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• Exotic Hadron: Tetraquark, Pentaquark, Hybrid, Glueball…
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• Recent discovery of the double charm 
tetraquark  raises the question 
whether double charm pentaquark 
exists or not.


• Heavy antiquark-diquark 
symmetry(HADS) states that a color 
triplet double heavy diquark behaves 
like a heavy antiquark in color space.


• The observed  with quark 

content  indicates the potential 
existence of strange double charm 
pentaquark 

T+
cc(3875)

Tcs̄(2900)0

cdūs̄

ccusd̄

[LHCb] PRD 108 (2023) 1, 012017
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Motivation: ,  and Tcc Tcs̄ Pccs
[LHCb] Nature Commun. 13 (2022) 1, 3351
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Significance: 

ΔMpole = − 360 ± 40+4
−0 keV

Γpole = 48 ± 2+0
−14 keV

20σ

 

 

Significance: 

Mpole = 2.892 ± 0.014 ± 0.015 GeV

Γpole = 0.119 ± 0.026 ± 0.013 GeV

8.0σ



Previous theoretical studies...

5/405/406

• Many theoretical attempts on the mass spectrum from molecular picture[1] and 

compact pentaquark picture[2].


• [XK Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with 

interaction respecting heavy quark spin symmetry, predicts several bound states.
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Previous theoretical studies...

5/405/406

• Many theoretical attempts on the mass spectrum from molecular picture[1] and 

compact pentaquark picture[2].


• [XK Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with 

interaction respecting heavy quark spin symmetry, predicts several bound states.


• [QS Zhou etc, PRC. 98.045204(2018)], color-magnetic interaction, predicts 

several compact  states
ccsqq̄
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Previous theoretical studies...

5/405/406

• Theoretical attempts on the mass spectrum from molecular picture[Yan, Dong, 
Chen, Guo, Zhu, Wang, Duan etc.] and compact pentaquark picture[Chen, 
Xing, Zhou, Wang, Park etc.].


• [Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with interaction 

respecting heavy quark spin symmetry, predicts several bound states.


• [Zhou etc, PRC. 98.045204(2018)], color-magnetic interaction, predicts 

several compact  states


• [Y Xing etc, EPJC 81.978(2021)], double heavy triquark-diquark framework 

with SU(3) flavor symmetry, predicts several stable double charm pentaquark (for 
instance a   pentaquark)


QQqqq̄

JP = 1/2− ccsnn̄
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Previous theoretical studies...

5/405/406

• Many theoretical attempts on the mass spectrum from molecular picture[1] and 

compact pentaquark picture[2].


• [Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with interaction 

respecting heavy quark spin symmetry, predicts a bound state.


• [Xing etc, EPJC 81.978(2021)], double heavy triquark-diquark framework 

with SU(3) flavor symmetry, predicts several stable double charm pentaquark (for 
instance a   pentaquark)


• [FB Duan etc, PRD 109.094018(2024)], QCD sum rule, consider the potential 

 pentaquarks.


• ……

JP = 1/2− ccsud̄

ccudd̄
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Interpolating currents: Spin of HADS partner for Tcs̄

• In HADS, insuring the charm diquark has the same color structure , the spin 

structure of diquark should be symmetric due to Pauli principle, which is .


• The strange charm tetrequark  with quark content  is a spin singlet 

state, the spin structure should be  or 


• The spin structure of corresponding HADS pentaquark partner:





Or 





Analogous discussion can be made for the molecular structure and the compact 

structure. We consider these spins of pentaquark states in this work.

3̄

Scc = 1

Tcs̄(2900)0 [uc̄][sd̄]

[uc̄]0[sd̄]0 [uc̄]1[sd̄]1

1[cc] ⊗
1
2 [u]

⊗ 0[sd̄] =
1
2 [ccusd̄]

⊕
3
2 [ccusd̄]

1[cc] ⊗
1
2 [u]

⊗ 1[sd̄] =
1
2 [ccusd̄]

⊕
3
2 [ccusd̄]

⊕
5
2 [ccusd̄]
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Interpolating currents: Flavor configuration

• Five flavor configurations


        molecule


         compact


Which can be related by the Fierz transformation.



