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• The fractions of the total sample due 

to the lower mass and higher mass 

states are (8.4 ± 0.7 ± 4.2)% and 

(4.1 ± 0.5 ± 1.1)%, respectively. 

• The significances of the lower mass 

and higher mass states are 9 and 12 

standard deviations, respectively. 



• The two 𝑷𝒄
+ states are found to have 

masses and widths of 
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   Γ𝑃𝑐 (4450) = 39 ± 5 ± 19 MeV 

• The fractions of the total sample due 

to the lower mass and higher mass 

states are (8.4 ± 0.7 ± 4.2)% and 

(4.1 ± 0.5 ± 1.1)%, respectively. 

• The significances of the lower mass 

and higher mass states are 9 and 12 

standard deviations, respectively. 

• The best fit solution has spin-parity 

𝑱𝑷 values of (3/2−, 5/2+).  

• Acceptable solutions are also found 

for additional cases with opposite 

parity, either (3/2+, 5/2−) or 

(5/2+, 3/2−). 



• The LHCb experiment at CERN’s Large Hadron Collider has reported the 

discovery of a class of particles known as pentaquarks.  
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• Unfortunately, the early proposed pentaquark 𝑢𝑢𝑑𝑑𝑠  was not observed in all 

available experiments. 



• Fortunately, several years later, many mesonic X, Y, Z particles have been 

observed at Belle, BaBar, BESIII and LHCb. X. Liu, Chin. Sci. Bull. 59, 3815 (2014) 



• Fortunately, several years later, many mesonic X, Y, Z particles have been 

observed at Belle, BaBar, BESIII and LHCb. 

• Below 1 GeV, the multiquark exotic states do not exist individually but mix with 

regular structures. Moreover, in a pentaquark component might exist in the total 

wave function of a nucleon. 

X. Liu, Chin. Sci. Bull. 59, 3815 (2014) 

C. Amsler and F. E. Close, Phys. Lett. B 353, 385 (1995) 

K. T. Chao, X. G. He and J. P. Ma, Phys. Rev. Lett. 98, 149103 (2007) 

B. S. Zou and D. O. Riska, Phys. Rev. Lett. 95, 072001 (2005) 



• Fortunately, several years later, many mesonic X, Y, Z particles have been 

observed at Belle, BaBar, BESIII and LHCb. 

• Below 1 GeV, the multiquark exotic states do not exist individually but mix with 

regular structures. Moreover, in a pentaquark component might exist in the total 

wave function of a nucleon. 

• States that decay into charmonium may have particularly distinctive signatures. 

X.-Q. Li and X. Liu, Eur. Phys. J. C74 (2014) 3198 

X. Liu, Chin. Sci. Bull. 59, 3815 (2014) 

C. Amsler and F. E. Close, Phys. Lett. B 353, 385 (1995) 

K. T. Chao, X. G. He and J. P. Ma, Phys. Rev. Lett. 98, 149103 (2007) 

B. S. Zou and D. O. Riska, Phys. Rev. Lett. 95, 072001 (2005) 



• Fortunately, several years later, many mesonic X, Y, Z particles have been 

observed at Belle, BaBar, BESIII and LHCb. 

• Below 1 GeV, the multiquark exotic states do not exist individually but mix with 

regular structures. Moreover, in a pentaquark component might exist in the total 

wave function of a nucleon. 

• States that decay into charmonium may have particularly distinctive signatures. 

• There were the theoretical predictions of hidden-charm pentaquarks: 

X.-Q. Li and X. Liu, Eur. Phys. J. C74 (2014) 3198 

J. J.Wu, R.Molina, E. Oset and B. S. Zou, Phys. Rev. Lett. 105, 232001 (2010) 

T. Uchino, W. H. Liang and E. Oset, arXiv:1504.05726 

M. Karliner and J. L. Rosner, arXiv:1506.06386 

X. Liu, Chin. Sci. Bull. 59, 3815 (2014) 

C. Amsler and F. E. Close, Phys. Lett. B 353, 385 (1995) 

K. T. Chao, X. G. He and J. P. Ma, Phys. Rev. Lett. 98, 149103 (2007) 

B. S. Zou and D. O. Riska, Phys. Rev. Lett. 95, 072001 (2005) 



• Fortunately, several years later, many mesonic X, Y, Z particles have been 

observed at Belle, BaBar, BESIII and LHCb. 

• Below 1 GeV, the multiquark exotic states do not exist individually but mix with 

regular structures. Moreover, in a pentaquark component might exist in the total 

wave function of a nucleon. 

• States that decay into charmonium may have particularly distinctive signatures. 

• There were the theoretical predictions of hidden-charm pentaquarks: 
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Following Studies 



The authors investigated the one-pion-exchange-based potentials 

for the Σc𝐷 
∗ and Σ𝑐

∗𝐷 ∗ systems: 



• 𝑷𝒄 𝟒𝟑𝟖𝟎  and 𝑷𝒄 𝟒𝟒𝟓𝟎  are first 

identified as the hidden-charm molecular 

pentaquarks Σc𝐷 
∗ with ( I=1/2, J=3/2 ), 

and Σ𝑐
∗𝐷 ∗ with ( I=1/2, J=3/2 ), 

respectively. 

