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研究不系统，但希望给不同的视⻆和看法



Introduction
•Exotic states: Compact tetraquarks? Molecules? Kinematic effects? Charmonium? 

•Observables: Mass spectrum? Decays? Productions? 

•Productions are very important to explore the nature of exotic states, complementary to 
their masses and decays.

•Question again: 

•What are the quarks in discussion? Constituent quarks? 

•QCD is related to current quarks. 

•Proton has three constituent quarks at the low energy.

•But it has a lot of sea quarks and gluons at high energy scale, 
whose structure is described by Parton Distribution Function.
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Introduction
•The structures of hadrons might be different at low and 
high scales.

•Degrees of freedom are different at low and high scales.

•Example 1: PDF of proton. 

•Example 2: EMC effect in nuclear physics. 

•Nucleus are not only the naive sum of nucleons. 

•Nucleons are not the good enough degrees of freedom in 
the nucleus at high energy scattering. 
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Introduction
•The structures of hadrons might be different at low and 
high scales.

•Degrees of freedom are different at low and high scales.

•Example 1: PDF of proton. 

•Example 2: EMC effect in nuclear physics. 

•Example 3: excited N* states

•Meson-baryon cloud —> 3 quark —> pQCD

5
Thanks to Ming-Zhu Liu’s discussion
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2. Double-charm tetraquark
•After the discovery of double-charm baryon, it is natural to study double-charm tetraquarks
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•LHCb observed  in 2021.

•Its mass is very close to the threshold of 

•So it is widely considered as a  molecular state. 

•Production of Tcc at LHC as a molecular state? [Shi-Yuan Li, Qian Wang, Jia-Jun Wu,…]

T+
cc(3875)

D0D*+

DD*

LHCb, Nature Phys.18,751(2022)



8

Qin, Shen, FSY, 2008.08026

• Correct discovery channel

• Correct signal yields

LHCb observation

Ns = 117 ± 16

LHCb, Nature Phys.18,751(2022)

Theoretical predictions
T+

cc → D0D0π+
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•Two steps to produce cc-tetraquarks at high energy of s = 13 TeV

1.  cc jet by pQCD

2. cc jet → fragmentation 
into hadrons ( , )Tcc Ξcc

2. Production of  at LHCTcc

c c

c̄ c̄

p p

Qin, Shen, FSY, 2008.08026

• cc quarks are produced collinearly
•
•  is determined by  meson production, 
Mcc−jet < 2mc + ΔM
ΔM Bc bc̄ → Bc



Fragmentation
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• Different from ordinary heavy mesons and baryons with excited states 
decaying into the ground states, 

• The excited cc-tetraquarks would directly decay into DD mesons, but 
not the ground states  

• Primarily production   v.s.   final production

• The ground-state fragmentation fraction is 
fTcc

fΞcc

≈
fud(primary)

fud(final)
×

fud(final)
fu

fΛc

fΛc+Σc+Λ*c
= 0.48 ± 0.08

Belle, arXiv:1706.06791 

fΛ0
b

fu + fd
(pT) = (1 ± 0.061)[(0.0793 ± 0.0141)

+e(−1.022±0.047)+(−0.107±0.002)×pT]
LHCb, 1902.06794



Results of production
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•Convoluting the cc-diquark jet and the fragmentation

 for Tera-Z factory106 T{cc}
[ūd̄]

 for LHCb 108 T{cc}
[ūd̄]

9 fb−1

•Cross checking the results by double-charm baryon productions at LHC 13TeV

Chang, Qiao, Wang, Wu, ‘06Qin, Shen, FSY, ‘20

图像合理，没有可调参数



Fully reconstructed: T+
cc → D0D*+

fΛb
/ fBu

∼ 0.5

fΣ(*)
b

/ fΛb
∼ 1

final prod

primarily prod

1500 events of Ξ++
cc → Λ+

c K−π+π+

Br(Ξ++
cc → Λ+

c K−π+π+) Br(Λ+
c → pK−π+)

∼ Br(Tcc → D0D*+) Br(D*+ → D0π+) Br(D0 → K−π+)2

Ξ++
cc → Λ+

c K−π+π+Compared with u ↔ ūd̄

Production

Decay

100 events of  T+
cc → D0D0π+

fTcc

fΞcc

∼
1
4

1/2 2/3 (4%)2

10% 6%
one track more

1/3

⟶ Br(Tcc)/Br(Ξ++
cc ) ∼ 1/4

Qin, Shen, FSY, 2008.0802612

× 1/16



Further study on the structure of Tcc

• Fragmentation: quark level.


