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Background of hadronic molecule

Meson and baryon  

Multiquark  

Hadronic molecule  

Pentaquark
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𝑫𝒔𝟎 𝟐𝟑𝟏𝟕 𝟎 𝟎+ 𝑫𝑲

𝚲 𝟏𝟒𝟎𝟓 𝟎(𝟏/𝟐)− 𝑵ഥ𝑲
Phys.Rev.Lett. 114 (2015) 132002    Jonathan 
M. M. Hall, Waseem Kamleh, et. al Lattice QCD

Phys.Rev.Lett. 111 (2013) 222001    Daniel Mohler, 
C. B. Lang, Luka Leskovec, et. al  Lattice QCD 

𝑿 𝟑𝟖𝟕𝟐 𝟎+ 𝟏++ ഥ𝑫𝑫∗

Possible hadronic molecules 

Phys.Rev.Lett. 111 (2013) 192001  Sasa Prelovsek 
and Luka Leskovec  Lattice QCD

Molecular pictures

Mass relationship

Isospin conservation

𝒎𝑫 + 𝒎𝑲 − 𝒎𝑫𝒔𝟎 = 𝟒𝟖 𝑴𝒆𝑽

𝑰𝑫 ⊗ 𝑰𝑲 = 𝟏 ⊕ 𝟎 𝑰𝑫𝒔𝟎 = 𝟎

Angular momentum and party

𝑺𝑫 ⊗ 𝑺𝑲 = 𝑺 = 𝟎 𝑺 ⊗ 𝑳 = 𝑱 = 𝑳

(−𝟏)𝑳𝑷𝑫,𝑲 = (−𝟏)𝑳= 𝑷𝑫𝒔𝟎

𝑳 = 𝑺

Background of hadronic molecule

𝑫𝒔𝟎 𝟐𝟑𝟏𝟕
D(1869)

K(496)
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2015 and 2019 experiment

Magnify 4.2-4.6 GeV

2015

Phys.Rev.Lett. 115 (2015) 072001

4320 4380

4450

Background of hadronic molecule

43804320

ഥ𝑫𝜮𝒄
ഥ𝑫∗𝜮𝒄

Phys.Rev.Lett. 122 (2019), 222001

𝑃𝑐 4457 → 5.4𝜎

𝑃𝑐 4440 → 5.4𝜎
𝑃𝑐 4312 → 7.3𝜎𝛬𝑏

0 → 𝐽/𝜓𝑝𝐾−

𝛬𝑏
0 → 𝐽/𝜓𝑝𝐾−

2019

2015
𝑃𝑐1 = 4380 ± 8 ± 29

+
𝑖

2
205 ± 18 ± 86

𝑃𝑐2 = 4449.8 ± 1.7 ± 2.5

+
𝑖

2
39 ± 5 ± 19

𝑃𝑐1 = 4311.9 ± 0.7−0.6
+6.8

+
𝑖

2
9.8 ± 2.7−4.5

+3.7

𝑃𝑐2 = 4440.3 ± 1.3−4.7
+4.1

+
𝑖

2
20.6 ± 4.9−10.1

+8.7

𝑃𝑐3 = 4457.3 ± 0.6−1.7
+4.1

+
𝑖

2
6.4 ± 2.0−1.9

+5.7
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Heavy quark symmetry

QCD interaction cannot flip the spin of heavy quark 𝒎𝑸 → ∞
light quark

𝑱 = 𝑱𝒍 +
𝟏

𝟐

𝑱 = 𝑱𝒍 −
𝟏

𝟐

Heavy quark

Heavy quark spin symmetry(HQSS)

Heavy Anti-quark Di-quark symmetry(HADS)

