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a narrow resonance around 6.9 GeV with 5σ

a broad structure with the mass ranging from 6.2 GeV to 6.8 GeV

a hint for another structure around 7.2 GeV.
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the X(6900) was confirmed in the di-J/ψ channel by the CMS collaboration and di-

J/ψ as well as J/ψ+ψ(2S) channels by the ATLAS collaboration. 

In addition, some new resonances are observed: X(6600)  and X(7200) in CMS, and 

X(6200), X(6600) and X(7200) in ATLAS.

LHCb

Without 

considering 

NRSPS

LHCb by 

considering 

NRSPS

CMS ATLAS

the mass and decay width of X(6900)
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Inspired extensive theoretical investigations

Based on various phenomenological models

constituent quark models

QCD sum rules

diffusion Monte Carlo

...

Theoretical interpretations for them are still controversial. 

Even the quantum number assignments for these states are not yet fully determined.

Due to lack of light quarks, the X(6900) is more likely to be a compact four charm quark state.
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It is both challenging and necessary to understand the nature of these 

fully charmed tetraquark systems in the framework of QCD.

It is worth remarking that, lattice nonrelativistic QCD (NRQCD) has also been used to 

investigate the lowest-lying spectrum of the         sector, but found no indication of any 

states below 2ηb threshold in the 0++, 1+- and 2++  channels.

By assuming T4c to be S-wave fully charmed tetraquarks ( the JPC quantum number can be 

0++, 1+- and 2++ ), we study T4c production and decay based on NRQCD factorization.
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Differential cross section of  T4c through fragmentation in pp collision:

The partonic level cross sections are known for a long time.

fa,b/p denotes the parton distribution 

functions (PDFs) of a proton

Fragmentation function

2009.08450  Feng, Huang, Jia, SWL, Xiong, Zhang

2304.11142  Feng, Huang, Jia, SWL, Yang,  Zhang
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The gluon fragmentation is defined by

Collins, Soper, 1981

The fragmentation function obeys the renowned DGLAP evolution equation
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Analogous to the case of quarkonium production 

The fragmentation function may be computed based on NRQCD factorization
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A key observation is that, prior to hadronization, two charm and two anticharm have to be 

created at a rather short distance ∼ 1/mc, thus one can invoke asymptotic freedom to 

factorize the production rate as the product of the perturbative calculable short-distance 

part and the nonperturbative long-distance part

Scale as > mc , perturbative 

calculable

Scale as <  mc , 

nonperturbative
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The factorization formula for the fragmentation function at lowest order in velocity

Long-distance matrix elements
Short-distance coefficients
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The complement operators (S-wave) are built in the diquark-antidiquark basis

the spin configuration and color configuration of the diquark are correlated due to Fermi statistics
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The complement operators (S-wave) are built in the diquark-antidiquark basis

JPC = 0++

JPC = 2++

JPC = 0++
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Determine the short-distance coefficients

A fictitious tetraquark state with the same quantum number as T4c
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Relate the LDMEs to the phenomenological wave functions at the origin

PRD102,114001(2020);   EPJC80,871 (2020);   arXiv: 2006.11952
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Phenomenological prediction

Whether is the fragmentation mechanism 

enough at low pT range?

By roughly estimation, the 

fragmentation is suppressed by 

an extra αs however enhanced 

by pT
2/mH

2
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We expect the fragmentation mechanism will denominate the large pT distribution.

The fixed order T4c production will dominate the lower pT distribution.

At small pT , the gluon-gluon scattering will 

denominate the cross section.



2. T4c production at LHC

19

At fixed order, the JPC=1+- S-wave T4c can also be produced.

the production rate of C-odd 

tetraquark is severely suppressed with 

respect to the C-even ones due to the 

extra power of  1/pT
2

Asymptotic expressions:
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Comparison of the pT distributions of the T4c between fixed order and fragmentation 

mechanism
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Remarks:

1.    The cross sections and event numbers for 1+- and 2++ are not insensitive to the 

Model.  The condition for 0++ is different.  

2.  The cross section for 1+- is two order-of-magnitude smaller than the other two 

channels.

By assuming the integrated luminosity of 3000 fb-1 .
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0++   

2++
Only for

1+-Only for

2011.03039 Feng, Huang, Jia, SWL, Zhang

2104.03887 Huang, Feng, Jia, SWL, Yang, Zhang
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To verify the factorization formalism at next-to-leading order in αs

The viable decay channels

0++

1+-

2++       

In preparation, Feng, SWL, Wang, Zhang 



3. T4c electromagnetic and hadronic decay

24

It is straightforward to convert the factorization formula into the counterpart for 

T4Q electromagnetic and hadronic decays

Our main task is to compute the SDCs up to NLO in αs .
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For T4c electromagnetic decay:

The SDC is perturbative calculable, we can expand it in powers of αs :

The explicit ln μ2 terms are deduced from the renormalization-group invariance.
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At LO:       40 Feynman diagrams 

At NLO:   856 Feynman diagrams 
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At NLO

Numerical results
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LO:      72 Feynman diagrams

NLO:   2394 Feynman diagrams

LO:      14 Feynman diagrams

NLO:   444 Feynman diagrams

682 Feynman diagrams

128 Feynman diagrams
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Numerical results for the virtual corrections



3. T4c electromagnetic and hadronic decay

30

Special treatment for the real corrections

The propagator may be on-shell at certain points inside

the kinematic invariants of the phase space. 

The following approaches are invalid:

A. Reverse unitarities

B. Subtraction
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Special treatment for the real corrections

the key point is to divide the integration domain with xi ≥ 0 into sub-domains, and the 

both denominators (x0 + x1 −2 x2) and (x0 − x1 − x2) have definite sign, i.e., always 

positive or negative in each sub-domain.
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Special treatment for the real corrections

1. We decomposed the integration domain into several parts. 

2. An additional regulator is required to handle the singularities.

3. Use sector decomposition to separate the divergence.

4.  Make Taylor expansion and perform the numerical integration. 
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Numerical values for the real corrections

The SDCs are finally finite.   We verify the factorization formula for the T4c

hadronic decay. 
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1. We propose a factorization formula for T4c production and 

decay in the NRQCD framework.

2. We study T4c production at LHC and B factory. The cross 

sections at LHC are considerable, and very small at B factory.

3. To verify the factorization, we carry out the NLO corrections for 

T4c electromagnetic and hadronic decay. 
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Thank you for your attention！


