

Candidates per 10 MeV.
o N & o ®
I | 1

T 1.9 1.2 13 14 15
mu 'K K)-m(p*y) [Gev/c?)

75+10 events

Events / 20 MeVie

Al F

[+
Q

H
Q

N(B")/ 30 MeV
(=]

Q

~+ Data

— Full Fit
-~ X(4140)
---X(4330)
v PHSP

N @
di -}
2 =]

N(B") / 20 MeV

(4]
=]

-
4] Q
2 =

N

M(JI ) (GeV)
250136 g\,/‘énts

o
T

“43 a4 45

T T T T T T T T
—0—013
CMS = ——Goban
it — Threc-body PS | qlobal ﬁtj
[ 4 116 unoertainty band J
=5 ——Evelrrlxq.l -9, K ]
= Event-mixin g(JvOK}Z
- + ....... 1D 4t ]
,,,,,,,, s + —
f’
e W
1 1.2 3

Candidates / 4 MeV
o N L) a ]

r— —n-L‘..— £ —:.L:

Ny (GeVic)

189+14 events

Phys.Rev. D91 (2015) 012003

Mitglied der Helmholtz-Gemeinschaft

LHCb 0.37fb' (2010);

1100 1200 1300

M{J)-M(J/w) [MeV]

346120 events

16. May 2019

A A
Am [GeV]

2480+160 events

_: !l?
1 i »- Belle
] 3wz

> -

s 12— .

> = - >
- § 0_ -

H - .

8- < L

% I o
Tpee| 1L e sl -
o e e * é =
= Ffe |- < T o fe 3
= o}
2 U e o cos M occoceconchiesne e,
prom— S et ¥O 3 o8 B ST E
o Y ! B o 2
o T

LF3 43

325+21 events

19

Christian S. Fischer (University of Giel3en)

A EX ]
M{JAs o) (GeVicd)

JULICH

Forschungszentrum

Elisabetta Prencipe, Giessen, 2019
X(3872) as a four-quark state




Tetraquark candidates with qqqg-content

Light scalar mesons:
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Tetraquark candidates with qqqg-content

Light scalar mesons:
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Tetraquarks from the four-body equation

Exact equation:

) - ED D 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

® Key elements: quark propagator and interaction kernels
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DSE-approach: truncations

Rainbow-Ladder (RL):
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DSE-approach: truncations

Rainbow-Ladder (RL):
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DSE-approach: truncations

Rainbow-Ladder (RL):

Ansatz +> o >
O = > — — +é—()—

Williams, CF, Heupel, PRD 93 (2016) 034026
CFEWilliams, PRL 103 (2009) 122001
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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
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Quarks: mass from interaction

DSE: CF, Nickel, Williams, EP] C 60 (2009) 47
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‘current quark’:
- small mass; non-composite
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Quarks: mass from interaction

DSE: CF, Nickel, Williams, EP] C 60 (2009) 47
Williams, CF, Heupel, PRD 93 (2016) 034026
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Light meson spectrum
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® good agreement with experiment in most channels

® scalars 0t are special ....see later

® For pseudoscalar and vector ground states: RL equally good
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Tetraquarks from the four-body equation

Exact equation:

) - =D u D 5D 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
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Four-body equation: permutations

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

aNq2_p2

EE&E} | diquark pole

:[t:}

meson poles
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Four-body equation: permutations

® Singlet:  So= (" +¢*+k%)/4 p,q,k: relative momenta
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Bound state vs resonance: light scalars
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Bound state vs resonance: light scalars

qq-state: 600 | 100
| | | >
RL beyond RL
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Bound state vs resonance: light scalars
qq-state: 600 | 100

RL beyond RL

0 1190

yTetra (MeV]

restricted kinematics

Bound state of
four massive quarks
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Bound state vs resonance: light scalars

qq-state: 600 1100
| | | >
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 with fo(500) (‘O-meson’)
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Mass evolution of tetraquark

strange charm

[ 4-body BSE

—-— 2-body BSE | |
""" Zmdq
Yree 2m;,
Eichmann, CF, Heupel, PLB 753 (2016) 282-287
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® Resonance becomes bound state for large mq

® Dynamical decision: meson clusters, not diquarks
® Results:  ms ~ 350 MeV

My 750 MeV Mgsss ™ 1.5 GeV
Mag, fo ™ 1080 MeV Mecse ~ 0.7 GeV

qualitatively similar to two-body framework

Heupel, Eichmann, CF, PLB 718 (2012) 545-549
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D7D DD

cuuc cssc cccc
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M99 = 3916(74) MeV > X (3872)
£95¢ = 4068(61) MeV » relation to X (4140) ?

Wallbott, Eichmann and CF PRD100 (2019) 014033, [1905.02615]
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. Internal dynamics very important !! |

® Four-quarks states (so far) dominated by meson-meson clusters
(diquarks are almost irrelevant)

® Dynamical description of O: TT-TT resonance

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

® Dynamical description of X(3872): DD* dominated

® Dynamical description of cssc: DsDs* dominated

Wallbott, Eichmann and CF, PRD 100 (2019) 014033, [1905.02615]

Outlook:

e preliminary results for other channels: (0%t 17~

Christian S. Fischer (University of GieB3en) X(3872) as a four-quark state



Backup Slides
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Scalar O++ and axial vector |+- channels
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X(3872) and X(4140)
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Charmonium spectrum
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® good channels: |-,2*%, 3-,...
® acceptable channels: O-*,|**
® deficiencies in other channels: missing spin-structure
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Charmonium spectrum
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Theoretical Tools |l: DSEs and BSEs

T

WC( — WC{: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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