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My Last LC Talk

two quarks

two antiquarks

• talk about tetraquark candidates in 
the charmonium spectrum 

➡ heavy-light (      ) 
• identification of inner structure of 

XYZ states
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My Last LC Talk

two quarks

two antiquarks

• issue: 
Isoscalars (I = 0) may mix with 
ordinary quarkonia 

➡ for investigation of the inner 
structure, it is necessary to take 
mixing diagrams into account! 

(≠ last LC talk) (    )

(    )
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Dyson-Schwinger Equations 
Bethe-Salpeter Equations
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(exact) equations of motion of the Green's functions of a quantum 
field theory 

In QCD: quark propagator, gluon propagator, quark-gluon vertex, …

fully dressed quark 
propagator

free quark propagator fully dressed 
quark-gluon vertex

fully dressed gluon 
propagator

Dyson-Schwinger equations (DSEs)
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fully dressed gluon 
propagator fully dressed 

quark-gluon vertex
fully dressed quark 

propagator
free quark propagator

For a full solution, we need to 
know the solutions of other DSEs!

2.1 Basic concepts in QCD 11
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Quark propagator: Gluon propagator:

Ghost propagator:

Ghost-gluon vertex:

Quark-gluon vertex:

Figure 2.1: DSEs for quark, gluon and ghost propagators and the ghost-gluon and
quark-gluon vertices. White blobs denote dressed propagators, filled blobs represent
1PI Green functions.

implemented in the functional description through equations for the 1PI vertices, the
requirement of gauge invariance of the generating functional leads to Ward-Takahashi
(WTIs) and Slavnov-Taylor identities (STIs) which interrelate the Green functions of
a gauge theory. Although the gauge-fixed action of QCD is no longer invariant with
respect to local gauge transformations, it still satisfies global gauge symmetry and
BRST symmetry [26, 27]. The latter is formally equivalent to a gauge transformation
by a ghost field and can be used to derive the STIs. Moreover it can be shown that
requiring BRST invariance of a gauge theory generates both the ghosts and the gauge
fixing while ensuring gauge independence of physical observables [28].
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implemented in the functional description through equations for the 1PI vertices, the
requirement of gauge invariance of the generating functional leads to Ward-Takahashi
(WTIs) and Slavnov-Taylor identities (STIs) which interrelate the Green functions of
a gauge theory. Although the gauge-fixed action of QCD is no longer invariant with
respect to local gauge transformations, it still satisfies global gauge symmetry and
BRST symmetry [26, 27]. The latter is formally equivalent to a gauge transformation
by a ghost field and can be used to derive the STIs. Moreover it can be shown that
requiring BRST invariance of a gauge theory generates both the ghosts and the gauge
fixing while ensuring gauge independence of physical observables [28].

figures above taken from G. Eichmann, arXiv:0909.0703 [hep-ph]

Dyson-Schwinger equations (DSEs)
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Model: "effective gluon" 

Replacement of the gluon propagator and the quark-gluon vertex with 
an effective gluon and a bare vertex 

with a model function         . (parameters fixed on       physics)⇡,K
<latexit sha1_base64="ANk7noKxkpnlQrVDcCKiMTXhDqE="></latexit>

UV part IR part

P. Maris, P. Tandy, Phys. Rev. C 60, 055214 (1999)

Dyson-Schwinger equations (DSEs)

<latexit sha1_base64="tEtc1qPRBFaanXBGA6MKx/IKSrw="></latexit>
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In the Bethe-Salpeter formalism, a bound state is determined by its 
amplitude   , the solution of the Bethe-Salpeter equation. 

meson case: 

for on-shell solutions:

Bethe-Salpeter equations (BSEs)

P 2 = �M2
<latexit sha1_base64="yQNbxCHaPtGIdtW4cOG6e2zO2ok="></latexit>

same kernel as in the 
quark self energy integral 

(➥ "effective gluon")
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In the Bethe-Salpeter formalism, a bound state is determined by its 
amplitude   , the solution of the Bethe-Salpeter equation. 

meson case:

Dirac basis elements scalar dressing functions

Bethe-Salpeter equations (BSEs)
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simplest setup: pseudoscalar meson (e.g. pion) 

Results for "physical pion":

3 BOUND STATES 15

The construction of the amplitude happens by demanding that the mesons are observable particles like the pion
living in the color singlet1, which is represented by the unity matrix in color space �AB . For Nf = 2, the pions
live in the pseudoscalar isospin triplet, represented by the three matrices

r+ = ud =
p

2 (�1 + i�2) ; r� = du =
p

2 (�1 � i�2) ; r0 =
�
uu � dd

�
= �3, (3.17)

where �i are the Pauli spin matrices. Note that the flavour wave functions are not normalized in this case
such that ri

abr
j
ba = 2 · �ij . The normalization of the whole amplitude will happen in course of the canonical

normalization condition, Eq. (3.11).