• To be tested: Production of iso-vector states is 
one order smaller than iso-scalar states 

• Molecule: 1) charmed mesons firstly, 2) then form Tcc at the hadron level
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Qin, Shen, FSY, 2008.08026

Jin, Li, Liu, Qin, Si, FSY, 2109.05678
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3. Exotic states observed in B decays
•Productions are very important to explore the nature of exotic states, complementary 
to their masses and decays.

•B decays are a good place for the production of exotic states.
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… …
•Question: Does exist general theoretical method to study decays of B into tetraquarks, 
which can help us get more information about tetraquarks? 

See Ming-Zhu Liu’s talk 
in this afternoon
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Theoretical methods for hadronic weak decays

• However, tetraquarks are usually heavy. Final states in B decays are not energetic 
enough. No factorization ansatz works. 


• Topological diagrammatic approach is helpful to study decays of B into tetraquark. 

• QCD-factorization methods are most popular: QCDF, PQCD, SCET. 


• They work for energetic final states. First-principle and very predictive. 


• Successful for predictions on CPV of B decays.

factorization



No Feynman rules, cannot directly 
calculated, but extracted from data

Have Feynman rules, can be 
directly calculated

Topological diagrams
•Decaying amplitudes are classified according to  
the weak flavour flows

•All the strong interaction effects are included. 
Non-perturbative contributions are all considered.
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[Chau,’86; Chau,Cheng,’87]

Topological diagrams Feynman diagrams



Talk at LHCb in 2016.12
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Successful prediction on  discovery channelΞcc

[FSY, Jiang, Li, Lu, Wang, Zhao, ’17]

LHCb, 2017.07
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Topological diagrams of decays of B into tetraquarks

[Qin, Qiu, FSY, ’23]

• No explicit values of decay amplitudes are given. But provide relations between 
decay channels. 


• Processes with identical topological diagrams share analogous branching fractions. 



B decays into open-charm tetraquarks
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T3

B−

Tc̄ūds

D+

, LHCb 2022Ta
cs̄0(2900)++,0

, LHCb 2020X0,1(2900)

Tcsūd̄B−

D−

d̄
d
c̄
s

ū



B decays into open-charm tetraquarks
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• Suggest to search for all the 
processes with  or  
diagrams. 


• It is helpful to explore the 
nature of observed  
and . 


• It might be used to distinguish 
whether the exotic states are 
resonances or non-resonant 
kinematic effects.

C T3

Ta
cs̄0(2900)

X0,1(2900)

B− → Tcdūs̄K− → D+
s π−K−

less resonances



Summary
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•Productions are very important to investigate the nature of tetraquarks.

•Double-charm tetraquark was predicted correctly for its production and decay, which was 
confirmed by LHCb’s observation.

•Topological diagrammatic approach was proposed to the tetraquark production in B-
meson decays. 

•Pictures at the high and low energy scales are different. 

Thank you!







Non-perturbative strong interaction

• Hadron spectrum: exotic XYZ states…
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 Chen, Chen, Liu, Zhu, ’16; Esposito, Pilloni, Polosa, ’16; Lebed, 
Mitchell, Swanson, ’16; Guo, Hanhart, Meissner, Wang, Zhao, Zou, 

’17; Ali, Lange, Stone, ’17; Olsen, Skwarnicki, Zieminska, ’18  …

• Unclear about their nature

• Bound states & resonances:

• Kinematic effects:

• compact tetraquarks
• loosely molecular

• triangle singularity

c
s

u
d

c
d

s
u

• low energy production

• for example, X0,1(2900)



26

Topological diagrams of decays of B into tetraquarks

[Zhou, Wei, Qin, Li, FSY, Lu, ’15]

factorization

• Processes with identical topological diagrams share analogous branching fractions, 
regardless of what spins and flavor SU(3) representations of the final states. 

