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Systematic Approaches to QCD

LQCD =
∑

f

q̄f (γµDµ − mf ) qf −
1
4

Tr (FµνFµν)

with Dµ = ∂µ + igs
∑

a taAa µ and Fµν = [Dµ,Dν ]

systematically studied for low Q2 by

Lattice QCD

Numerical solution in discretised space-time

Effective Field Theories

Quarks and gluons as degrees of freedom
Neubert, Beneke, Wise, Manohar, Brambilla, Vairo, Soto, ...

Born-Oppenheimer EFT
Brambilla et al., Braaten/Bruschini

Hadrons as degrees of freedom
=⇒ Ideal to study hadronic molecules

previous and this talk

αs(MZ
2) = 0.1179 ± 0.0010

α
s(

Q
2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)
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EW precision fit (N3LO)
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193 Confinement

Bild: Gunnar Bali, http://www.physik.uni-regensburg.de/forschung/bali/pics.html

Die Suche nach freien Quarks  S. 194
Gitter-QCD  S. 206
Kann man Quarks und Gluonen sehen?  S. 202
Das Quarkmodell  S. 14

Berechnung der Energie im Gluonfeld zwischen zwei Punktladun-
gen

noch nie freie farbgeladene Objekte gemessen wur-

den. Es ist übrigens ziemlich ausgeschlossen, dass das 

zugehörige Signal übersehen wurde: Da freie Quarks 

( ) eine drittelzahlige Ladung haben, wären sie in den 

vielen Messungen, die Teilchenphysikerinnen und 

-physiker inzwischen in einem riesigen Energiebereich 

gemacht haben, sicherlich schon aufgefallen. Trotz-

dem kann man zeigen, dass die QCD tatsächlich zur 

Ausbildung von Flussröhren führt, und zwar anhand 

numerischer Simulationen. In einem der folgenden Ar-

tikel wird die Gitter-QCD ( ) vorgestellt. Diese erlaubt 

es, die Wechselwirkungen der QCD auf dem Compu-

ter nachzubilden. Ein sehr schönes Beispiel dafür ist im 

Bild oben gezeigt: Hier wurden an den Positionen, die 

die scharfen Spitzen zeigen, ein Quark und ein Anti-

quark platziert. Dann extrahierte man aus der nume-

rischen Simulation die Energiedichte im umliegenden 

Raum. In dem Bild ist deutlich zu erkennen, dass sich 

zwischen den beiden Quarks eine Röhre mit gleich-

bleibender Energie pro Länge ausgebildet hat. Wichtig 

ist noch darauf hinzuweisen, dass es außer den beiden 

fixierten Quarks in dieser Simulation keine weiteren 

Quarks gab, so dass die Flussröhre nicht, wie im Artikel 

„Kann man Quarks und Gluonen sehen?“ ( ) beschrie-

ben, reißen konnte.

Abschließend wollen wir uns noch kurz der Frage 

zuwenden, welche Kombinationen an Farbladungen 

zulässig sind, da doch das Confinement Farbneu-

tralität fordert. Interessanterweise trägt auch hier die 

Farbenanalogie: Wie ein Regenbogen zeigt, ergibt die 

Kombination aus Rot, Grün und Blau Weiß. Entspre-

chend bilden drei Quarks mit dieser Farbkombination 

einen erlaubten Zustand; das sind die Baryonen des 

Quarkmodells ( ).

Neben den Farbladungen gibt es auch die entspre-

chenden Anti-Farbladungen, die als Farbladungen der 

Antiquarks auftreten – genauso wie das Antiteilchen 

des Elektrons, das Positron, die zugehörige Antiladung 

trägt, also positiv geladen ist. Ladung und Antiladung 

neutralisieren sich, also kann man z. B. aus einem ro-

ten Quark mit einem antiroten Antiquark auch einen 

erlaubten Zustand bauen. Das sind die Mesonen des 

Quarkmodells. Aber auch kompliziertere Kombinati-

onen sind formal möglich, wie Zustände, die nur aus 

Gluonen bestehen – allerdings sind diese sogenannten 

Gluebälle noch nicht eindeutig experimentell nach-

gewiesen. Was aber nicht als physikalischer Zustand 

existiert, ist z. B. die Kombination aus zwei Quarks. 