Mass iteration. As derived in the previous chapter, a bound state fulfills the eigenvalue condition such that
K� = 1 · �. Hence, one has to find functions Fi(P, p) such that this eigenvalue condition is satisfied. One can
interpret � as a vector with entries Fi and bring the whole equation into a matrix multiplication form,

�� =

Z

q
K �, (3.18)

in which dim(K) = 4 ⇥ 4 and dim(�) = 4. Once we find a P 2 such that � = 1 for every p, we’re done and
identify the pion mass with P 2 = �M2. A solution technique for this equation can be consulted in chapter

A.2.3. For mu/d
ren (µ2) = 3.7 MeV, the calculated pion mass is given by 139.5 MeV, which is in good accordance

with experimental values. By solving Eq. 3.18 for an eigenvalue, one can determine a function �(P 2) around
the root to analyze, if the bound state, is unique, because any root finding algorithm converges, if it does at all,
to only one root. Indeed, this is the case, as we can see in Fig. 10. An other interesting behavior is the function
M(m). According to the so called Gell-Mann-Oakes-Renner (GMOR) relation, the dependence has to look like
M ⇠

p
m. Furthermore, already included in the GMOR-relation, the pion has to be massless in the chiral limit

due to the fact that the pion is the Goldstone boson corresponding to the spontaneous chiral symmetry breaking
in QCD. In Fig. 10 we see, that the results reproduce this behavior.
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Figure 10: At the left: Spline-interpolated plot of the function �(P 2
). One can see, that Eq. 3.18 produces one bound

state for P 2 2 R�
, which corresponds to a real, physical mass M > 0. At the right, the function M(m) as

a crosscheck, if the GMOR-relation and hence the Goldstone-theorem is satisfied qualitatively. A correspon-

ding fit function f(m) =
p
am including the fit parameter a = 5.291 is also shown. For numerical reasons,

the calculated meson mass in the chiral limit is not exactly given by 0 GeV.

Normalization. Calculating the pion in Maris-Tandy interaction, the normalization condition is given by
Eq. 3.11:

1 = trscf
d

dP 2

����
P 2=�M2

Z

q
�(�K, q)S(q+)�(K, q)S(q�) (3.19)

= NcNf trs
d

dP 2

����
P 2=�M2

Z

q
C�(�K, �q)CT S(q+)�(K, q)S(q�) (3.20)

1The corresponding composition follows from the color SU(3): 3⌦ 3̄ = 8� 1 = octet� singlet.

GMOR-relation 

✅

M⇡ / p
mq

<latexit sha1_base64="v5zqEDwIG3f9dMP1mGT6jrYplto="></latexit>

Bethe-Salpeter equations (BSEs)
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Full four-body tetraquark BSE: 

Two-body structure:

References:
[1] A. Esposito et al., Multiquark resonances, Phys. Rep. 668 (2017), 1-97. doi:10.1016/j.physrep.2016.11.002. 
[2] G. Eichmann et al., Baryons as relativistic three-quark bound states, Progress in Particle and Nulear Physics. 91 (2016) 1-100.  doi:10.1016/j.physrep.2016.11.002. 
[3] G. Eichmann et al., The light scalar mesons as tetraquarks, Phys. Lett. B. 753 (2016) 282-287. doi:10.1016/j.physletv.2015.12.036 
[4] W. Heupel et al., Tetraquark bound states in a Bethe-Salpeter approach, Phys. Lett. B. 718 (2012) 545-549. doi:10.1016/j.physletb.2012.11.009.

JUSTUS-LIEBIG-UNIVERSITÄTGIESSEN

Heavy-light tetraquarks in a two-body Bethe-Salpeter approach 
Nico Santowsky and Christian S. Fischer 

JLU Giessen 
Contact: Nico.Santowsky@theo.physik.uni-giessen.de April 201

9
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The equation:
• Two-body tetraquark BSE: System of coupled two-loop integral equations 

‣ Ingredients: mesons, diquarks and quarks 
‣ Two-body amplitudes (meson-meson- and diquark-diquark-states) 
‣ Quark exchanges lead to mixing diagrams between different tetraquark two-

body amplitudes 
‣ Meson-only approximation is possible ( black shaped rectangle ) 
‣ Full equation includes diquark contributions 

• Two-body amplitudes live in the Lorentz-space: # Lorentz indices depend 
on quantum numbers

<latexit sha1_base64="/Ig+/JNkzImkKQ16TLK2EGOgQs8="></latexit>

<latexit sha1_base64="b5+L5eTdyje5n5UIqq31N1g+cuk="></latexit>

Figures taken from [1]

Framework / Theoretical toolkit:
1. Quark Dyson-Schwinger equation 

(self-consistent, non-perturbative equation of motion of the quark propagator) 