Heavy diquark behaves as a heavy anti-quark from color freedom  

3 ⊗ 3 = 6⨁ത3

ത3

𝑚Ξ𝑐𝑐 3/2
−𝑚Ξ𝑐𝑐 1/2

=
3

4
𝑚𝐷∗ − 𝑚𝐷 ≈ 106.5𝑀𝑒𝑉

𝑚Ω𝑐𝑐 3/2
−𝑚Ω𝑐𝑐 1/2

=
3

4
𝑚𝐷𝑠∗ − 𝑚𝐷𝑠 ≈ 107.9𝑀𝑒𝑉

Phys.Lett. B248 (1990) 177-180 Phys.Rev. D73 (2006) 054003 

𝑚𝐷∗−𝑚𝐷= 142𝑀𝑒𝑉

𝑚𝐵∗−𝑚𝐵= 46𝑀𝑒𝑉

𝑚Σ𝑐
∗ − 𝑚Σ𝑐

= 64𝑀𝑒𝑉

𝑚Σ𝑏
∗ − 𝑚Σ𝑏

= 21𝑀𝑒𝑉

HQSS is broken in charm and bottom sector
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Effective field theory

Leading order

Next to leading order

。
。
。

One pion exchange

OPE is perturbative in charm hadronic interactions 

Phys.Rev. D99 (2019)  074026

Contact

Contact Lagrangian 𝑳 = 𝑪𝒂𝑻𝒓[𝑯𝒄
†𝑯𝒄]𝑺𝒄 ∙ 𝑺𝒄

†
+𝑪𝒃 σ𝒊=𝟏

𝟑 𝑻𝒓[𝑯𝒄
†𝝈𝒊𝑯𝒄]𝑺𝒄 ∙ (𝑱𝒊𝑺𝒄

†
)

Superfields
𝑯𝒄 =

𝟏

𝟐
(𝑫 + 𝑫∗𝝈)

𝑺𝒄 =
𝟏

𝟑
(𝚺𝒄𝝈 + 𝚺∗

𝒄)

Spin multiplet hadrons

Effective potential S-wave Single channel

HQSS

Phys.Rev. D100 (2019) 014031

arXiv:1907.03414 7



Results and Discussion

Contact potential constraint by heavy quark spin symmetry
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Results and Discussion

Lippmann-Schwinger Equation Separated potential

඀ർ𝑘′ |𝑇|𝑘 = ඀ർ𝑘′ |𝑇|𝑘 + න
𝑑3 Ԧ𝑞

(2𝜋)3
඀ർ𝑘′ |𝑉| Ԧ𝑞

1

𝐸 −
Ԧ𝑞2

2𝜇

඀ൻ Ԧ𝑞|𝑇|𝑘

1 + ׬
𝑑3𝑞

(2𝜋)3

𝐶(𝛬)𝜃2(Λ− 𝑞 )

𝐵+
𝑞2

2𝜇

=0

඀ർ𝑘 |𝑉| Ԧ𝑞 = 𝐶(Λ)𝜃(Λ − 𝑘 )𝜃(Λ − Ԧ𝑞 )

Integral Equation
Contact-range potential

𝑉(1/2−, Σc
ഥ𝐷 ) = 𝐶𝑎

𝑉(1/2−, Σc
ഥ𝐷∗) = 𝐶𝑎 −

4

3
𝐶𝑏

𝑉(3/2−, Σ𝑐
∗ ഥ𝐷) = 𝐶𝑎

𝑉 3/2−, Σc
ഥ𝐷∗ = 𝐶𝑎 +

2

3
𝐶𝑏

𝑉 1/2−, 𝛴𝑐
∗ ഥ𝐷∗ = 𝐶𝑎 −

5

3
𝐶𝑏

𝑉 3/2−, Σ𝑐
∗ ഥ𝐷∗ = 𝐶𝑎 −

2

3
𝐶𝑏

𝑉 5/2−, Σ𝑐
∗ ഥ𝐷∗ = 𝐶𝑎 + 𝐶𝑏

Experimental data

𝑃𝑐2 = 4440.3 ± 1.3−4.7
+4.1 +

𝑖

2
20.6 ± 4.9−10.1

+8.7

𝑃𝑐3 = 4457.3 ± 0.6−1.7
+4.1 +

𝑖

2
6.4 ± 2.0−1.9

+5.7

𝑃𝑐1 = 4311.9 ± 0.7−0.6
+6.8 +

𝑖

2
9.8 ± 2.7−4.5

+3.7

A 3/2− 𝑃𝑐 4457 1/2− 𝑃𝑐 4440

B 1/2− 𝑃𝑐 4457 3/2− 𝑃𝑐 4440

Input in two Scenarios A and B

Input
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Results and Discussion