• Their study indicates that there should exist 

a Σc𝐷 
∗ state with ( I=3/2, J=1/2 ) and a 

Σ𝑐
∗𝐷 ∗ state with ( I=3/2, J=1/2 ). 

• Besides the above predictions, they also 

investigated the hidden-bottom Σ𝑏
(∗)
𝐵 ∗ 

pentaquark and the Bc-like Σc
(∗)
𝐵 ∗ and 

Σ𝑏
(∗)
𝐷 ∗ molecular pentaquark systems 

which possess open charm and bottom 

quantum numbers. 



 

• The authors investigated the hidden 

charm state around 4450 MeV, called 

pentaquark 𝑷𝒄 𝟒𝟒𝟓𝟎 , which shows 

up as a clear peak, with a width of 

about 39±5±19 MeV. 

• They combined the information 

obtained from the experiment on the 

K-p invariant mass distribution close to 

threshold and the strength of the 

peak in the J/ψ-p spectrum. 



• “The non-trivial matching of so many 

pieces in this puzzle gives a strong 

support to our interpretation of the 

𝑷𝒄 𝟒𝟒𝟓𝟎  state found as a 

molecular state of mostly 𝐷 ∗Σc and 

𝐷 ∗Σ𝑐
∗ nature with isospin I = 1/2 

and spin parity 3/2−.” 

The contribution of the J/ψ-p final state interaction to the amplitude is 









 





Our Study through QCD Sum Rule 



Motivation 

• Conventional mesons 𝑞𝑞  and baryons 𝑞𝑞𝑞 

• QCD allows much richer hadron spectrum 

• Exotic hadrons: 

       glueballs                          𝐺𝐺, 𝐺𝐺𝐺 

       multiquark states               𝑞𝑞𝑞 𝑞 , 𝑞𝑞𝑞𝑞𝑞  

       hybrids                             𝑞𝑞 𝐺, 𝑞𝑞𝑞 𝑞 𝐺 

       hadron molecules                ,𝐷𝐷 ∗-, ,𝐷 ∗Σc- 



Quark Model 



Motivation 

• Light sector 

• Exotic in structure 

     light scalar mesons 𝜎(600), 𝜅(800), etc. 

 

• Exotic in quantum numbers 

     𝜋1(1400), 𝜋1(1600) with 𝐼𝐺𝐽𝑃𝐶 = 1−1− + 

 

• Heavy sector 

• Exotic in structure 

     charmonium-like resonances X(3872), etc. 

 

• Meson: Exotic in quantum numbers 

    charged charmonium-like resonances 𝑍𝑐(3900), Z(4430), etc. 

 

• Baryon: Exotic in quantum numbers 

    hidden-charm pentaquarks 𝑷𝒄 𝟒𝟑𝟖𝟎  and 𝑷𝒄 𝟒𝟒𝟓𝟎  

 

 

 



Hidden-Charm Pentaquarks 𝑷𝒄 𝟒𝟑𝟖𝟎 &𝑷𝒄 𝟒𝟒𝟓𝟎  

• 衰变末态  ݌ ߰/ܬ 

      同位旋 𝐼 = 1/2, 𝑆𝑈(3)𝐹味道八重态 

• Spin-parity 𝑱𝑷 values 3/2−&5/2+, 3/2+&5/2−, or 5/2+&3/2−. 

• Masses and widths 

      𝑀𝑃𝑐 (4380) = 4380 ± 8 ± 29 MeV            Γ𝑃𝑐 (4380) = 205 ± 18 ± 86 MeV 

      𝑀𝑃𝑐 (4450) = 4449.8 ± 1.7 ± 2.5 MeV     Γ𝑃𝑐 (4450) = 39 ± 5 ± 19 MeV 

 

 



A ,݌ ߰/ܬ- current 

,𝑐 𝑑(𝑥)𝛾𝜇𝑐𝑑(𝑥)-,𝜀
𝑎𝑏𝑐(𝑢𝑎

𝑇(𝑥)𝐶𝑑𝑏(𝑥))𝛾5𝑢𝑐(𝑥)- 

color indices 

flavor contents 



Two Configurations: 

    ,𝑐 𝑑𝑐𝑑-,𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐- and ,𝑐 𝑑𝑞𝑑-,𝜖

𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐- 

These two configurations, as if they are local, can be related 

to each other through 

• The Fierz transformation 

 

 

 

• The color rearrangement 

                        𝛿𝑑𝑒𝜖𝑎𝑏𝑐 = 𝛿𝑑𝑎𝜖𝑒𝑏𝑐 + 𝛿𝑑𝑏𝜖𝑎𝑒𝑐 + 𝛿𝑑𝑐𝜖𝑎𝑏𝑒 



Fierz Transformations 

(𝒒𝒒)(𝒒 𝒒 ) 

(𝒒𝒒 )(𝒒𝒒 ) 



Configuration ,𝑐 𝑑𝑐𝑑-,𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐- 

• There are three independent local 

light baryon fields of flavor-octet 

and having a positive parity: 

 

 

 

 

• Together with light baryon fields 

having negative parity and the 

charmonium fields: 

H. X. Chen, V. Dmitrasinovic, A. Hosaka, K. Nagata and S. L. Zhu,  

Phys. Rev. D 78, 054021 (2008) 

• We can construct the currents of the 

configuration ,𝑐 𝑑𝑐𝑑-,𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐-. 