Aus nur zwei Grundfarben kann man eben kein Weiß 

zusammenmischen: Diese Kombination ist grundsätz-

lich farbgeladen und tritt entsprechend auch nicht iso-

liert in der Natur auf.

figure curtesy of G. Bali

ΛQCD ≃ 200 MeV

Fluxtube
⇓
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Quarkmasses and EFTs

10
0

10
1

10
2

10
3

10
4

m
f [

M
eV

]

up

down

strange

charm

bottom

top

QCDΛ

Schwer

Leicht

heavy

light

Since αs probed at different scales,
ΛQCD sorts quarks into

light (up, down, strange) and

heavy (charm, bottom, top)
(top too short lived to hadronize)

Groups show different phenomenology
(QCD has no SU(4)-flavor sym.)

Limit of massless light Quarks + infinitely heavy heavy Quarks
Weinberg, Gasser, Leutwyler, Meißner ... and Isgur, Wise, Neubert, Beneke, Manohar, Caswell, Lepage, Brambilla, Vairo, ...

L and R light Quarks decouple + spontaneous symmetry breaking

Independence of Heavy Quark Spin and Flavour

=⇒ Heavy Hadron Chiral Perturbation Theory (HHChPT)
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Outline:
Investigate states beyond
naive quark model
(q̄q, qqq)

Identify observables
sensitive to
molecular structures

Provide predictions
Figure curtesy of Soeren Lange

Diquark–Anti-diquark

Hadronic Molecule

Outline for the rest of the talk

The Weinberg criterion: What is a molecule?

Singly heavy molecules: Chiral symmetry at work

Doubly heavy molecules: New types of nuclei

Summary
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Hadronic Molecules
review article: Guo et al., Rev. Mod. Phys. 90(2018)015004

Few-hadron states, bound by residual strong force
no fluxtubes but meson exchange (e.g. π)

do exist: light nuclei.
e.g. deuteron as pn & hypertriton as Λd bound state
are located typically close to relevant continuum threshold;
Edeuteron

B = 2.22 MeV; Ehypertriton
B = (0.13 ± 0.05) MeV (to Λd)

Observable (Weinberg compositeness): using γ =
√

2µEB

g2
eff

4π
=

4M2γ

µ
(1 − λ2) → a = −2

(
1 − λ2

2 − λ2

)
1
γ
; r = −

(
λ2

1 − λ2

)
1
γ

with (1 − λ2)=probability for molecular component in wave function
Corrections are O(γR) — positive for r in single channel

Range corrections: Song, Dai, Oset (2022); Li, Guo, Pang, Wu (2022); Kinugawa, Hyodo (2022)

Are there hadronic molecules with other building blocks?
extensions/further studies: Baru et al., Sekihara, Hyodo, Oset, Oller, Nieves, Jido, Hosaka, Guo ...

THE NAME OF THE GAME:

Q

q

Q
q

Q

q

Q

q

Q
q

Q

q

Q

Q

HADRO–
QUARKONIUM

HADRONIC 
MOLECULE

TETRAQUARK

GLUEBALL

HYBRID

Picture by Soeren Lange

How can one disentangle the different structures?

Slide 9 23

June 12, 2026 Slide 4 21



Singly heavy states: D-mesonsExample: Strange-Charm states
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Quark Modell: M. Di Pierro and E. Eichten, PRD 64 (2001) 114004

Note: decay modes of D∗
s0(2317) and Ds1(2460) either D(∗)

s π or D(∗)
s γ → narrow

Lecture series onExotic MesonsPart I: Effective Field theories and their application to Ds(2317) – p. 10/20

S=0, I=1/2 S=1, I=0

Quark Modell: M. Di Pierro and E. Eichten, PRD 64 (2001) 114004

Puzzles: Why are/is

1 M(Ds1)−M(D∗
s0)

≃ M(D∗)−M(D)?

