
Pentaquark spectrum from 
Fermi statistics

29/02/2024 QWG 2024 IISER 1

D. Germani, A. D. Polosa, F. Niliani, A Simple Model of Pentaquarks (almost there)

L. Maiani, A. D. Polosa, V. Riquer, The Pentaquark Spectrum from Fermi Statistics arXiv:2303.04056 [hep-ph]

Davide Germani

Based on:



Outline
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• Overview of the current situation;

• Fermi Statistics and BO approximation: what do they tell us?

• A simple model for pentaquarks

o QCD couplings and Fierz Relations

o BO approximation: Consistency Condition

o Some results

o A different point of view

o Our ‘Hadro-Charmonia’ model: the role of the exchange interaction

o Some results (part two)



Current situation
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R. Aaij et al. arXiv:1904.03947 [hep-ex] (2019), R. Aaij et al. arXiv:2012.10380v2 [hep-ex] (2021), R. Aaij et al. arXiv:2210.10346 [hep-ex] (2021), R. Aaij et al. arXiv:2108.04720 [hep-ex] (2022)



Starting Point
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We will consider a Pentaquark made of 𝑐 ҧ𝑐𝑢𝑢𝑑. The natural choice is to assume the heavy quark-antiquark pair to
be in a color octet, coupled to the light quarks to make an overall color singlet

(Color part)

This table can be derived from the
group 𝑆3 of the six permutations of
three elements



QCD couplings and Fierz Relations
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L. Maiani, A. Pilloni, A.D. Polosa, V. Riquer Doubly Heavy Tetraquarks in the Born-Oppenheimer approximation arXiv:2208.02730v2 [hep-ph]

L. Maiani, A.D. Polosa, V. Riquer The Hydrogen Bond of QCD arXiv:1903.10253v2 [hep-ph]

G. S. Bali QCD forces and heavy quark bound states arXiv:hep-ph/0001312



BO Approximation
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1.

2.

Quarks of different flavor in the same orbital must share the same QCD 
coupling to the heavy quarks at the center of the orbital

Consistency Condition



Where is the Fermi statistics?
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Flavor+ Spin

The light quarks must respect the Fermi statistics

S. Capstick and W. Roberts arXiv:nucl-th/0008028 [nucl-th].



One Orbital Case
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‘Gauge Fixing’: 𝑑3 = 𝑑

NOT POSSIBLE

≠

≠



Two Orbital Case
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We can demonstrate that there are few possible combinations.

𝟓𝟔: (𝟖, 1/2) 𝟓𝟔: (𝟖, 1/2) 20: (𝟖, 1/2)&

Assuming that the lower state has 𝑆𝑞𝑞𝑞 = 1/2



Conclusion (1)
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Combining the spin 1/2 of light quarks with 𝑐 ҧ𝑐 total spin (0, 1) we obtain three pentaquarks octets with spin compositions:
2(𝟖, 1/2) + (𝟖, 3/2). We expect therefore three pentaquark lines for both S = 0 (strangeness) and S = −1, with

The two alternatives, 56 or 20, are distinguished by presence or absence of pentaquarks decaying into spin 3/2 resonances,
e.g.

2.

3.

Further study can be conducted by applying the BO approximation to compute the mass differences with respect to the 
ground state, i.e., those due to the hyperfine interactions.

4.

1. What I have shown applies to a proton-like pentaquark, but one can easily introduce strangeness by simply considering the
substitution 𝑢2 → 𝑠 and using the rising (or lowering) operator of 𝑉spin.



A different point of view
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𝑷𝒄
+ [𝒄ത𝒄𝒖𝒖𝒅]

𝑷𝒄𝒔
𝟎  [𝒄ത𝒄𝒖𝒅𝒔] 

S =
1

2

• We divide the spectrum according to 
strangness content.

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

• Pentaquark seems to appear in triplet

Can we build a model to account 
for these properties?



An ‘Hadro-Charmonia’ Model
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𝟖𝐂

𝟖𝐂

𝒄

ത𝒄

𝒒

𝒒

𝒒

• The starting point is more or less the same of the Born-Oppenheimer 
approach. We consider the 𝑐 ҧ𝑐 system in a color octet as well as the three 
light quarks sysyem;

• Fermi statistics for ligth quarks;

Interacting fermions…
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Exchange Interaction! Three Fermions Case

Generalization of the well known two fermions case

The potential has three distinct eigenvalues



An ‘Hadro-Charmonia’ Model
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𝟖𝐂

𝟖𝐂

𝒄

ത𝒄

𝒒

𝒒

𝒒

• The starting point is more or less the same of the Born-Oppenheimer 
approach. We consider the 𝑐 ҧ𝑐 system in a color octet as well as the three 
light quarks sysyem;

• Fermi statistics for ligth quarks;

• Exchange Interaction. But to use to use the exchange interaction, we
need to have a precise symmetry on the spin-orbital part which means
a complete symmetry in the color-flavor sector

(flavor)



Symmetrc and Antisymmetric Combination
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1.

2.



Baryon Octet Matrix
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Baryon Operator

H. Georgi, Lie algebras in particle physics. From isospin to unified theories

We consider the greek letters to be spin indices and the latin letters to be flavor ones



Symmetric and Antisymmetric Combination
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1.

2.

The diquark 𝑢𝑑 has initially 𝑢𝑑 3𝐹 0𝑆

ഥ3𝑐  (good diquark) so it means that 

is in a symmetric configuration wrt color-flavor. We assume that the 
color-flavor symmetry is preserved in the process so we choose the 𝑆 
tensor for the pentaquarks produced in association with 𝐾−.

෨𝑃

𝑃
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• Fermi statistics for ligth quarks

• Exchange Interaction

𝟖𝐂

𝟖𝐂

𝒄

ത𝒄

𝒒

𝒒

𝒒

Color-Flavour Spin-Orbital

A

S

S

A

+

• J couplings:

qq interactions in one gluon 
exchange approximation + 

Experimental 
Data

Our ‘Hadro-Charmonia’ model

+ Spin assignment
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Conclusion (2)

𝑷𝒄𝒔
𝟎 (𝟒𝟒𝟓𝟗)

Theoretically 
predicted

R. Aaij et al. arXiv:2012.10380v2 [hep−ex]

Ξb
− → J/ψΛ K−

We have the spin prediction for these particles. Each triplet is 
ordered from top to bottom with 𝑺 = 𝟏/𝟐, 𝟑/𝟐, 𝟏/𝟐.
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Please be kind with the questions
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Backup
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The 𝑺𝟑 2d representation

𝑎 ⇆ 𝑏 𝑎 ⇆ 𝑐 𝑏 ⇆ 𝑐
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The spin 1/2 octet of 56

It can be recast

This tensor has to be combined with

We may bring the 𝑑𝑖 in the same position. One obtains the superposition of three replicas which are cyclical permutations of 
the assignments of u and d flavours to quarks 1, 2, 3. In practical calculations, we may decide that the d flavour is in quark 𝑞3
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Young Tableau

(Anti-) Symmetric 
under the exchange of 

any pair 
e.g. (𝒊, 𝒂) (𝒃, 𝒋) 
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J parameters: how do we fit

S = 
𝟏

𝟐
S = 

𝟑

𝟐
S = 

𝟏

𝟐

1.

2.

3.

𝑷𝒄
+ [𝒄ത𝒄𝒖𝒖𝒅]

We search for a solution of the sistem that respects 
the constraints on the sign an ratio of the couplings.
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