2. Meson/Diquark Bethe-Salpeter equation (BSE) 
(self-consistent eigenvalue equation for bound states) 

3. Meson/Diquark propagators 
(two-loop diagram) 

4. (Full) four-body tetraquark BSE [3] and two-body ansatz [4] 

meson/diquark amplitude
Rainbow-Ladder 
interaction kernel

fully dressed quark 
propagators

different ways of internal clustering 
(hadro-charmonium, mesonic, diquark-antidiquark)

choosing physical ingredients: representatives of leading decay channels

<latexit sha1_base64="YTVN17zAPF7fYovVoN2BzrQeYXA="></latexit>

<latexit sha1_base64="aPkiNyj6khSPdhFxuDiHuqTRq+E="></latexit>
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Results and current state:

What we calculated already: [4] 
✓ Equal-mass (qqqq) tetraquark masses with pseudoscalar (pion-like) 

constituents, e.g. the f 0(500) 
What we learned: 
✓ Mesonic contributions dominate over the diquark ones 

New application of this approach: 
‣ Heavy-light, scalar (QQqq) tetraquarks with (pseudo)scalar constituents 

What we got so far: 
• Scalar heavy-light tetraquarks behave quite well 
⇒ Mass curve almost linear on a log-log-plot 

• Until now, no candidates were seen from experiment, for which we expect an 
internal clustering into (pseudo)scalar constituents, but our results are a good 
benchmark to see how the method behaves for the simplest configurations. 

How we proceed / what we’re doing right now: 
• Performing calculations for axial-vector candidates 

e.g. X(3872) candidate with (mesonic) D-D* and ρ-J/ψ ingredients

<latexit sha1_base64="aKkivuLNMuwXc8IXJPvi1UDILj0="></latexit>

<latexit sha1_base64="25PuFw+uh4+3X4Kq6jS74pYqzc4="></latexit>

on-shell solutions for eigenvalue ! = 1 ➝ Q 2 = -mT 
2

Motivation:
• To this day, the internal structure of the exotic XYZ-states in the charmonium 

sector is still unclear 

• It is anticipated that some of these states could be (ccuu) heavy-light 
tetraquarks [1] 
‣ application of a theoretical tetraquark model could give hints about the internal 

structure of these potential tetraquark states 

➡ „internal clustering “ with short range interactions (gluon exchanges) between 
the quarks/clusters 

Main motivation: 
Production of promising results for the description of exotic XYZ-states in the 
charmonium sector, e.g. the X(3872)

<latexit sha1_base64="vDkWvaJrzLykmJBfQdlxSY52D9U="></latexit>

The Tetraquark Bethe-Salpeter equation

three tetraquark components
one 

meson 
comp.

phenomenological
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Amplitude exclusions: 
• Exclusion of one, two or three components is possible, e.g. 

➡ pure tetraquark (exclude [4]) 

➡ pure mesonic tetraquark (exclude [3], [4]) 

➡ pure quark-antiquark state (exclude [1], [2], [3])

The Tetraquark Bethe-Salpeter equation
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M

threshold

branch cutdirect calculations

PDG mass
analytic 

continuation

Eigenvalue curves
σ meson:



Nico Santowsky (JLU Giessen) — Lunch Club Giessen, 09.12.2020 15

Results

• for now: treat the sigma meson (scalar meson) as a mixed 
state: 

• calculation on the real axis

<latexit sha1_base64="fyq59avVHQ2amH6NHusqrXrbmeg=">AAACIXicbVDLSsNAFJ3UV62vqEs3wSIIQklEsRuh6MZlBfuAJpSb6aQdOpmkMxOhpP0VN/6KGxeKdCf+jNM2grYeuNzDOfcyc48fMyqVbX8auZXVtfWN/GZha3tnd8/cP6jLKBGY1HDEItH0QRJGOakpqhhpxoJA6DPS8Pu3U7/xSISkEX9Qw5h4IXQ5DSgGpaW2WR65knZDcAXwLiPXo4Hrg0gH45+eGWejBaFtFu2SPYO1TJyMFFGGatucuJ0IJyHhCjOQsuXYsfJSEIpiRsYFN5EkBtyHLmlpyiEk0ktnF46tE610rCASuriyZurvjRRCKYehrydDUD256E3F/7xWooKyl1IeJ4pwPH8oSJilImsal9WhgmDFhpoAFlT/1cI9EICVDrWgQ3AWT14m9fOSc1my7y+KlZssjjw6QsfoFDnoClXQHaqiGsLoCb2gN/RuPBuvxocxmY/mjGznEP2B8fUNC9Ol6A==</latexit>

|�i = |qq̄qq̄i+ |qq̄i



Nico Santowsky (JLU Giessen) — Lunch Club Giessen, 09.12.2020 16

Results: Mixed σ on the real axis

• for now: treat the sigma meson (scalar meson) as a mixed 
state: 