• Those containing J=3/2 components are 

 

 

• Three of them of J=3/2&5/2 couple 

well to the combination of ܬ/߰ and 

proton 



Configuration ,𝑐 𝑑𝑞𝑑-,𝜖
𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐- 

• The currents of this type can not be systematically constructed so easily, so we 

just transform the previous currents to this configuration, and select those 

related to 𝐷/𝐷∗ and Λ𝑐/Σ𝑐/Σ𝑐
∗. 

• We shall investigate the following currents of J=3/2 

 

 

• We shall investigate the following currents of J=5/2 

 



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

parities through 
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QCD SUM RULE 

• 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. 



Quark and Gluon Level 

Hadron Level 

dispersion relation 

ρ 

s 0 M s0 

Quark-Hadron Duality 

s = -q2 

(Convergence of OPE) 

(Sufficient amount of Pole contribution) 

(Positivity) 

SVZ sum rule (Shifman 1979) 

(for baryon case) 

Π𝑝ℎ𝑦𝑠 𝑞2 = 𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2
 



 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 Rule 



Numerical Results 

• Technically, in the following analyses we use the terms proportional to 1 to 

evaluate the mass of 𝑷𝒄 𝟒𝟑𝟖𝟎  and 𝑷𝒄 𝟒𝟒𝟓𝟎 , which are then compared 

with those proportional to q to determine its parity. 

• We perform QCD sum rule analyses using 𝜂12𝜇
𝑐 c𝑢𝑢𝑑 = 𝜂1𝜇

𝑐 c𝑢𝑢𝑑 − 𝜂2𝜇
𝑐 c𝑢𝑢𝑑 and 

𝜂3*𝜇𝜈+
𝑐 c𝑢𝑢𝑑 of the ,𝑐 𝑑𝑐𝑑-,𝜖

𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐- configuration, but the results are not useful. 

• We also perform QCD sum rule analyses using 𝐽𝜇
𝐷 ∗Σ𝑐, 𝐽𝜇

𝐷 Σ𝑐
∗

, 𝐽*𝜇𝜈+
𝐷 ∗Σ𝑐

∗

, 𝐽*𝜇𝜈+
𝐷 Σ𝑐

∗

, and 

𝐽*𝜇𝜈+
𝐷 ∗Λ𝑐 of the ,𝑐 𝑑𝑞𝑑-,𝜖

𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐- configuration. 



Sum rule analyses using 𝐽𝜇
𝐷 ∗Σ𝑐 



The sum rule results results obtained using 𝐽𝜇
𝐷 ∗Σ𝑐, 𝐽𝜇

𝐷 Σ𝑐
∗

, and  𝐽*𝜇𝜈+
𝐷 ∗Σ𝑐

∗

 are 

The sum rules obtained using 𝐽*𝜇𝜈+
𝐷 Σ𝑐

∗

, and 𝐽*𝜇𝜈+
𝐷 ∗Λ𝑐 are not useful. However, 

their mixing gives a reliable mass sum rule 



Sum rule analyses using 𝐽*𝜇𝜈+
𝐷 Σ𝑐

∗&𝐷 ∗Λ𝑐 



Summary 

• We have performed a QCD sum rule investigation, by which the 𝑷𝒄 𝟒𝟑𝟖𝟎  and 

𝑷𝒄 𝟒𝟒𝟓𝟎  states recently observed by LHCb are identified as hidden-charm 

pentaquark states composed of anti-charmed meson and charmed baryon. 

• We use the interpolating current 𝐽𝜇
𝐷 ∗Σ𝑐 to perform QCD sum rule analysis. The result 

is consistent with the experimental mass of the 𝑷𝒄 𝟒𝟑𝟖𝟎  state, which supports the 

𝑷𝒄 𝟒𝟑𝟖𝟎  state as a ,𝐷 ∗Σ𝑐- hidden-charm pentaquark, and of quantum numbers 

𝑱𝑷 = 𝟑/𝟐−. 

• We use a mixed current 𝐽*𝜇𝜈+
𝐷 Σ𝑐

∗&𝐷 ∗Λ𝑐 to perform QCD sum rule analysis. The result is 

consistent the experimental mass of the 𝑷𝒄 𝟒𝟒𝟓𝟎  state, which implies a possible 

mixed hidden-charm pentaquark structure of the 𝑷𝒄 𝟒𝟒𝟓𝟎  state, as admixture of 

,𝐷 Σ𝑐
∗- and ,𝐷 ∗Λ𝑐-, and of quantum numbers 𝑱𝑷 = 𝟓/𝟐+. 