δdeϵabc = δdaϵebc + δdbϵaec + δdcϵabe

5/405/406Mass spectra of strange double charm pentaquark

[d̄dsd][ϵabcQaQbuc], [d̄dQd][ϵabcQaubsc], [d̄dud][ϵabcQaQbsc]

ϵaijϵbklϵabc[Qiuj][Qksl]d̄c, ϵaijϵbklϵabc[QiQj][uksl]d̄c

7



Interpolating currents

5/405/406

Compact
Molecule  Ξ(′￼,*)+

c D+(*)

Mass spectra of strange double charm pentaquark

Molecule  Ξ(*)++
cc K̄0(*)

Molecule  Ω(*)+
cc π+(ρ+)

7



QCD sum rule

• One of the most widely used methods to obtain the information about hadrons 
properties (Shifman,Vainshtein, Zakharov 1979)


• Based on the operator product expansion(OPE) of the correlator of interpolating 
currents


• Main point of the QCDSR philosophy is the implementation of the interaction of the 
high virtual valence quark-gluon system with the soft vacuum quark and gluon fields, 
whose strength is determined by the values of the vacuum condenstates.


Πμν…(q2) = i∫ d4xeiq⋅x⟨Ω |T[JΓ(x)J†
Γ′￼(0)] |Ω⟩ = Tμν…Π(q2)

5/405/406Mass spectra of strange double charm pentaquark

Γ Γ Γ Γ Γ Γ
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+ +
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  are Wilson coefficients，containing high  QCD perturbative 

effects，local gauge invariant operators  contain QCD non-perturbative 

effects.

Cd(q2) q2

𝒪d(0)

The correlation function can be perturbative evaluated via operator product expansion 
method （OPE）in timelike space . (Wilson 1969)Q2 = − q2 → ∞

i∫ d4xeiq⋅x⟨Ω |T[JΓ(x)J†
Γ′￼(0)] |Ω⟩ = ∑

d

Cd(q2)⟨Ω |𝒪d(0) |Ω⟩

6/40

Operator product expansion 

7Mass spectra of strange double charm pentaquark 8



6/40

Operator product expansion 
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OPE up to dimension-9



We evaluate the correlation function in

 timelike space ,


but we are more interested in physical region 

Q2 = − q2 → ∞

q2 > 0

Hadronic level


the unitarity of  matrix  branch cut only on positive real axis𝒮 →

Dispersion relation

7/4017/40

2ImΠ(q2) = ∑
n

⟨Ω |JΓ(x) |n⟩⟨n |JΓ(0) |Ω⟩(2π)4dΦnδ(4)(q − pn)

Quark-Gluon level

ΠOPE(q2) = ∑
d

Cd(q2)⟨Ω |𝒪d(0) |Ω⟩

11Mass spectra of strange double charm pentaquark 9



Dispersion relation

7/4017/40

To connect the CF at two levels, we consider the 
analyticity of CF in the  complex plane


Cauchy’s integral formula

q2

Π(q2) =
1

2πi ∮C
ds

Π(s)
s − q2

For , the dispersion relation islim
R→∞

|Π(q2) | → 0

Ultraviolet divergence in CF, the dispersion relation is

Π(q2) =
(q2)N

π ∫
∞

s<

ds
ImΠ(s)

sN(s − q2 − iϵ)
+

N−1

∑
k=0

Π(k)(0)
k!

