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Experimental status of Pc(4380) and Pc(4450)
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The measured invariant mass spectra

4

LHCb performed the 
analysis of the above 

experimental data

Clear signal of Λb



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

discovery of a class of particles known as pentaquarks. 



A summary of the observed XYZ states

In past decade, more and more XYZ states have been reported 
by experiments

BaBar, Belle, CDF, D0, CLEOc, LHCb, CMS, BESIII
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X. Liu, Chin. Sci. Bull., 59: 3815–3830 (2014)



• 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.

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)

• 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−+

• Six-quark state d*(2380)

• 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

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



Theoretical studies

• Some earlier studies

• Studies at the hadron level

one-boson exchange model

• Studies at the quark-gluon level

QCD sum rule



The history of multiquark states

Phys.Lett. 8 (1964) 214-215

The muliquark states were predicted at the birth 
of Quark Model 



Quark Model



The hadron with four quarks plus one antiquark was developed  by Strottman in 1979 

PRD 15 (1977) 267

PRD 20 (1979) 
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• There hidden-charm pentaquarks are studied in the chiral unitary appraoch:

• Especially, the hidden-charm molecular baryons of 𝑰 𝑱𝑷 =
𝟏

𝟐
(
𝟑

𝟐

−
) were first 

investigated and predicted to exist within the one boson exchange model in

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

Z. C. Yang, Z. F. Sun, J. He, X. Liu and S. L. Zhu, Chin. Phys. C 36, 6 (2012)

• More references:

isospin-exchange attraction

kaon-induced reaction Xiao-Yun Wang, Xu-Rong Chen, Eur.Phys.J. A51 (2015) 7, 85

photoproduction
Yin Huang, Jun He, Hong-Fei Zhang, Xu-Rong Chen, 

J.Phys. G41 (2014) 11, 115004 

hyperfine interaction
S. G. Yuan, K. W. Wei, J. He, H. S. Xu, B. S. Zou, 

Eur.Phys.J. A48 (2012) 61 

W.L. Wang, F. Huang, Z.Y. Zhang, and B.S. Zou, 

Phys.Rev. C84 (2011) 015203 
chiral quark model



Identify exotic hidden-charm 
pentaquarks 
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The peculiarity of two Pc states:

• The masses of Pc(4380) and Pc(4450) are close to the 
Σc(2455)D* and Σc*(2520)D* thresholds, respectively. 

• According to their final state J/ψ+p, we conclude that 
the two observed Pc must not be an isosinglet state, 
and the two Pc  states contain hidden-charm quantum 
numbers.  

• The discovery of Pc(4380) and Pc(4450) inspires us 
interest in revealing their underlying structures under 
molecular state assignment



The corresponding flavor wave functions

I  I3
These favor wave 

functions with I=1/2 
match the discussed 
Pc(4380) and Pc(4450)

We need to perform a 
dynamical calculation 

of the structures of 
Σc(2455)D* and 
Σc*(2520)D*
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One pion exchange (OPE) model

Deuteron: loosely bound state of proton and neutron
 Nucleon force: short-range, mid-range, long-range

Scalar σ with mass 
around 600 MeV Pion exchangeρ and ω exchanges
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In the past decade, one boson exchange was extensively 
applied to the studies of newly observed hadron states 

Long list:

…
One conclusion:
Pion exchange play crucial role to form heavy flavor molecular states

It is the reason why we adopt one pion exchange model 
to study two Pc states
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The effective Lagrangian relevant to the deduction of OPE 
potential:

Scattering amplitude
The effective potential in 

momentum space

Fourier transformation

The effective potential in coordinate space
24



The effective potentials of Σc(2455)D* and Σc*(2520)D* 
systems 

By solving Shrouding equation, we try to find 
bound state solutions

25
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Numerical results



• The masses of Pc(4380) and Pc(4450) can be reproduced 
• Pc(4380) and Pc(4450) as Σc(2455)D* and Σc*(2520)D* 

molecular states with (I=1/2,J=1/2) and (I=1/2,J=3/2), 
respectively.

• Qualitatively explain why the width of Pc(4450) is much 
narrower than that of Pc(4380) 

S-wave: Pc(4380)—> J/ψ+p
D-wave: Pc(4450)—> J/ψ+p  

• Predict two isospin partners of Pc(4380) and Pc(4450) 
Σc(2455)D* with (I=3/2,J=1/2) and binding energy -80 MeV 
Σc*(2520)D* with (I=3/2,J=1/2) and binding energy -28 MeV

Conclusions
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Decay modes:



Our Study through QCD Sum Rule



Internal structure of hadrons

• The internal structure of hadrons is of interest, but we do not know much.