2 M(Ds1)&M(D∗
s0) so

light?

3 M(D∗
0) ≃ M(D∗

s0)?
M(D1) ≃ M(Ds1)?

4 Why do we have
M(D0)

ChPT≈M(D0)
lat.

≪M(D0)
exp.?

All those puzzles disappear, if the states are hadronic molecules
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Goldstone boson-D(∗) scattering
In the chiral limit (mu = md = ms = 0): Goldstone Theorem

=⇒ GBs (π, η, K ) massless & decouple for vanishing momenta

Leading order HHChPT has no free parameters

=⇒ Weinberg–Tomozawa term for Pϕ scattering in channel a:
Aa = CaEϕ a/F 2

0 (F0 = π decay constant)

Interaction of kaons significantly stronger than that of pions

=⇒ group theory fixes the Ca:SU(3) analysis

• In the SU(3) limit, irreps: 3⊗ 8 = 15⊕ 6⊕ 3

• Evolution of the two poles from the physical to the SU(3) symmetric case

Feng-Kun Guo (ITP) Charmed meson sspectrum 12.07.2018 9 / 21

[3]⊗[8] = [15] ⊕ [6] ⊕ [3]

[15] repulsive,
[6] attractive,
[3] most attractive

Albaladejo et al., PLB767(2017)465

NLO: 6 parameters; controlled quark mass dependence
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Unitarisation (ChPT → UChPT)
Chiral perturbation theory only perturbatively consistent with unitarity

Energy dependent interaction hits unitarity bound quickly

=⇒ Unitarisation; allows for generation of bound states and resonances
Truong, Dorado, Pelaez, Kaiser, Weise, Oller, Oset, Lutz, Kolomeitsev, Guo, Meißner, C.H., ...

Observe Im(t(s)) = σ(s) |t(s)|2 implies Im
(
t(s)−1

)
= −σ(s)

=⇒ write subtracted dispersion integral for t(s)−1

=⇒ fix Re(t(s)−1) by matching to ChPT Oller and Meißner, PLB500(2001)263

Effectively this gives

with ChPT expression for V ... and additional parameter a(µ) (from the loop)
Dependence on unitarization method & left-hand cuts needs to be clarified!

Lutz et al., PRD106(2022)114038; Korpa et al., PRD107(2023)L031505
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Fit to lattice data Liu et al. PRD87(2013)014508

fit 6+1 para. to lattice data for a(S,I)
Dxϕ

in selected channels + D(s) masses
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π/K/η–D(∗)/D(∗)
s scattering fixed (chiral sym: πD int. weaker than KD)

D∗
s0(2317) emerges as molecule with MD∗

s0
= 2315+18

−28 MeV

since Eb(Ds0) = Eb(D∗
s1) +O(1/MD) =⇒ puzzle 1+2 solved

controlled quark
mass dependence
Fit range up to
Mπ = 500 MeV
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The S = 0 sector
Lattice: @Mπ = 391 MeV pole at 2275.9 ± 0.9 MeV Had.Spec.Coll. JHEP10(2016)011

@Mπ = 239 MeV pole at 2196 ± 64 − i(210 ± 110) MeV
HadSpec, JHEP07(2021)123

UChPT for Mπ = 391 (parameters fixed in 2013): Albaladejo et al., PLB767(2017)465

finds poles for
Mπ≃391 MeV at
(2264, 0) MeV [000] &
(2468, 113) MeV [110]
Mπ=139 MeV at
(2105, 102) MeV [100] &
(2451, 134) MeV [110]

why seocnd pole was first missed: Asokan et al., EPJC83(2023)850
Fits directly to these data: Guo et al., EPJC 79(2019)13; Lutz et al., PRD106(2022)114038

=⇒ puzzle 3 solved

Quark Model only [3̄]
Diquark Model all
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Compact tetraquarks CH & Guo, Commun.Theor.Phys.77(2025)125201

  

q

q

Q

q

Heavy-light diquarks, cq, in flavor [3]{cq}

Light diquarks, q̄q̄ in flavor [3̄]q̄ ⊗ [3̄]q̄ = [3]{q̄q̄}︸ ︷︷ ︸
anti−sym.

