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Introduction

• 1964: Quark model by Gell-Mann and Zweig.
Difference between conventional and exotic states

• JPC = 0−−, P = (−1)L+1, C = (−1)L+S ∈ {0+−, 1−+, · · · }.
• Electric charge content.
• Same JPC and approximately mass but decays in unexpected

channels.

• 2003: Exotic state X (3872) in 2003 in Belle [Col03].
• 2011-2021: New hadrons measured in LHC [EPP17].
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Introduction

• 1964: Quark model by Gell-Mann and Zweig.
• 2003: Exotic state X (3872) in 2003 in Belle [Col03].
• 2011-2021: New hadrons measured in LHC [EPP17].

[Col03] Belle Collaboration. Observation of a narrow charmoniumlike state in exclusive
B± → K±π+π−j/ψ decays.
Phys. Rev. Lett., 91:262001, Dec 2003

[EPP17] A. Esposito, A. Pilloni, and A.D. Polosa. Multiquark resonances.

Physics Reports, jan 2017
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Overview

• LHCb measurements in 2015 & 2019. [Col15, Col19]

[Col15] LHCb Collaboration. Observation of j/ψp resonances consistent with pentaquark states in
�0b → j/ψK−p decays.
Phys. Rev. Lett., 115:072001, Aug 2015

[Col19] LHCb Collaboration. Observation of a narrow pentaquark state, Pc (4312)
+, and of the two-peak

structure of the Pc (4450)
+.

Phys. Rev. Lett., 122:222001, Jun 2019

• Different approaches
• Reviews: [EPP17, CCLZ16, LMS17, OSZ18, GHM+18, ALS17]

• One-gluon exchange: [DRGG75, CIK79, GI85, CI86]

• Goldstone-boson exchange: [SPG98, WGPV00, MPS08]

• Lattice [ABC+17, SP19]
[CI86] Maurizio Alberti, Gunnar S. Bali, Sara Collins, Francesco Knechtli, Graham Moir, and

Wolfgang Söldner. Hadroquarkonium from lattice qcd.
Phys. Rev. D, 95:074501, Apr 2017

[WGPV00] R.F. Wagenbrunn, L.Ya. Glozman, W. Plessas, and K. Varga. Extension of the gbe
chiral constituent quark model.
Nuclear Physics A, 666-667:29–32, 2000.

The Structure of the Nucleon

• Bethe-Salpeter approach
• Baryons Review:[ESAW+16]

• Tetraquarks: [EFH+20]
[ESAW+16] Gernot Eichmann, Christian S. Fischer, Walter Heupel, Nico Santowsky, and Paul C.

Wallbott. Four-quark states from functional methods.

Few-Body Systems, 61(4), oct 2020
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Our goal

• Calculate the properties of Pentaquarks using nonperturbative
functional methods, combination of Dyson-Schwinger
equations and Bethe-Salpeter equations.
[ESAW+16], [EFH+20]

Kψi = λiψi

dim K memory
Mesons 103 20Mb
Baryons 108 107Gb

Tetraquarks 1013 1018Gb

• Solve the 5-body equation.
• Solve and compare with 2-body system.
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Our goal

• Calculate the properties of Pentaquarks using nonperturbative
functional methods, combination of Dyson-Schwinger
equations and Bethe-Salpeter equations.

• Solve the 5-body equation.

• Solve and compare with 2-body system.
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Dyson-Schwinger Equation for Quark Propagator

S(p)−1 =Z2(i/p + m0) + Σ(p), Dµν =
Z (k2)

k2
Tµν

k

Σ(p) =− 4g2

3
ZΓ

∫
q

iγµS(q)Dµν(k)Γν(l , k)

• Rainbow-Ladder Truncation
• Effective interaction
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Bethe-Salpeter equation for Mesons

• The quark-antiquark bound state amplitude Γ(p,P)

Γαβ(p,P) =

∫ Λ

q
Kαγ,δβ(p, q,P) {S(q+)Γ(q,P)S(−q−)}γδ

• Pseudo-scalar and vector meson amplitudes
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Bethe-Salpeter equation for Mesons

• The quark-antiquark bound state amplitude Γ(p,P)
• Pseudo-scalar and vector meson amplitudes

Γ(p,P) =

4∑
k=1

f ps
k (q2, z ,P2)

{
iγ5τk(q,P)

}
⊗ δAB√

3
⊗ re

ab,

Γµ(q,P) =

12∑
k=1

f vc
k (q2, z ,P2)

{
iτµk (q,P)

}
αβ

⊗ δAB√
3
⊗ re

ab
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Bethe-Salpeter equation: examples

• Eigenvalue spectrum for Pion (0−+) and Rho (1−−)
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Conclusion & Outlook

• We studied the quark propagator with different methods in
the complex plane.

• We calculated the BSE for mesons/diquarks in different basis.
• Work the tensor basis for a Pentaquark in the 5-body BSE

and for a molecule picture.
• Calculate structure observables of pentaquarks such as their

electromagnetic form factors, which could be measured in
future experiments (LHCb, Amber).
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Thanks!
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[ABC+17] Maurizio Alberti, Gunnar S. Bali, Sara Collins,
Francesco Knechtli, Graham Moir, and Wolfgang
Söldner.
Hadroquarkonium from lattice qcd.
Phys. Rev. D, 95:074501, Apr 2017.

[ALS17] Ahmed Ali, Jens Sören Lange, and Sheldon Stone.
Exotics: Heavy pentaquarks and tetraquarks.
Progress in Particle and Nuclear Physics, 97:123–198,
2017.

[CCLZ16] Hua-Xing Chen, Wei Chen, Xiang Liu, and Shi-Lin
Zhu.
The hidden-charm pentaquark and tetraquark states.
Physics Reports, 639:1–121, 2016.
The hidden-charm pentaquark and tetraquark states.
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Baryons in a relativized quark model with
chromodynamics.
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[Col03] Belle Collaboration.
Observation of a narrow charmoniumlike state in
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