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Quark model and Exotic hadrons
Ø Quark Model: 𝑞𝑞% mesons and 𝑞𝑞𝑞 baryons
Ø Exotic Hadrons: hadrons beyond QM, such as

multiquarks, hybrids, glueballs...
Ø Many of them contain charm quarks:      

hidden-charm pentaquarks and doubly charmed
hadrons!
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Pentaquarks: LHCb’s observation in 2015

Two hidden-charm Pc states were observed in 𝛬'( → 𝐽/𝜓𝐾.𝑝 process
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Combined Run 2 data in 2019:
PRL 122 (2019) 222001
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Pcs pentaquarks with strangeness

PRL 122 (2023) 222001Sci. Bull. 66 (2021) 1278
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Two hidden-charm pentaquark states with strangeness were
observed in the 𝑱/𝝍𝜦 invariant mass spectrum!

𝑷𝒄𝒔(𝟒𝟒𝟓𝟗)𝟎:

𝑴 = 𝟒𝟒𝟓𝟖. 𝟖 ± 𝟐. 𝟗.𝟏.𝟏@𝟒.𝟕 MeV

𝚪 = 𝟏𝟕. 𝟑 ± 𝟔. 𝟓.𝟓.𝟕@𝟖.𝟎 MeV

𝑷𝒄𝒔(𝟒𝟑𝟑𝟖)𝟎: 𝑱𝑷 =
𝟏
𝟐

.

𝑴 = 𝟒𝟑𝟑𝟖. 𝟐 ± 𝟎. 𝟕 ± 𝟎. 𝟒 MeV
𝚪 = 𝟕. 𝟎 ± 𝟏. 𝟐 ± 𝟏. 𝟑 MeV



Doubly charmed baryon 𝚵𝒄𝒄@@
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LHCb discovered 𝜩𝒄𝒄@@ in 𝜦𝒄@𝑲.𝝅@𝝅@ final states:

A	long-lived,	weakly	decaying	doubly	charmed	baryon:	

𝑴 = 𝟑𝟔𝟐𝟏. 𝟒𝟎 ± 𝟎. 𝟕𝟐 ± 𝟎. 𝟐𝟕 ± 𝟎. 𝟏𝟒 MeV

𝝉 = 𝟎. 𝟐𝟓𝟔.𝟎.𝟎𝟐𝟐@𝟎.𝟎𝟐𝟒 ± 𝟎. 𝟎𝟏𝟒 ps PRL119 (2017) 112001;
PRL121 (2018) 052002.



Doubly charmed tetraquark 𝑻𝒄𝒄(𝟑𝟖𝟕𝟓)@
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In 2022, LHCb reported 𝑻𝒄𝒄@ in the mass spectrum of 𝑫𝟎𝑫𝟎𝝅@:

an exotic narrow tetraquark state with 𝒄𝒄𝒖h𝒅h and 𝑰 = 𝟎,	𝑱𝑷= 𝟏@

Nature Phys. 18 (2022) 751;
Nature Comm. 13 (2022) 3351.



Next, searching for doubly charmed 𝑷𝒄𝒄 pentaquarks?
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Various theoretical investigations on the 𝑷𝒄𝒄 pentaquark states:

Ø One-boson-exchange (OBE) models, Chiral effective field theory,

Bethe-Sapeter approach, QCD sum rules, Resonating group method,

Chiral quark model……

Ø In QCD sum rules, we study the 𝑷𝒄𝒄 states without strangeness in the

𝜦𝒄
(∗)𝑫(∗), 𝜮𝒄

(∗)𝑫(∗) molecular picture and with strangeness in both the

𝜩𝒄
(∗z)𝑫∗, 𝜩𝒄𝒄∗ 𝑲∗, 𝜴𝒄𝒄∗ 𝝆 molecular picture and diquark-diquark-

antiquark compact picture.



𝑷𝒄𝒄 pentaquarks without strangeness
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Both negative and positive parities are considered!

We construct the 𝜦𝒄
(∗)𝑫(∗), 𝜮𝒄

(∗)𝑫(∗) molecular currents:
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Parity projected sum rules:
The non-𝛾� and 𝛾� couplings to opposite parities:

The invariant function contains both contributions

The parity projected sum rules were adopted:



𝑷𝒄𝒄 pentaquark mass predictions:
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𝜮𝒄∗𝑫



𝑷𝒄𝒄 pentaquark mass predictions:
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Ø Some 𝑷𝒄𝒄 states were predicted to be lower than their thresholds!

