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LHCb presentation

 and  associated productionK− p̄
𝑷 +

𝒄  [𝒄𝒄̄𝒖𝒖𝒅]

 𝑷 𝟎
𝒄𝒔 [𝒄𝒄̄𝒖𝒅𝒔]

 S =
1
2

• We divide the spectrum 
according to strangeness 
content.

• Data suggests two different 
type of production: in 
association with a  or with 
an .

𝐾−

𝑝̄

• Pentaquark seems to appear 
in triplet

Can we build a model 
to account for these 
properties?
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B A R Y O - C H A R M O N I U M  
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Require Fermi Statistics for the three identical light quarks. 
The energy values of these three quarks depend on their total spin: 
this is exchange interaction (not there for spins higher than ).1/2

Under exchange the spin wf  of two particles gets .  
Statistics requires  to get  so that  
  is even(odd) if  is even(odd). 

ψspin (−1)2s+S

Ψ( = ψspin ψcoord) (−1)2s

ψcoord. ∼ (−1)S ⇒ L S



F E R M I  S TAT I S T I C S
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If we include color-flavor: Ψ = ψcol−flav ψspin ψcoord

A S S A

A S A S

A A A A

A A S S

Ψ ψcol−flav ψspinψcoord

On the use of Fermi statistics for pentaquarks see 
L. Maiani, ADP, V. Riquer  Eur. Phys. J. C83 (2023) 5, 378 



E X C H A N G E  I N T E R A C T I O N
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ψcoord(r1, r2) =
1

2
(ϕ1(r1)ϕ2(r2) ± ϕ1(r2)ϕ2(r1))

⟨U⟩ψcoord
= ∫ ψ*coord(r1, r2) U(r1 − r2) ψcoord(r1, r2) d3r1 d3r2

⟨U⟩ψcoord
= C ± J

Symmetric in coordinates i.e.     in a pair of fermions ( ) 
     

+ ⇒ S = 0 S = 0,1
⇒ S(S + 1) − 1 = − 1 ⇒

Color-flavor symmetric case:

+J = ⟨V⟩ψspin
= ⟨− ∑

pairs

Jab ( 1
2

+ 2Sa ⋅ Sb)
S(S+1)−1

⟩



E X C H A N G E  I N T E R A C T I O N
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Determine the exchange splitting of the energy levels of a system 
of three quarks (treating the interaction as a perturbation)

Jab = ∫ (ϕa(ra)ϕb(rb))* U(ra − rb) (ϕa(rb)ϕb(ra)) d3ra d3rb

ΔE1/2 = ± J2
12 + J2

13 + J2
23 − J12J13 − J12J23 − J13J23

ΔE3/2 = − J12 − J13 − J23

Coordinates anti-symm. i.e.     in a pair of fermions ( ) 
     

− ⇒ S = 1 S = 0,1
⇒ S(S + 1) − 1 = + 1 ⇒

−J = ⟨V⟩ψspin
= ⟨− ∑

pairs

Jab ( 1
2

+ 2Sa ⋅ Sb)
S(S+1)−1

⟩



C O L O R - F L AV O R
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In the case the color-flavor is anti-symmetric, change the sign in the 
definition of the exchange potential  .V

Let  be flavor indices and  color indices. Requiring both color  
and flavor to be in the adjoint representation we can form the tensor

a, b, c α, β, γ

Aabc
αβγ = ψ[a

α ψb]
β ψ c

γ − ψ[a
β ψb]

γ ψ c
α = ψa

(αψb
β)ψ

c
γ − ψa

(βψb
γ)ψ

c
α

anti-symmetric  under the exchange of any two  quarks provided that 

ψa
αψb

β = − ψb
βψa

α



C O L O R - F L AV O R
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Similarly we can form the symmetric color-flavor tensor

This is symmetric under the exchange of any two quarks, provided that

Sabc
αβγ = η[a

α ηb]
β ηc

γ − η[a
β ηb]

γ ηc
α = ηa

[αηb
β]η

c
γ − ηa

[βηb
γ]η

c
α

ηa
αηb

β = + ηb
βηa

α

This allows to make the baryon octet: assume that tensor  represents  
the flavor octet with spin indices . Assign additional color indices  
and anti-symmetrize in color 

S
α, β, γ

ηai
α ηbj

β = ηbi
β ηaj

α = − ηbj
β ηai

α

𝒮abc
αβγ = ϵijk(ψai

[αψbj
β]

ψ ck
γ + ψai

[γ ψbj
β]

ψ ck
α ) = Bacb

αγβ

so that we can use . Spin-flavor (S) color (A)η → ψ
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Sabc
αβγ ⟶ P

Aabc
αβγ ⟶ P̃

for  or  pentaquarks produced in association  
with a kaon  and

(J/ψ p) (J/ψ Λ)
K−

 or  pentaquarks produced in association with an   
anti-proton ; in this case change the sign in the definition of the  
exchange potential .

(J/ψ p) (J/ψ Λ)
p̄

V

We assign

 A N D   P E N TA Q U A R K SP P̃
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Let us consider the case   in the color-flavor configuration .qqq = uud S

S121
αβγ = u[αdβ]uγ + u[γdβ]uα

since the  cannot be anti-symmetric in flavor space.  
The pentaquark contains the light quarks  and  with the   
quarks,  and ,  in a color symmetric (repulsive) representation  
and   in color attractive, anti-symmetric pairings. 
Therefore we require

uu
uα, dβ uγ u

uα uγ
ud

Juu
S = −

1
2

Jud
A

J12 = Juu
S > 0 J13 = J23 = Jud

A < 0

 P E N TA Q U A R K S  O F  T H E   K I N DP (J/ψ p)

(C6 − 2C3) = − 1/2(C3 − 2C3)



 P E N TA Q U A R K S  O F  T H E   K I N DP (J/ψ p)
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Assume that the ordering in mass corresponds to the lower one being  
spin  and the higher two being  and  respectively. Then we  
have to solve the simultaneous equations

1/2 3/2 1/2

MPc
(4457) − MPc

(4312) = 2 |Juu
S − Jud

A |

MPc
(4440) −

1
2

(MPc
(4312) + MPc

(4457)) = − Juu
S − 2Jud

A

Juu
S = 29.9+2.5

−2.8 MeV Jud
A = − 42.8+2.4

−1.6 MeV

Juu
S

Jud
A

= − 0.7 ± 0.1

A solution can be found



 P E N TA Q U A R K S  O F  T H E   K I N DP (J/ψ Λ)
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Using the same methods we can study the strange pentaquarks. 
One has been observed and two more are predicted. 

Pcs(4459) Predictions: P′￼cs, P′￼′￼cs



 P E N TA Q U A R K S  O F  T H E   K I N D  P̃ (J/ψ Λ, p)
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Assuming that the color-flavor of the spectator  pair is kept in  
the final state, the process   is expected  to be suppressed,  
as suggested by observation: the  in  is in a CF-symmetric 
configuration as opposite to  as described by

ud
Λ0

b → P̃c K−

[ud]0 Λ
P̃

Audu
αβγ = u(αdβ)uγ − u(γdβ)uα



 A N D   P E N TA Q U A R K S  &  C O N C L U S I O N SP P̃
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The spin ordering  is a main prediction.(1/2, 3/2, 1/2)