(q2)k

ΠOPE(q2) =
1
π ∫

∞

s<

ds
ImΠ(s)

s − q2 − iϵ

12Mass spectra of strange double charm pentaquark 10



We use narrow resonance approximation for 

baryon system:(double pole+continuum)

Dispersion relation

7/4017/40

Optical theorem

ImΠ(q2) ∼ sσ(pin → anything)

ρ(s) =
1
π

ImΠ(s) = f −2
X ( /p + m−

X )δ(s − m−2
X ) + f +2

X ( /p + m+
X )δ(s − m+2

X ) + continuum .

13Mass spectra of strange double charm pentaquark

The sum rules for baryon system:


      parity projected sum rules(Jido, Kodama, Oka 1996)

ℒk(s+
0 , M2

B, + ) ≡
1
2 ∫

s+
0

s<

e−s/M2
B [ sρOPE

A (s) + ρOPE
B (s)] skds = λ2

+m2k+1
+ exp [−

m2
+

M2
B ]

ℒk(s−
0 , M2

B, − ) ≡
1
2 ∫

s−
0

s<

e−s/M2
B [ sρOPE

A (s) − ρOPE
B (s)] skds = λ2

−m2k+1
− exp [−

m2
−

M2
B ]

m±(s±
0 , MB) =

ℒ1(s
±
0 , M2

B, ± )
ℒ0(s±

0 , M2
B, ± )

The extracted mass: 

11

m−
X m+

X
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Numerical Analysis
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Values for various Condensates













 

⟨q̄q⟩ = − (0.24 ± 0.01)3GeV3

⟨s̄s⟩ = (0.8 ± 0.1)⟨q̄q⟩

⟨g2
s GG⟩ = (0.48 ± 0.14)4GeV4

⟨gsq̄σ ⋅ Gq⟩ = − M2
0⟨q̄q⟩

M2
0 = (0.8 ± 0.2)GeV2

Standard value at 1 GeV

Energy-scale from RGE

We evolve all input at μ = 2mQ
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Numerical Analysis
As an example:    with J1,2 JP = 1/2−

The contributions of the perturbative term and various condensate 

terms to the correlation function with respect to   when M2
B s0 → ∞

To ensure the convergence of OPE, we require the contribution of the 

perturbative term is larger than the quark condensate term

3.5

13
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Numerical Analysis

We also require that the pole 

contribution(PC) to be larger than 

20%, thus our working Borel 

Window is 3.50~3.86 GeV2

14
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Numerical Analysis

• The variation of the mass with respect to  should be minimized to obtain 

the optimal value of the continuum threshold 


• We can find that the optimized value can be chosen as 


• Our mass sum rules are established to be very stable in the above parameter 

regions

M2
B

s0

s0 ≈ 22.3GeV2

4.38

14
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Discussion and Conclusion
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Compare with other works

Mass spectra for strange 
double charm pentaquark
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•  may 
form as bound molecular states


•  state lies below the 
thresholds of strong decay channels, 
could be a narrow state and easy to 
be identified in experiment. 


• The best observed channel is the 
semileptonic decay to double charm 

baryon.

Ξ(′￼)
c D*, Ξ*c D*, Ξ*ccK̄*, Ω*ccρ

JP = 5/2−

17Mass spectra of strange double charm pentaquark

Discussion and Conclusion
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Compare with other works

Mass spectra for strange 
double charm pentaquark



Heavy Quark Spin Symmetry

mPcc
= 2mQ + Λ̄ +

Δm2

4mQ
+ O(1/m2

Q)
fit with

mPcc
= 2mQ + b +

c
mQ

Mass spectra of strange double charm pentaquark

Discussion and Conclusion

• Furthermore, we consider the dependence of the mass on the heavy quark 

mass by varying the heavy quark mass to perform QCDSR analysis.   

• We choose ten testing 

point from  to . 