Ø Pentaquarks in the isospin quartet with 𝐼 = 3/2 are absolute exotic:

[𝑷𝒄𝒄@@@(𝒄𝒄𝒖𝒖𝒅h), 𝑷𝒄𝒄@@(𝒄𝒄𝒖𝒖𝒖h), 𝑷𝒄𝒄@ (𝒄𝒄𝒅𝒅𝒅h), 𝑷𝒄𝒄𝟎 (𝒄𝒄𝒅𝒅𝒖h)]

PRD109 (2024) 094018



Strong decays
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Ø Especially interesting for the triply and neutral charged pentaquarks:

𝑷𝒄𝒄@@@ → 𝜩𝒄𝒄
∗ @@𝝅@/𝝆@, 𝜮𝒄

∗ @@𝑫 ∗ @ and 𝑷𝒄𝒄𝟎 → 𝜩𝒄𝒄
∗ @𝝅./𝝆., 𝜮𝒄

∗ 𝟎𝑫 ∗ 𝟎

PRD109 (2024) 094018



𝑷𝒄𝒄𝒔 pentaquarks with strangeness
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Interpolating currents in the 𝜩𝒄
(∗z)𝑫(∗) molecular picture:



𝑷𝒄𝒄𝒔 pentaquark mass predictions:
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PRD110, 056022 (2024)
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Ø Three-point correlation function

Two-body strong decays:   𝑷𝒄𝒄𝒔@@ → 𝚵𝒄𝒄@@𝑲h𝟎,𝛀𝒄𝒄@ 𝝅@

Coupling to hadrons via:

𝑱𝑷 = 𝟏/𝟐.
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Transition matrix elements are
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In the chiral limit, we establish a sum rule for the coupling constant

by picking out the 𝟏/𝒒𝟐 terms in OPE

The spectral function: quark and gluon condensates contribute

Up to dim-4
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Sum rules for the coupling constant: 𝚵𝒄𝒄@@𝑲h𝟎channel

Coupling constant and decay width are:

𝒈𝑷𝒄𝒄𝒔��𝚵𝒄𝒄��𝑲h𝟎 = −(𝟎. 𝟒𝟓 ± 𝟎. 𝟎𝟓) GeV𝟐

𝚪 𝑷𝒄𝒄𝒔@@ → 𝚵𝒄𝒄@@𝑲h𝟎 = 𝟔𝟓. 𝟎𝟐 ± 𝟏𝟓. 𝟔𝟗 𝐌𝐞𝐕

𝒔𝟎 = 𝟐𝟐. 𝟑	GeV𝟐

Q𝟐 = 𝟏𝟑. 𝟏	GeV𝟐
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Sum rules for the 𝛀𝒄𝒄@ 𝝅@	channel:

𝒔𝟎 = 𝟐𝟐. 𝟑	GeV𝟐

Q𝟐 = 𝟏𝟑. 𝟖	GeV𝟐

Coupling constant and decay width are:

𝒈𝑷𝒄𝒄𝒔��𝛀𝒄𝒄� 𝝅� = −(𝟎. 𝟏𝟗𝟑 ± 𝟎. 𝟎𝟑) GeV𝟐

𝚪 𝑷𝒄𝒄𝒔@@ → 𝛀𝒄𝒄@ 𝝅@ = 𝟏𝟗. 𝟓𝟔 ± 𝟏𝟎. 𝟑𝟔 𝐌𝐞𝐕

Total decay width: 𝚪𝑷𝒄𝒄𝒔�� = 𝟖𝟒. 𝟓𝟖 ± 𝟏𝟖. 8 𝐌𝐞𝐕

𝚪 𝑷𝒄𝒄𝒔@@ → 𝚵𝒄𝒄@@𝑲h𝟎 : 𝚪 𝑷𝒄𝒄𝒔@@ → 𝛀𝒄𝒄@ 𝝅@ ≈ 𝟑. 𝟑: 𝟏



Summary

22

Ø We systematically predicted the mass spectra of the doubly

charmed pentaquark states 𝑷𝒄𝒄 and 𝑷𝒄𝒄𝒔;

Ø We suggest to search for the triply and neutral charged

pentaquarks: 𝑷𝒄𝒄@@@ → 𝜩𝒄𝒄
∗ @@𝝅@/𝝆@, 𝜮𝒄

∗ @@𝑫 ∗ @ and 𝑷𝒄𝒄𝟎 →

𝜩𝒄𝒄
∗ @𝝅./𝝆., 𝜮𝒄

∗ 𝟎𝑫 ∗ 𝟎 , belonging to the exotic isospin quartet

[𝑃��@@@(𝑐𝑐𝑢𝑢�̅�), 𝑃��@@(𝑐𝑐𝑢𝑢𝑢%), 𝑃��@(𝑐𝑐𝑑𝑑�̅�), 𝑃��( (𝑐𝑐𝑑𝑑𝑢%)] with 𝐼 = 3/2.

Ø We calculate the decay width of 𝑃���@@ with 𝐽� = 1/2. via the

processes 𝑷𝒄𝒄𝒔@@ → 𝚵𝒄𝒄@@𝑲h𝟎, 𝛀𝒄𝒄@ 𝝅@.



Thank you