• calculation on the real axis

<latexit sha1_base64="fyq59avVHQ2amH6NHusqrXrbmeg=">AAACIXicbVDLSsNAFJ3UV62vqEs3wSIIQklEsRuh6MZlBfuAJpSb6aQdOpmkMxOhpP0VN/6KGxeKdCf+jNM2grYeuNzDOfcyc48fMyqVbX8auZXVtfWN/GZha3tnd8/cP6jLKBGY1HDEItH0QRJGOakpqhhpxoJA6DPS8Pu3U7/xSISkEX9Qw5h4IXQ5DSgGpaW2WR65knZDcAXwLiPXo4Hrg0gH45+eGWejBaFtFu2SPYO1TJyMFFGGatucuJ0IJyHhCjOQsuXYsfJSEIpiRsYFN5EkBtyHLmlpyiEk0ktnF46tE610rCASuriyZurvjRRCKYehrydDUD256E3F/7xWooKyl1IeJ4pwPH8oSJilImsal9WhgmDFhpoAFlT/1cI9EICVDrWgQ3AWT14m9fOSc1my7y+KlZssjjw6QsfoFDnoClXQHaqiGsLoCb2gN/RuPBuvxocxmY/mjGznEP2B8fUNC9Ol6A==</latexit>

|�i = |qq̄qq̄i+ |qq̄i

58 CHAPTER 6. RESULTS

with only the pionic substructure (�� ), a pure tetraquark with pionic and diquarkonic ingredients
(�� + 0+0+), a quark-antiquark state (ordinary quarkonium) using RL truncation and the Maris-Tandy
interaction model (� ��), a mixing state of a pionic tetraquark and the quark-antiquark state (�� + � ��)
and a mixing state of a pionic/diquarkonic tetraquark and the quark-antiquark state (�� + 0+0+ + � ��).
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�

�2 [GeV]
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Figure 6.10: The eigenvalue curves �(�2) of the � /�0(500) for di�erent setups. The notations �� (mesonic)
and SS (scalar diquark-di�erence antidiquark) stand for two-body tetraquark components and
� �� is obviously denoting the quarkonium component. The r.h.s. shows the section located inside
the red dotted rectangle on the l.h.s. giving an insight to the details of the mixed curves.

Via Fig. 6.10, the analysis of the eigenvalue curve of a pure tetraquark state yields what we
already got from calculations in the past [35]; diquarks do not play a role at all here. The pure � �� state,
calculated via Rainbow-Ladder truncation using the Maris-Tandy model, is giving an eigenvalue
curve that crosses � = 1 at �2 � �0.5 GeV2, which compares well to RL results from the literature,
e.g. from [47]. Looking further at the states with quarkonium mixing, we see that the eigenvalue
curves almost match with the � �� curve in the spacelike region and deviate from that when going
into the timelike region, where they start to increase signi�cantly stronger than the � �� curve. On
the right panel, we see that the curve with diquarkonic contributions is laying a bit higher than the
one without when the mixing with the � �� state is enabled, whereas in the pure tetraquark case, the
curves with and without the diquarkonic 0+0+ component match quite precisely.

A quantitative investigation of the eigenvalue curves using the Schlessinger-Point method1 [49]
yields the following results:

setup ground state mass [MeV] 1st excited state mass [MeV]
�� 416(26) 970(130)

�� + 0+0+ 416(26) 970(130)
� �� 667(2) 1036(8)

�� + � �� 472(22) 1080(280)
�� + 0+0+ + � �� 456(24) 1110(110)

Table 6.3: The masses of the ground state and the �rst excited state using di�erent setups isolating and mixing
tetraquark components and quarkonia from and with each other according to extrapolations on
the real axis. The error estimates come from the extrapolations. We calculate the mass by using the
on-shell mass relation �2 = ��2.

1The method is deeply explained in the Appendix.

NS et. al. PRD 102, 056014 (2020) 
arXiv:2007:06495
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Q2 = �M2
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Results: Mixed σ on the real axis

• for now: treat the sigma meson (scalar meson) as a mixed 
state: 

• calculation on the real axis
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with only the pionic substructure (�� ), a pure tetraquark with pionic and diquarkonic ingredients
(�� + 0+0+), a quark-antiquark state (ordinary quarkonium) using RL truncation and the Maris-Tandy
interaction model (� ��), a mixing state of a pionic tetraquark and the quark-antiquark state (�� + � ��)
and a mixing state of a pionic/diquarkonic tetraquark and the quark-antiquark state (�� + 0+0+ + � ��).

0.1

1

�0.4 �0.2 0 0.2

�

�2 [GeV]

�� + SS
��
� ��

�� + � ��
�� + SS + � ��

1

�0.2 0 0.2

�

�2 [GeV]

� ��
�� + � ��

�� + SS + � ��

Figure 6.10: The eigenvalue curves �(�2) of the � /�0(500) for di�erent setups. The notations �� (mesonic)
and SS (scalar diquark-di�erence antidiquark) stand for two-body tetraquark components and
� �� is obviously denoting the quarkonium component. The r.h.s. shows the section located inside
the red dotted rectangle on the l.h.s. giving an insight to the details of the mixed curves.