⊕ [6̄]{q̄q̄}︸ ︷︷ ︸
sym.

Fermi symmetry: [color] ⊗ [flavor] ⊗ [spin] anti-symmetric

diquarks anti-sym. in color (attractive one gluon exchange) =⇒
q̄q̄ spin 0 (anti-sym.) must be combined with flavor [3]{q̄q̄}

adding cq diquark: [3]0/1
{cq} ⊗ [3]0{q̄q̄} = [3̄]0⊗0/1⊗0

{cq}{q̄q̄} ⊕ [6]0⊗0/1⊗0
{cq}{q̄q̄}
L. Maiani et al. PRD110 (2024) 3

q̄q̄ spin 1 (sym.) must be combined with flavor [6̄]{q̄q̄}

adding cq diquark: [3]0/1
{cq} ⊗ [6̄]1{q̄q̄} = [3̄]0⊗1/1⊗1

{cq}{q̄q̄} ⊕ [15]0⊗1/1⊗1
{cq}{q̄q̄}

’t Hooft int. pushes [3̄] up: Dmitrasinovic, PRD70(2004)096011

From phenomenology: MS=1
cq − MS=0

cq ≈ MS=1
qq − MS=0

qq ≈ 150 MeV
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Comparison of 1+ and 0+

lightest compact tetraquarks:
spin 0: [3̄]0⊗0

{cq}{q̄q̄} ⊕ [6]0⊗0
{cq}{q̄q̄}; spin 1 and 0 behave

spin 1: [3̄]1⊗0
{cq}{q̄q̄} ⊕ [6]1⊗0

{cq}{q̄q̄}⊕[15]0⊗1
{cq}{q̄q̄}; differently

lightest hadronic molecules:
spin 0: [3̄]0⊗0

{cq̄}{qq̄} ⊕ [6]0⊗0
{cq̄}{qq̄}; spin 1 and 0 behave

spin 1: [3̄]1⊗0
{cq̄}{qq̄} ⊕ [6]1⊗0

{cq̄}{qq̄} [15] absent; equally
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[15] repulsive

=⇒ D0 states
molecular

To see which scenario is realised: Lattice simulation E.B. Gregory et al., EPJA61(2025)226
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Dπ S-wave from B− → D+π−π−
Du et al., PRD98(2018)094018; for more results see Du et al., PRD99(2019)114002, PRL126(2021)192001

LHCb, PRD94(2016)072001

Effect of higher thresholds enhanced, by pole at
√

sp ∼ (2451 − i134) MeV
on nearby unphysical sheet =⇒ puzzle 4 solved
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Charmed states: Q&A

Why are M(Ds1)&M(D∗
s0) Since they are are DK and D∗K

so light? bound states (=hadronic molecules)

Why is M(Ds1)−M(D∗
s0) Since spin symmetry gives equal binding

≃ M(D∗)−M(D)?

Why is M(D∗
0) ≃ M(D∗

s0)? Since listings need to be corrected:
and M(D1) ≃ M(Ds1)? Lightest D0@2100 MeV & D1@2240 MeV

Why do we have Since structure at 2300 MeV is
M(D∗

0)
ChPT≃M(D0)

lat. made of two poles
≪M(D0)

exp.? analogous to Λ(1405) from 2 poles

Combination of EFT, lattice QCD and experiment provides consistent picture
for the whole family of states

=⇒ blueprint for other reactions

Oller and Meißner, PLB500(2001)263
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EFT for doubly heavy states
Schemes currently proposed (only initial work cited)—analogous to NN

