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 Identifying exotic states is one of the most important issues of particle physics
 Various experimental signals provide us good platform to identify exotic state

Categorizations



Theoretical explanations of experimental signals

Resonant
 Conventional hadrons

 Exotic states
 Molecular states: 
loosely bound states composed of 
a pair of mesons/baryons; probably 
bounded by the pion exchange.

 Multiquark states: 
bound states of four/five/six quarks; 
bounded by colored-force between 
quarks; there are many states within 
the same multiplet.

 Hybrids: 
bound states composed of a pair of 
quarks and one valance gluon.

Non-Resonant
Many exotic states lie very close to open-
charm threshold; It’s quite possible that 
some threshold enhancements are not 
real resonances.
• Kinematical effect

• Opening of new threshold

• Cusp effect

• Final state interaction

• Interference between continuum 
and charmonium states

• Triangle singularity due to the 
special kinematics
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Meson Currents Diquark Currents
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Baryon Currents

a,b,c are color indices

A,B,C are flavor indices (q=u,d,s)

𝜖஺஻஼ denotes totally antisymmetric

𝑆௉
஺஻஽ denotes totally symmetric

Flavor: 3⨂3⨂3 ൌ 1⨁8 ⊕ 8⨁10

Color: 3⨂3⨂3 ൌ 1



The current well coupling to 
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以上构型满足local条件时会存在一定的关联：

• The Fierz transformation

• The color rearrangement

ௗ௘ ௔௕௖ ௗ௔ ௘௕௖ ௗ௕ ௔௘௖ ௗ௖ ௔௕௘

存在多种构型：

• 分子态构型一： 𝑐ௗ̅𝑐ௗ 𝜖௔௕௖𝑞௔𝑞௕𝑞௖

• 分子态构型二：ሾ𝑐ௗ̅𝑞ௗሿሾ𝜖௔௕௖𝑐௔𝑞௕𝑞௖ሿ

• 紧束缚五夸克态构型一：𝜖௔௕௖𝑐௔̅ 𝜖௕ௗ௘𝑐ௗ𝑞௘ ሾ𝜖௖௙௚𝑞௙𝑞௚ሿ

· · · · · ·



ሾ𝑐ௗ̅𝑐ௗሿሾ𝜖௔௕௖𝒖௔𝒖௕𝒅௖ሿ
𝜼

ሾ𝑐ௗ̅𝒖ௗሿሾ𝜖௔௕௖𝑐௔𝒖௕𝒅௖ሿ & ሾ𝑐ௗ̅𝒅ௗሿሾ𝜖௔௕௖𝑐௔𝒖௕𝒖௖ሿ
𝝃 &          𝝍



7个 分子态和对应的试探流：



Discussions on interpolating currents

• The current well describes the internal color, flavor, spin 
and orbital quantum numbers.

• The current well describes hadron’s internal symmetries, 
e.g, Pauli principle is automatically satisfied.

• A current can couple to different states, and different 
currents can couple to the same state.

• What happens if we diagonalize all the currents, given 
that the number of currents is more the number of states?
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• In sum rule analyses, we consider two-point correlation functions:

where η is the current which can couple to hadronic states.
• By using the dispersion relation, we can obtain the spectral density

• In QCD sum rule, we can calculate these matrix elements from QCD (OPE) and 
relate them to observables by using dispersion relation.

QCD Sum Rules



Quark and Gluon Level

Hadron Level

dispersion relation

ρ

s0 M s0

Quark-Hadron Duality

s = -q2

(Convergence of OPE)

(Sufficient amount of Pole contribution)

(Positivity)

SVZ sum rule (Shifman 1979)

(for baryon case)
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 Borel transformation to suppress the higher order terms:

 Two parameters

MB ,    s0

We need to choose certain region of (MB, s0).

 Criteria

1. Stability

2. Convergence of OPE

3. Positivity of spectral density

4. Sufficient amount of pole contribution

QCD Sum Rules



Parity of Pentaquark
• Assuming 𝑱 is a pentaquark current, 𝜸𝟓𝑱 is its partner having the opposite parity.

• They can couple to the same physical state through

൏ 0| 𝑱 |𝑃ሺ𝑞ሻ ൐ ൌ 𝑓௉𝑢ሺ𝑞ሻ ,      ൏ 0| 𝜸𝟓𝑱 |𝑃 𝑞 ൐ ൌ 𝑓௉𝜸𝟓𝑢 𝑞 .

• The same pentaquark current 𝑱 can couple to states of both positive and negative 
parities through

൏ 0| 𝑱 |𝑃ሺ𝑞ሻ ൐ ൌ 𝑓௉𝑢ሺ𝑞ሻ ,      ൏ 0| 𝑱 |𝑃ᇱ 𝑞 ൐ ൌ 𝑓௉ᇲ𝜸𝟓𝑢ᇱ 𝑞 .

where |𝑃ሺ𝑞ሻ ൐ has the same parity as 𝑱, while |𝑃ᇱ 𝑞 ൐ has the opposite parity.

௉
ଶ

ଶ ଶ ௉
ଶ

ଶ ଶ

Y. Chung, H. G. Dosch, M. Kremer and D. Schall, Nucl. Phys. B 197, 55 (1982)

D. Jido, N. Kodama and M. Oka, Phys. Rev. D 54, 4532 (1996)

Y. Kondo, O. Morimatsu and T. Nishikawa, Nucl. Phys. A 764, 303 (2006)

K. Ohtani, P. Gubler and M. Oka, Phys. Rev. D 87, no. 3, 034027 (2013)



The sum rule results obtained using ఓ
஽ഥ∗ஊ೎ are:



QCD sum rule results

Uncertainties not enough to extract binding energies 



QCD sum rule results
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Current algebra results
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Fierz transform results



Our results



LHCb, PRL 122, 222001 (2019)



LHCb, PRL 122, 222001 (2019)

𝒕 ൎ 𝟏:



Uncertainties:

Masses from QCD sum rules              X േ 5%

Decays                                            Xିହ଴%
ାଵ଴଴%

Productions                                       Xି଺଺%
ାଶ଴଴%

R2 Xି଻ହ%
ାଷ଴଴%

LHCb, PRL 122, 222001 (2019)

𝒕 ൎ 𝟏:



𝐷ሺ∗ሻ𝐷ഥሺ∗ሻ molecules 𝐷ሺ∗ሻ𝐷௦
∗ ି molecules



𝐷ሺ∗ሻ𝐷ഥሺ∗ሻ molecules 𝐷ሺ∗ሻ𝐷௦
∗ ି molecules

𝐽/𝜓𝜋 𝐽/𝜓𝐾







Summary

• We studied mass spectra of Pc states through QCD sum rules.

• We studied their productions in ௕ decays through current algebra.

• We studied their decays through Fierz transformation.