Via Fig. 6.10, the analysis of the eigenvalue curve of a pure tetraquark state yields what we
already got from calculations in the past [35]; diquarks do not play a role at all here. The pure � �� state,
calculated via Rainbow-Ladder truncation using the Maris-Tandy model, is giving an eigenvalue
curve that crosses � = 1 at �2 � �0.5 GeV2, which compares well to RL results from the literature,
e.g. from [47]. Looking further at the states with quarkonium mixing, we see that the eigenvalue
curves almost match with the � �� curve in the spacelike region and deviate from that when going
into the timelike region, where they start to increase signi�cantly stronger than the � �� curve. On
the right panel, we see that the curve with diquarkonic contributions is laying a bit higher than the
one without when the mixing with the � �� state is enabled, whereas in the pure tetraquark case, the
curves with and without the diquarkonic 0+0+ component match quite precisely.

A quantitative investigation of the eigenvalue curves using the Schlessinger-Point method1 [49]
yields the following results:

setup ground state mass [MeV] 1st excited state mass [MeV]
�� 416(26) 970(130)

�� + 0+0+ 416(26) 970(130)
� �� 667(2) 1036(8)

�� + � �� 472(22) 1080(280)
�� + 0+0+ + � �� 456(24) 1110(110)

Table 6.3: The masses of the ground state and the �rst excited state using di�erent setups isolating and mixing
tetraquark components and quarkonia from and with each other according to extrapolations on
the real axis. The error estimates come from the extrapolations. We calculate the mass by using the
on-shell mass relation �2 = ��2.

1The method is deeply explained in the Appendix.

NS et. al. PRD 102, 056014 (2020) 
arXiv:2007:06495
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mixed state
two-quark state

Results: σ on the real axis

input

PDG mass

We identify the σ meson as a four-quark state
NS et. al. PRD 102, 056014 (2020) 
arXiv:2007:06495

everything in MeV



Nico Santowsky (JLU Giessen) — Lunch Club Giessen, 09.12.2020 19

<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

branch cut

PDG mass

but there is width…
🤔

But there is width…
σ meson:
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But there is width…
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2nd Riemann sheet (not directly accessible)

1st Riemann sheet

calculations

continuation

PDG mass and width

σ meson:
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Results: σ in the complex plane
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mixed

still four-quark dominance, but with reduced mass
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• Proof of principle done with sigma meson: 

• How about other scalar states … 

‣   

‣                 (           candidate!)
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Potential
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qq̄ + qq̄qq̄

<latexit sha1_base64="nO9j3bSs1yp2BSpZWhyBxu2ExzU=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSLIAhlRhRdFt24rGAv0A4lk2ba0ExmSDJCGbpw46u4caGIWx/CnW9jOp2Cth4I+fj/c0jO78ecKe0431ZhZXVtfaO4Wdra3tnds/cPmipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdTv/VApWKRuNfjmHohHggWMIK1kXp2WXV9LFM1QadojvO7Z1ecqpMVWgY3hwrkVe/ZX91+RJKQCk04VqrjOrH2Uiw1I5xOSt1E0RiTER7QjkGBQ6q8NFtigo6N0kdBJM0RGmXq74kUh0qNQ990hlgP1aI3Ff/zOokOrryUiTjRVJDZQ0HCkY7QNBHUZ5ISzccGMJHM/BWRIZaYaJNbyYTgLq68DM2zqntRde7OK7XrPI4ilOEITsCFS6jBLdShAQQe4Rle4c16sl6sd+tj1lqw8plD+FPW5w8y35h1</latexit>

ss̄+ ss̄ss̄
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<latexit sha1_base64="dE/Fp6lF99dYoW2rKpui6Hyb55M=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKe4GRY9BD3qMYB6QLKF3MkmGzMyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoiaciZp3TDDaStWFEXIaTMc3Uz95hNVmkXywYxjGggcSNZnBI2VWp1bFALPKt1iySt7M7jLxM9ICTLUusWvTi8iiaDSEI5at30vNkGKyjDC6aTQSTSNkYxwQNuWShRUB+ns3ol7YpWe24+ULWncmfp7IkWh9ViEtlOgGepFbyr+57UT078KUibjxFBJ5ov6CXdN5E6fd3tMUWL42BIkitlbXTJEhcTYiAo2BH/x5WXSqJT9i7J3f16qXmdx5OEIjuEUfLiEKtxBDepAgMMzvMKb8+i8OO/Ox7w152Qzh/AHzucPONuPbg==</latexit>

