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HEXAQUARKS

Many interesting particles: 
Deuteron and its cousins, Diproton (Helium 2), Neutronium 
H-dibaryon, all-charm dibaryons

Study spectrum from quark and gluon level

Talk Gernot Eichmann Wuppertal 2024
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HEXAQUARKS

Many interesting particles: 
Deuteron and its cousins, Diproton (Helium 2), Neutronium 
H-dibaryon, all-charm dibaryons

Study spectrum from quark and gluon level
Investigate Microscopic origins of  
short-range nuclear force

Talk Gernot Eichmann Wuppertal 2024



FUNCTIONAL FRAMEWORK

Fully relativistic
Non-perturbative
Exact QCD n-point functions (need to be truncated later)
Flexible framework

Easily adjustable regarding different quark flavours and tensors
Evaluate importance of different diagrams for the equation
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FUNCTIONAL FRAMEWORK

Properties of Hadrons from Hadronic bound state equations

Full quark  
propagators 
as input

with  λ(P2 = − M2) = 1

λ(P2) Γ = KG Γ

λ(P2)



FUNCTIONAL FRAMEWORK

As an input: quantum equations of motion  Dyson-Schwinger 
equations

→

�1
=

�1

+

�1

=
�1

+ + +

+ + +

= + + + +



FUNCTIONAL FRAMEWORK

As an input: quantum equations of motion  Dyson-Schwinger 
equations

Quark-Gluon vertex + Gluon DSE  effective gluon exchange

→

→
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FUNCTIONAL FRAMEWORK

Properties of Hadrons from Hadronic bound state equations

with  λ(P2 = − M2) = 1

𝐾 = 𝛼(𝑘2)

Two-body  
interactions

λ(P2) Γ = KG Γ

λ(P2)



HEXAQUARK BSE
Baryon-Baryon dynamics

“Compact” 
hexaquark
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HEXAQUARK BSE

 Baryon-Baryon combinations:10
(123)(456)
(124)(356)

(125)(346)
(126)(345)

(134)(256)
(135)(246)

(136)(245)
(145)(236)

(146)(235)
(156)(234)

Huang, Weldon, PRD 11 (1975) 
Kvinikhidze, Khvedelidze, Theor.Math.Phys. 90 (1992)



SIX-QUARK BSA

Overall BSA needs to be antisymmetric under quark exchange 
 Express in terms of irreducible representations of   

antisinglet 
→ S6 →

1̄

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF



PERMUTATION GROUP S6

 elements:  , …
Transposition : 
Cyclic permutation :  

Generate group 

720 f123456

T 1 ↔ 2
C

1 → 2 → … → 6 → 1
S6 = ⟨T, C⟩



PERMUTATION GROUP S6

 elements:  , …
Transposition : 
Cyclic permutation :  

Generate group 
Use   Hexagons connected by 

720 f123456

T 1 ↔ 2
C

1 → 2 → … → 6 → 1
S6 = ⟨T, C⟩

C6 →120 T



PERMUTATION GROUP S6

 elements:  , …
Transposition : 
Cyclic permutation :  

Generate group 
 Hexagons connected by 

Repeat   
  “plaquettes” with 8 elements

720 f123456

T 1 ↔ 2
C

1 → 2 → … → 6 → 1
S6 = ⟨T, C⟩

120 T
C3 T

→ 90
Eichmann, JH, in preparation



Chessboard Planes
 plaquettes  elements18 → 144

CHESSBOARD PLANES FOR S6

Eichmann, JH, in preparation
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 unique Chessboard Planes with  “plaquettes”
Pick  “plaquettes” per Chessboard Plane  get all  once
10 18

9 → 90

Eichmann, JH, in preparation



CHESSBOARD PLANES FOR S6

 unique Chessboard Planes with  “plaquettes”
Pick  “plaquettes” per Chessboard Plane  get all  once
Sum elements to get explicit expressions of irreducible 
representations of 

10 18
9 → 90

S6

Eichmann, JH, in preparation



IRREDUCIBLE REPRESENTATIONS OF S6

1̄ 5̄ 9̄ 5̄′￼ 10 16

5′￼ 10 9 5 1

𝒜 𝒱− 𝒩− 𝒬− 𝒟− 𝒳

𝒱+𝒬+ 𝒟+ 𝒩+ 𝒮



SIX-QUARK BSA

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

Overall BSA needs to be antisymmetric under quark exchange 
 Express in terms of irreducible representations of   

antisinglet 
→ S6 →

1̄
MD ⊗ MC ⊗ MF = 1̄

Eichmann, JH, in preparation



SIX-QUARK BSA

5̄′￼

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

ΓC = εAiAjAk εAlAmAn

Eichmann, JH, in preparation



SIX-QUARK BSA

5

5′￼ 9

1Qi Qj Qk Ql Qm Qm = u u d u d d

I = 3 I = 2

I = 0 I = 1Deuteron

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF
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SIX-QUARK BSA

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

Example Deuteron:

Restrictions on representations  for Dirac part of BSA 
MD ⊗ MC ⊗ MF = MD ⊗ 5̄′￼⊗ 5′￼

!= 1̄
MD

Eichmann, JH, in preparation



SIX-QUARK BSA

Number of needed Dirac tensors 
 for    -wave
 for    -wave

Lorentz invariants :
Singlet:         Quintets: ,            Nonet: 

N
4096 J = 0 → 320 S
12288 J = 1 → 576 S

Ω
𝒮0 𝒱+

1 𝒱+
2 𝒩+

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

Eichmann, JH, in preparation



SIX-QUARK BSA

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

Strategy for solution:
Neglect “subleading” Lorentz invariants

 
Dynamic three-body pole generation in 
“Physical basis” Ansatz:

fi(𝒮0, 𝒱+
1 , 𝒱+

2 , 𝒩+) → fi(𝒮0, 𝒩+)
𝒩+

fi(𝒮0, 𝒩+) → fi(𝒮0) ⋅ P1 ⋅ P2 Eichmann, JH, in preparation



SIX-QUARK BSA

Γ(μ)(k, q, p, r, l, P) =
N

∑
i=1

fi(Ω) τ(μ)
i (k, q, p, r, l, P) ⊗ ΓC ⊗ ΓF

“Physical” BSA:

i < j < k & l < m < nwith

Combine dominant  
-wave tensors of  

baryons,  
e.g., nucleon and 

S

Δ

Eichmann, JH, in preparation



CONCLUSION & OUTLOOK

Construct hexaquark BSA using the “physical” Ansatz and in terms 
of the  multiplets
Calculate the dibaryon spectrum numerically

E.g., Deuteron and cousins, H-dibaryon, all-charm dibaryons
Investigate the internal structure

S6