T3

[Chen, Han, Lu, Wang, FSY, ’20]
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B decays into hidden-charm tetraquarks

[Qin, Qiu, FSY, ’23]

ū ū

c̄

s

s̄
s

B−
Tcc̄sū

ϕ

B0
Tcc̄ud̄

K−

d̄

c̄

s

ū
u

d̄

, Belle 2014Zc(4200)+

, LHCb 2021Zcs(4000)−



28

B decays into hidden-charm tetraquarks

[Qin, Qiu, FSY, ’23]

• Suggest to search for all the 
processes with  diagrams. 


• It is helpful to explore the 
nature of observed  
and .


•  It might be used to 
distinguish whether the 
exotic states are resonances 
or non-resonant kinematic 
effects.

T2

Zcs(4000)
Zc(4200)

B0 → Tcc̄ud̄K− v . s . B− → Tcc̄dūK*0



2. Double-charm tetraquark
• heavy diquark, light anti-diquark: easily understood, analogous to  and Λc Ξcc
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Λc ΞccTcc

• high-energy direct production: not possible kinematic effects

•  and  have been extensively studied during the past few yearsbbūd̄ bcūd̄ many references…

but difficult to be observed due to their hard productions and small decay rates
Ali, Parkhomenko, Qin, Wang, ‘18

•  is the lightest double-heavy tetraquark state, possible to be observedccūd̄



If observed by directly produced at pp collision, 
it must be a resonance, but not kinematic effect

•  and  have been extensively studied during the past few yearsbbūd̄ bcūd̄
Eichten, Quigg, PRL2017; Karliner, Rosner, PRL2017; S.Q.Luo, K.Chen, X.Liu, S.L.Zhu, EPJC2017; and many other references…

but difficult to be observed due to their hard productions and small decay rates
Ali, Parkhomenko, Qin, Wang, 2018

•  is the lightest double-heavy tetraquark state, possible to be observedccūd̄
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cc-diquark jet
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Ali, Parkhomenko, Qin, Wang, ‘18

• The results of production rate

for LHC

for Tera-Z factory

topology of Z → (cc)jet + c̄ + c̄

• cc quarks are produced collinearly

• cc diquark jet requires a jet definition, such as the invariant mass

•

• The jet-resolution parameter  is determined by  meson 
production, 

Mcc−jet < 2mc + ΔM

ΔM Bc
bc̄ → Bc

Qin, FSY, ‘20



Tree diagrams are determined by data 
of branching fractions

Understand the dynamics at 1GeV

Relate the penguins to the trees, 
with the known dynamics at 1GeV

Tree

Penguin
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Successful prediction on charm CPV

Cheng, Chiang,’10



ΔACP = ACP(D0 → K+K−) − ACP(D0 → π+π−)

Saur, FSY, Sci.Bull.2020

CC: topological approach + QCDF

LLY: factorization-assisted topology (FAT)

Th: the only predictions of O(10-3)

Exp: LHCb, PRL122, 211803 (2019)
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Topological diagrammatic 
approach successfully 

predicted the charm CPV !!!

H.Y.Cheng, C.W.Chiang, 2012

H.n.Li, C.D.Lu, F.S.Yu, 2012

Successful prediction on charm CPV



34

SCET: |C/T|~|C’/T|~|E/T|~O(𝛬QCD/mQ) 

• Hierarchy of topological diagrams in heavy quark expansion

charm decay: |C/T|~|C’/T|~|E/T|~O(𝛬QCD/mc)~1

Leibovich, Ligeti, Stewart, Wise, 2004

• BESIII measurements on  decays are very helpfulΛ+
c

Λ+
c →

Data support hierarchy relations

Relations between topological diagrams

BESIII, 2016



• What decaying channel to search for double-charm 
baryons is an important problem before 2017. 


• Predictions are required for largest branching fraction. 
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FSY, Sci.China.PMA, 2020

Successful prediction on  discovery channelΞcc

• Topological diagrammatic approach may help.

• Less data can be used to estimate the order 
of magnitude of the branching fractions