�/2
<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

-100

-200

everything in MeV

300 500 700 900

four-quark 
two-quark 

mixed

1100 1300
0

σ-meson: 
chiral effects dominate: 
essentially 4-quark state

preliminary

qq[qq] state (mq = 3.8 MeV — u/d)
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<latexit sha1_base64="dE/Fp6lF99dYoW2rKpui6Hyb55M=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKe4GRY9BD3qMYB6QLKF3MkmGzMyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoiaciZp3TDDaStWFEXIaTMc3Uz95hNVmkXywYxjGggcSNZnBI2VWp1bFALPKt1iySt7M7jLxM9ICTLUusWvTi8iiaDSEI5at30vNkGKyjDC6aTQSTSNkYxwQNuWShRUB+ns3ol7YpWe24+ULWncmfp7IkWh9ViEtlOgGepFbyr+57UT078KUibjxFBJ5ov6CXdN5E6fd3tMUWL42BIkitlbXTJEhcTYiAo2BH/x5WXSqJT9i7J3f16qXmdx5OEIjuEUfLiEKtxBDepAgMMzvMKb8+i8OO/Ox7w152Qzh/AHzucPONuPbg==</latexit>

�/2
<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

-100

-200

everything in MeV

300 500 700 900

four-quark 
two-quark 

mixed

1100 1300
0

qq[qq] state (mq = 20 MeV)
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<latexit sha1_base64="dE/Fp6lF99dYoW2rKpui6Hyb55M=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKe4GRY9BD3qMYB6QLKF3MkmGzMyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoiaciZp3TDDaStWFEXIaTMc3Uz95hNVmkXywYxjGggcSNZnBI2VWp1bFALPKt1iySt7M7jLxM9ICTLUusWvTi8iiaDSEI5at30vNkGKyjDC6aTQSTSNkYxwQNuWShRUB+ns3ol7YpWe24+ULWncmfp7IkWh9ViEtlOgGepFbyr+57UT078KUibjxFBJ5ov6CXdN5E6fd3tMUWL42BIkitlbXTJEhcTYiAo2BH/x5WXSqJT9i7J3f16qXmdx5OEIjuEUfLiEKtxBDepAgMMzvMKb8+i8OO/Ox7w152Qzh/AHzucPONuPbg==</latexit>

�/2
<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

-100

-200

everything in MeV

300 500 700 900

four-quark 
two-quark 

mixed

1100 1300
0

qq[qq] state (mq = 50 MeV)
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<latexit sha1_base64="dE/Fp6lF99dYoW2rKpui6Hyb55M=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKe4GRY9BD3qMYB6QLKF3MkmGzMyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoiaciZp3TDDaStWFEXIaTMc3Uz95hNVmkXywYxjGggcSNZnBI2VWp1bFALPKt1iySt7M7jLxM9ICTLUusWvTi8iiaDSEI5at30vNkGKyjDC6aTQSTSNkYxwQNuWShRUB+ns3ol7YpWe24+ULWncmfp7IkWh9ViEtlOgGepFbyr+57UT078KUibjxFBJ5ov6CXdN5E6fd3tMUWL42BIkitlbXTJEhcTYiAo2BH/x5WXSqJT9i7J3f16qXmdx5OEIjuEUfLiEKtxBDepAgMMzvMKb8+i8OO/Ox7w152Qzh/AHzucPONuPbg==</latexit>

�/2

<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

-100

-200

everything in MeV

300 500 700 900

four-quark 
two-quark 

mixed

1100 1300
0

preliminary

qq[qq] state (mq = 85.5 MeV — s)
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<latexit sha1_base64="dE/Fp6lF99dYoW2rKpui6Hyb55M=">AAAB73icbVDLSgNBEOyNrxhfUY9eFoPgKe4GRY9BD3qMYB6QLKF3MkmGzMyuM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dYcyZNp737eRWVtfWN/Kbha3tnd294v5BQ0eJIrROIh6pVoiaciZp3TDDaStWFEXIaTMc3Uz95hNVmkXywYxjGggcSNZnBI2VWp1bFALPKt1iySt7M7jLxM9ICTLUusWvTi8iiaDSEI5at30vNkGKyjDC6aTQSTSNkYxwQNuWShRUB+ns3ol7YpWe24+ULWncmfp7IkWh9ViEtlOgGepFbyr+57UT078KUibjxFBJ5ov6CXdN5E6fd3tMUWL42BIkitlbXTJEhcTYiAo2BH/x5WXSqJT9i7J3f16qXmdx5OEIjuEUfLiEKtxBDepAgMMzvMKb8+i8OO/Ox7w152Qzh/AHzucPONuPbg==</latexit>

�/2

<latexit sha1_base64="5e0TT6/LAtD7uG6VkqB67SoC6mI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SK0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKZfjNU=</latexit>

M

threshold

-100

-200

everything in MeV

300 500 700 900

four-quark 
two-quark 

mixed

1100 1300
0

• ground state definitely 2-quark 
• 2-quark state and 4-quark state decouple 
• reasonable result!

preliminary

qq[qq] state (mq = 85.5 MeV — s)
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• Proof of principle done with sigma meson: 

• How about other scalar states … 

‣   

‣                 (           candidate!)