Contact EFT: no pions AlFiky et al., PLB640(2006)238

X -EFT: pert. pions Fleming et al., PRD76(2007)034006

chiral EFT: non.-pert. pions Baru et al., PRD84(2011)074029

largest energy range of applicability
Pion dynamics fully under control =⇒ use this in what follows

Thus we solve LS-equation Du et al., PRD105(2022)014024

T = V + VGT with VLO =

Calculation scheme

C0

3S1 3S1+

OPE

3S1
3D1

3S1
3D1

VLO = →  
<latexit sha1_base64="mFjzUTs5LD7frB8AcX4jl2MNPsU=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVUY9BLx4j5AXZZemddJIhsw9mZgNhyZ948aCIV//Em3/jJNmDJhY0FFXddHeFqeBKO863VdrY3NreKe9W9vYPDo/s45O2SjLJsMUSkchuCAoFj7GluRbYTSVCFArshOOHud+ZoFQ8iZt6mqIfwTDmA85AGymw7WaQeyDSEVAvRA2zwK46NWcBuk7cglRJgUZgf3n9hGURxpoJUKrnOqn2c5CaM4GzipcpTIGNYYg9Q2OIUPn54vIZvTBKnw4SaSrWdKH+nsghUmoahaYzAj1Sq95c/M/rZXpw5+c8TjONMVsuGmSC6oTOY6B9LpFpMTUEmOTmVspGIIFpE1bFhOCuvrxO2lc196Z2/XRdrd8XcZTJGTknl8Qlt6ROHkmDtAgjE/JMXsmblVsv1rv1sWwtWcXMKfkD6/MHU4STeQ==</latexit>
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D⇤+
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⇡+
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⇥ �
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⇡+

D0, p(p̄)

⇥ �

D⇤0

D+

D⇤+
D0, p̄(p)

⇡+

D0, p(p̄)

⇥
<latexit sha1_base64="zR8BSk4w1lQ1peTiPjnODmYaA+M=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lIUY9FLx4rtLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurO9/e4W19Y3NreJ2aWd3b/+gfHjUNirVlLWoEkp3QmKY4JK1LLeCdRLNSBwK9hCOb2f+wxPThivZtJOEBTEZSh5xSqyT2s1+hvG0X674VX8OtEpwTiqQo9Evf/UGiqYxk5YKYkwX+4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKTpzygBFSruSFs3V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqkFVo9joacM2oFRNHCNXc3YroiGhCrQuo5ELAyy+vkvZFFV9Wa/e1Sv0mj6MIJ3AK54DhCupwBw1oAYVHeIZXePOU9+K9ex+L1oKXzxzDH3ifPwzjjsw=</latexit>

T11

<latexit sha1_base64="EXDENyoO5psd7NdETA219TUD77E=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSoh6JXjxiAgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSec3M39zhNVmknRMtOEBjEeCRYxgo2V/NYgq3mzQbniVt0F0DrxclKBHM1B+as/lCSNqTCEY617npuYIMPKMMLprNRPNU0wmeAR7VkqcEx1kC2unaELqwxRJJUtYdBC/T2R4VjraRzazhibsV715uJ/Xi810U2QMZGkhgqyXBSlHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/XldeLXqt5Vtf5QrzRu8ziKcAbncAkeXEMD7qEJbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOaY7N</latexit>

T21

! Production amplitude:

! Only two parameters to be fitted to the D0D0!+  mass spectrum: C0  and overall Norm

! LO potential:

27

employing the expansion parameter χ = Mπ/Λχ ≈ 0.1

@ LO : One to twp free parameters per isospin (for each cut off)

@ NLO: energy dep. & M2
π dependent counter terms + loops.

However, loops absorbed into counter terms Chacko et al. PRD 111 (2025)034042
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Example: Pentaquarks as Molecules
Predicted in phenomenological analysis J. J. Wu, R. Molina, E. Oset and B. S. Zou, PRL 105(2010), 232001

Various pion less EFT studies Nieves, Oset, Geng, Valderrama, ....