• The results from QCDSR 

fit well with expectation 

from HQSS.

mc mb

16

Dependence of  and heavy 
quark mass 

mPccs

mQ



Heavy Quark Spin Symmetry

mPcc
= 2mQ + Λ̄ +

Δm2

4mQ
+ O(1/m2

Q) mTc
= mQ + Λ̄ +

Δm2

2mQ
+ O(1/m2

Q)
HADS

Mass spectra of strange double charm pentaquark

Discussion and Conclusion

17

2mQ → mQ



Heavy Quark Spin Symmetry

mPcc
= 2mQ + Λ̄ +

Δm2

4mQ
+ O(1/m2

Q)
HADS

HADS partner triplet for tetraquarks with mass about 3.1 GeV

HADS partner doublet for Tcs(2900)

Mass spectra of strange double charm pentaquark

Discussion and Conclusion

17

mTc
= mQ + Λ̄ +

Δm2

2mQ
+ O(1/m2

Q)



Summary

• Motivated by the observation of , we study the mass spectrum of its HADS 

counter parts, strange double charm pentaquarks.


• The masses for strange double charm pentaquarks with  are 

within the energy region 4.2-4.6 GeV, 4.2-4.5 GeV and 4.4-4.5 GeV, respectively.


• The  states are below the threshold of its two-hadron strong decay channel and 

can be viewed as a narrow state. The best observed channel is the semileptonic decay 

to double charm baryon.

Tcs̄(2900)0

JP = 1/2−,3/2−,5/2−

5/2−

Thanks for your attention! 
26Mass spectra of strange double charm pentaquark 18



Backup



Operator product expansion 

The correlation function can be perturbative evaluated via operator product expansion 
method （OPE）in timelike space . (Wilson 1969)Q2 = − q2 → ∞

i∫ d4xeiq⋅x⟨Ω |T[JΓ(x)J†
Γ′￼(0)] |Ω⟩ = ∑

d

Cd(q2)⟨Ω |𝒪d(0) |Ω⟩

6/40

  are ordered by increasing dimension , and  fall off by 

corresponding power of .

𝒪d(0) d Cd(q2)

q2

Cd(q2) ∼
1

q2d
∼ x2d

To suppress the contributions of high dimension operators, we can work in 

deep Euclidean region . The  can be calculated in 

perturbation theory.

Q2 = − q2 → ∞ Cd(q2)

8Mass spectra of strange double charm pentaquarkyangzh_iqm@m.scnu.edu.cn
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Fock-Schwinger gauge (fixed-point gauge)

(x − x0)μAμ(x) = 0

External gauge field  can be expressed asAμ

Aμ(x) = ∫
1

0
tdtGνμ(tx)xν

Taylor expansion at small x

Aμ(x) =
1
2

xνGνμ(0) +
1
3

xαxνDαGνμ(0) +
1
8

xαxβxνDαDβGνμ(0) + ⋯

Wilson coefficient in Fock-Schwinger gauge

7/40

Background field method

Aa
μ → Aa

μ + ϕa
μ

q → q + η

9



q(x) = q(0) + xα1Dα1
q(0) +

1
2

xα1xα2Dα1
Dα2

q(0) + ⋯

As for soft quark field, which interact with the QCD vacuum with small momentum 
transfer to form condensates, they can be expanded at small x

q̄(x) = q̄(0) + xα1q̄(0)Dα1
+

1
2

xα1xα2q̄(0)Dα1
Dα2

+ ⋯

Wilson coefficient in Fock-Schwinger gauge

7/40

With the expansion, the CF becomes like

Πμν…(x) = ⟨Ω |T[JΓ(x)J†
Γ′￼(0)] |Ω⟩

= (some product of propagator) + (some product of propagator)⟨Ω | q̄(x)q(0) |Ω⟩ + ⋯

10



• PRC：color-magnetic interaction in Schroedinger equation by variational 

method, which is well-known to only give the upper limit of a given state.


• PLB: Non-relativistic constituent quark model by solving multi body 

Schroedinger equation. Overlooked linear confinement potential and induce 

two free parameters. And variational method.

Discussion and Conclusion