28

Potential

<latexit sha1_base64="ZyJm+eLvbytzWaEFpdOcdGzRjGc=">AAACBHicbZDLSgMxFIbPeK31Nuqym2ARBKHMiKLLohuXFewF2qFk0kwbmslMk4xQhi7c+CpuXCji1odw59uYTkfQ1gMhH/9/Dsn5/ZgzpR3ny1paXlldWy9sFDe3tnd27b39hooSSWidRDySLR8rypmgdc00p61YUhz6nDb94fXUb95TqVgk7vQ4pl6I+4IFjGBtpK5dUh0fy1RN0An6wVF2jyZdu+xUnKzQIrg5lCGvWtf+7PQikoRUaMKxUm3XibWXYqkZ4XRS7CSKxpgMcZ+2DQocUuWl2RITdGSUHgoiaY7QKFN/T6Q4VGoc+qYzxHqg5r2p+J/XTnRw6aVMxImmgsweChKOdISmiaAek5RoPjaAiWTmr4gMsMREm9yKJgR3fuVFaJxW3POKc3tWrl7lcRSgBIdwDC5cQBVuoAZ1IPAAT/ACr9aj9Wy9We+z1iUrnzmAP2V9fAMsv5hx</latexit>

ss̄+ ss̄qq̄

<latexit sha1_base64="xZLjQf89VT5Iimpl2udEEftnQa4=">AAAB+XicbVDLSgMxFL2pr1pfoy7dBIvgqsyIosuiG5cV7APaoWTSTBuayUyTTKEM/RM3LhRx65+4829M2xG09cDlHs65l9ycIBFcG9f9QoW19Y3NreJ2aWd3b//AOTxq6DhVlNVpLGLVCohmgktWN9wI1koUI1EgWDMY3s385pgpzWP5aCYJ8yPSlzzklBgrdR1n1AmIykbTn951ym7FnQOvEi8nZchR6zqfnV5M04hJQwXRuu25ifEzogyngk1LnVSzhNAh6bO2pZJETPvZ/PIpPrNKD4exsiUNnqu/NzISaT2JAjsZETPQy95M/M9rpya88TMuk9QwSRcPhanAJsazGHCPK0aNmFhCqOL2VkwHRBFqbFglG4K3/OVV0rioeFcV9+GyXL3N4yjCCZzCOXhwDVW4hxrUgcIYnuAFXlGGntEbel+MFlC+cwx/gD6+AWL0lCU=</latexit>

qq̄qq̄

<latexit sha1_base64="TuXEuI5EAe/LDBQNp6HugAA/Nq4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXkpWKtZb0YvHCvYD2qVk02wbms2uSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZ58eCa4Pxt5NbW9/Y3MpvF3Z29/YPiodHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv749uZ335iSvNIPphJzLyQDCUPOCXGSh3Sx+XrGj7vF0u4gudAq8TNSAkyNPrFr94goknIpKGCaN11cWy8lCjDqWDTQi/RLCZ0TIasa6kkIdNeOr93is6sMkBBpGxJg+bq74mUhFpPQt92hsSM9LI3E//zuokJal7KZZwYJuliUZAIZCI0ex4NuGLUiIklhCpub0V0RBShxkZUsCG4yy+vktZFxb2s4PtqqX6TxZGHEziFMrhwBXW4gwY0gYKAZ3iFN+fReXHenY9Fa87JZo7hD5zPHxaRjrA=</latexit>

a0(980)

<latexit sha1_base64="g+anBLAOcXcDy02AAqNE5AjiBXI=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Irih6LXjxWsB/QLiWbTtvQbHZJsoWy9J948aCIV/+JN/+NabuCtj4Y5vHeDJm8MBFcG8/7cgpr6xubW8Xt0s7u3v6Be3jU0HGqGNZZLGLVCqlGwSXWDTcCW4lCGoUCm+HobuY3x6g0j+WjmSQYRHQgeZ8zaqzUdV3dCanK9PSnd92yV/HmIKvEz0kZctS67menF7M0QmmYoFq3fS8xQUaV4UzgtNRJNSaUjegA25ZKGqEOsvnlU3JmlR7px8qWNGSu/t7IaKT1JArtZETNUC97M/E/r52a/k2QcZmkBiVbPNRPBTExmcVAelwhM2JiCWWK21sJG1JFmbFhlWwI/vKXV0njouJfVbyHy3L1No+jCCdwCufgwzVU4R5qUAcGY3iCF3h1MufZeXPeF6MFJ985hj9wPr4Bb1SULQ==</latexit>