We applied pion full EFT & fit to data M. L. Du et al., PRL 124 (2020) 7, 072001

Potentially relevant thresholds:

Systematic study of pertinent channels — Idea:

Formation of states in Σ
(∗)
c D̄(∗) channels (elastic channels)

Aim at fitting experimental data for Λb → KpJ/ψ

Predictions for Λb → KΣ
(∗)
c D̄(∗) and Λb → Kηcp

Is there room for Λb → KΛcD̄(∗)? (Predicted by many models)
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Formalism

Total number of parameters without/with the ΛcD̄(∗) channels
elastic channels: Σ(∗)

c has j light = 1; D(∗) has j light = 1/2
=⇒ 2 counter terms with j light = 1/2 & j light = 3/2, respectively

J/ψp and ηcp: transitions in S and D wave
=⇒ 2 parameters for Σ(∗)

c D̄(∗) → p(J/ψ/ηc)

Λ
(∗)
c has j light = 0; D(∗) has j light = 1/2

=⇒ 1 parameter for ΛcD̄(∗) → Σ
(∗)
c D̄(∗)

1 (2) parameters for the promoted S − D counter terms

=⇒ 5 parameters (7 parameters) control the scattering,
but the 2 first are most important

.... and 7 parameters to control the production
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Results for Λb → KpJ/ψ data: LHCb, PRL122 (2019)222001

Data described well
(χ2/dof ≈ 1)

Without OPE two good fits
(different order of

the ΣD̄∗ states)

With OPE unique fit

Observe indications for
narrow Pc(4380)

=⇒ Fit provides 1 ΣcD̄, 1 Σ∗
c D̄, 2 ΣcD̄∗ and 3 Σ∗

c D̄∗ molecules
(compared to 10 for the diquark picture with different JP)

=⇒ basically 2 parameters fixed by fitting 3 states

=⇒ Not all show up in the data (importance of production vector?)
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Zooming in ....

Cont.

(I)

Data: LHCb
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Pc(4380) Spin symmetric couplings
give additional states

Source coupling of Σ∗
cD chan-

nel different from 0 by 1.7 σ

Its confirmation would provide
support for molecular picture!

three states still missing!!

The amount of spin symmetry violation is specific to the structure
=⇒ Molecules follow the thresholds!

M. Cleven et al., PRD92(2015)014005
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Signatures in elastic channels
Typical spectrum Du et al., JHEP 08 (2021) 157

strong threshold enhancement - unavoidable for hadronic molecules
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Signatures in inelastic channels
Du et al., JHEP 08 (2021) 157

For Σ(∗)
c D̄(∗) → ΛcD̄(∗) OPE + two add. para. (S-S and S-D)

ηcp channel similar to J/ψp
(spin symmetry!)

ΛcD̄(∗) final states
not constrained yet

Shown: Some typical
spectrum

Data even compatible with
very weak signal

(ΛcD̄→ΣcD̄)S−wave = 0
(ΛcD̄→Σ∗

c D̄)DS−wave = 0
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Summary and Perspectives
The recent and future data have the potential to allow us to identify the
prominent components in exotic states

to-do for experiment
Continue great performance! Especially needed:

data for different quantum numbers and
data for line shapes in different systems

to-do for theory
Provide more predictions for the different scenarios
in EFTs as well as lattice QCD
Go beyond most simple approaches
e.g. study interplay of regular quarkonia with exotics

potentially significant mixing
Kalashnikova et al., PRD80(2009)074004; Takizawa et al., PTEP(2013)093D01; Ortega et al., JPG 40(2013)065107;

Coito et al., EPJC73(2013)2351; Cincioglu et al., EPJC76(2016)576

negligible mixing
van Beveren et al., PLB641(2006)265; Hammer et al., EPJA52(2016)330, C.H. et al., PRD106(2022)114003

=⇒ Exploit further BOEFT and Dyson-Schwinger approaches

Thanks a lot for your attention
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