7 hadronic molecules in light of Pc(4440) and Pc(4457)

Multiplet hadronic molecular picture
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Results and Discussion

Spin of Pc(4440) and Pc(4457) by OBE model
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Results and Discussion
Three main kind of potentials in OBE model

Yukawa

Spin-Spin

Tensor

1

𝑚2 + 𝒒2

𝝈1𝝈2

𝒒2

𝑚2 + 𝒒2

𝝈1𝒒𝝈2𝒒 −
1
3 𝝈1𝝈2𝒒2

𝑚2 + 𝒒2

Spin-Spin interaction

𝛔𝟏𝛔𝟐
𝐪2

m2+𝐪2 → 𝛔𝟏𝛔𝟐
𝐪2+m2−m2

m2+𝐪2 → 𝛔𝟏𝛔𝟐 (1 −
m2

m2+𝐪2)

Discussion about removing delta potential

Case 1: Do not remove any delta potential 

Case 2: Remove pion delta potential and keep vector delta potential 

Case 3: Remove both pion and vector delta potential

𝛿(𝑟)
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Results and Discussion

Results in different cases 

Pc(4312)

Case 2： Removing only pion delta potential              B(1/2)=13;   B(3/2)=12

Case 3：Removing pion and vector delta potential     B(1/2)=4;     B(3/2)=19

Case 1： Keeping pion and vector delta potential        B(1/2)=74;   B(3/2)=3

Pc(4440)

B=5 Pc(4457)

B=22 

Compared with the experimental data,

case 3 is more favored

Experimental data 

Λ2 − m2

Λ2 − q2

The spin of Pc(4440) and Pc(4457) on one boson exchange model

S=3/2 

S=1/2 

One parameter in one boson exchange model

Pc(4440)

Pc(4457) 13



Results and Discussion

Effective field theoryOne boson exchange model

The results are similar to the scenario B of effective 

field theory scheme
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Results and Discussion

Contact potential constraint by HQSS and HADS
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Results and Discussion

HADS 𝜩𝒄𝒄

𝚺𝒄
𝚺𝒄

ഥ𝑫 𝑳𝑫𝚺𝒄
= 𝑪𝒂𝑻𝒓[𝑯𝒄

†𝑯𝒄]𝑺𝒄 ∙ 𝑺𝒄

†
+𝑪𝒃 σ𝒊=𝟏

𝟑 𝑻𝒓[𝑯𝒄
†𝝈𝒊𝑯𝒄]𝑺𝒄 ∙ (𝑱𝒊𝑺𝒄

†
)

𝑳𝜩𝒄𝒄𝚺𝒄
= 𝑪𝒂𝑻𝒓[𝑻𝒄𝒄

† 𝑻𝒄𝒄]𝑺𝒄 ∙ 𝑺𝒄

†
+𝑪𝒃 σ𝒊=𝟏

𝟑 𝑻𝒓[𝑻𝒄𝒄
† 𝝈𝒊𝑻𝒄𝒄]𝑺𝒄 ∙ (𝑱𝒊𝑺𝒄

†
)

Superfield

𝑻𝒄𝒄 =
𝟏

𝟑
(𝚵𝒄𝒄𝝈 + 𝚵∗

𝒄𝒄)

𝑪𝒂

𝑪𝒃

LHCb data

Predict 10 hadronic 

molecular states

𝑯𝒄 =
𝟏

𝟐
(𝑫 + 𝑫∗𝝈)
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Results and Discussion

A more complete multiplet hadronic molecular picture

10 hadronic molecules

Mass splitting of 𝚵𝒄𝒄𝚺𝒄 system

1+ − 0+ = −9𝑀𝑒𝑉 1+ − 0+ = 12𝑀𝑒𝑉

7 hadronic molecules

Lattice QCD

∆𝑚< 0 ∆𝑚> 0 17



Summary

We employ the effective field theory and one boson exchange model to show a 

complete multiplet hadronic molecules.

We adopt one boson exchange model and a model-independent scheme to discuss 

the spin of Pc(4440) and Pc(4457).
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Thanks for your attention!
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