ss̄ss̄
increase all quark masses simultaneously

<latexit sha1_base64="xZLjQf89VT5Iimpl2udEEftnQa4=">AAAB+XicbVDLSgMxFL2pr1pfoy7dBIvgqsyIosuiG5cV7APaoWTSTBuayUyTTKEM/RM3LhRx65+4829M2xG09cDlHs65l9ycIBFcG9f9QoW19Y3NreJ2aWd3b//AOTxq6DhVlNVpLGLVCohmgktWN9wI1koUI1EgWDMY3s385pgpzWP5aCYJ8yPSlzzklBgrdR1n1AmIykbTn951ym7FnQOvEi8nZchR6zqfnV5M04hJQwXRuu25ifEzogyngk1LnVSzhNAh6bO2pZJETPvZ/PIpPrNKD4exsiUNnqu/NzISaT2JAjsZETPQy95M/M9rpya88TMuk9QwSRcPhanAJsazGHCPK0aNmFhCqOL2VkwHRBFqbFglG4K3/OVV0rioeFcV9+GyXL3N4yjCCZzCOXhwDVW4hxrUgcIYnuAFXlGGntEbel+MFlC+cwx/gD6+AWL0lCU=</latexit>

qq̄qq̄ increase two quark masses simultaneously <latexit sha1_base64="TxAqpkBQmOIqzoVzMxnIRq+p9/k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRi0WXRjcsK9gFtKJPppB06maQzk0IJ+RM3LhRx65+482+cpllo64HLPZxzL3Pn+DFnSjvOt1Xa2Nza3invVvb2Dw6P7OOTtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yf3C78yoVCwST3oeUy/EI8ECRrA20sC2Vd/HMlXZNO/TbGBXnZqTA60TtyBVKNAc2F/9YUSSkApNOFaq5zqx9lIsNSOcZpV+omiMyQSPaM9QgUOqvDS/PEMXRhmiIJKmhEa5+nsjxaFS89A3kyHWY7XqLcT/vF6ig1svZSJONBVk+VCQcKQjtIgBDZmkRPO5IZhIZm5FZIwlJtqEVTEhuKtfXiftq5pbrzmP19XGXRFHGc7gHC7BhRtowAM0oQUEZvAMr/BmpdaL9W59LEdLVrFzCn9gff4AaTSUKQ==</latexit>

ss̄qq̄

<latexit sha1_base64="S2ELcHXXnhVtZgMX+IkufPZrdF4=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZYBEEoM6LosujGZQV7gXYomTTThmYy0yQjlKG48VXcuFDErU/hzrcxbaegrQdCPv7/HJLz+zFnSjvOt5VbWl5ZXcuvFzY2t7Z37N29mooSSWiVRDySDR8rypmgVc00p41YUhz6nNb9/s3Yrz9QqVgk7vUwpl6Iu4IFjGBtpLZ9MGj5WKaD0ekMZnfbLjolZ1JoEdwMipBVpW1/tToRSUIqNOFYqabrxNpLsdSMcDoqtBJFY0z6uEubBgUOqfLSyQojdGyUDgoiaY7QaKL+nkhxqNQw9E1niHVPzXtj8T+vmejgykuZiBNNBZk+FCQc6QiN80AdJinRfGgAE8nMXxHpYYmJNqkVTAju/MqLUDsruRcl5+68WL7O4sjDIRzBCbhwCWW4hQpUgcAjPMMrvFlP1ov1bn1MW3NWNrMPf8r6/AFpW5gV</latexit>

qq̄ + qq̄qq̄

<latexit sha1_base64="nO9j3bSs1yp2BSpZWhyBxu2ExzU=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSLIAhlRhRdFt24rGAv0A4lk2ba0ExmSDJCGbpw46u4caGIWx/CnW9jOp2Cth4I+fj/c0jO78ecKe0431ZhZXVtfaO4Wdra3tnds/cPmipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryRzdTv/VApWKRuNfjmHohHggWMIK1kXp2WXV9LFM1QadojvO7Z1ecqpMVWgY3hwrkVe/ZX91+RJKQCk04VqrjOrH2Uiw1I5xOSt1E0RiTER7QjkGBQ6q8NFtigo6N0kdBJM0RGmXq74kUh0qNQ990hlgP1aI3Ff/zOokOrryUiTjRVJDZQ0HCkY7QNBHUZ5ISzccGMJHM/BWRIZaYaJNbyYTgLq68DM2zqntRde7OK7XrPI4ilOEITsCFS6jBLdShAQQe4Rle4c16sl6sd+tj1lqw8plD+FPW5w8y35h1</latexit>

ss̄+ ss̄ss̄

Ongoing work!
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• Huge technical improvements within the last 10 months 
✓ quarkonium mixing (never before!) 
✓ complex plane and decay width (only for 2-quark states yet!) 

• σ meson is a 4-quark state (ππ) 
➡ chiral effect: gets lost by increasing quark mass! 

• Masses are lower than experimental masses in our equations 
➡ possibly model + truncation issue 

• Huge potential to investigate nature of exotica 
• Long term goal: access to XYZ states in the complex plane

Summary and Outlook

Thank you for your attention!