• An example: There are many excited heavy mesons well observed in 

experiments, such as Λ𝑐(2595) of 𝐽𝑃 = 1/2− and Λ𝑐(2625) of 𝐽𝑃 = 3/2−.

• They both contain one orbital excitation, but we do not know whether this 

orbital excitation is between the two light quarks or between the light quarks 

and the heavy quark.

• We can construct different interpolating currents to study this subject using the 

method of QCD sum rule.



A [𝐽/𝜓 𝑝] current

[ ҧ𝑐𝑑(𝑥)𝛾𝜇𝑐𝑑(𝑥)][휀
𝑎𝑏𝑐(𝑢𝑎

𝑇 (𝑥)𝐶𝑑𝑏(𝑥))𝛾5𝑢𝑐(𝑥)]

color indices

flavor contents

Lorentz indices



Two Configurations:

[  𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐] and [  𝑐𝑑𝑞𝑑][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



Configuration [  𝑐𝑑𝑐𝑑][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 [  𝑐𝑑𝑐𝑑][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 [ ҧ𝑐𝑑𝑞𝑑][𝜖
𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐]

• The currents of this type are more complicated.

• The physical states are probably their mixings.

• Some currents may well couple to the physical 

states, but the problem is that we do not know 

this at the beginning.

• Hence, we select some of them to perform the 

QCD sum rule to see whether we can obtain 

reliable/stable sum rule results.

• In the present work we selected altogether 30 

currents.



Configuration [  𝑐𝑑𝑞𝑑][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



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

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)

Π𝑝ℎ𝑦𝑠 𝑞2 = 𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2



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 |𝑃(𝑞) > = 𝑓𝑃𝑢(𝑞) ,      < 0| 𝜸𝟓𝑱 |𝑃 𝑞 > = 𝑓𝑃𝜸𝟓𝑢 𝑞 .

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

parities through

< 0| 𝑱 |𝑃(𝑞) > = 𝑓𝑃𝑢(𝑞) ,      < 0| 𝑱 |𝑃′ 𝑞 > = 𝑓𝑃′𝜸𝟓𝑢
′ 𝑞 .

where |𝑃(𝑞) > has the same parity as 𝑱, while |𝑃′ 𝑞 > has the opposite parity.

𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2
𝑓𝑃
2
−𝑞 +𝑀

𝑞2 −𝑀2

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)



 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
 𝑐c𝑢𝑢𝑑 = 𝜂1𝜇

 𝑐c𝑢𝑢𝑑 − 𝜂2𝜇
 𝑐c𝑢𝑢𝑑 and 

𝜂3{𝜇𝜈}
 𝑐c𝑢𝑢𝑑 of the [  𝑐𝑑𝑐𝑑][𝜖

𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐] configuration, but the results are not useful.

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

 𝐷Σ𝑐
∗

, 𝐽{𝜇𝜈}
 𝐷∗Σ𝑐

∗

, 𝐽{𝜇𝜈}
 𝐷Σ𝑐

∗

, and 

𝐽{𝜇𝜈}
 𝐷∗Λ𝑐 of the [  𝑐𝑑𝑞𝑑][𝜖

𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐] configuration.



The sum rule results obtained using 𝐽𝜇
ഥ𝐷∗Σ𝑐(J=3/2) are



The sum rule results obtained using 𝐽{𝜇𝜈}
ഥ𝐷Σ𝑐

∗

and 𝐽{𝜇𝜈}
ഥ𝐷∗Λ𝑐 are not useful. 

However, their mixing gives a reliable mass sum rule (J=5/2)



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
ഥ𝐷∗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 [ഥ𝐷∗Σ𝑐] hidden-charm pentaquark, and of quantum numbers 

𝑱𝑷 = 𝟑/𝟐−.

• We use a mixed current 𝐽{𝜇𝜈}
ഥ𝐷Σ𝑐

∗&ഥ𝐷∗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 

[ഥ𝐷Σ𝑐
∗] and [ഥ𝐷∗Λ𝑐], and of quantum numbers 𝑱𝑷 = 𝟓/𝟐+.



More: hidden-charm baryonium states



Summary

We still need more theoretical and experimental joint efforts
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Thank you for your 
attention




