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Introduction
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• Multiquark states were predicted at the birth of quark model 


• Quark potential model——a useful theoretical tool to describe the interaction between quarks
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Quark potential model
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• Semay-Silvestre-Brac Models


AL1: , AP1: p = 1 p = 2/3

Semay:1994ht, Silvestre-Brac:1996myf 

Screened confinement

Vijande:2004he, Segovia:2011dg

• Cornell model

OGE Confinement

Eichten:1974af, Eichten:1978tg, Eichten:1979ms 

• Chiral constituent quark model ( CQM)χ
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Complex scaling method (CSM)
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 In CSM, the coordinate  and its conjugate momentum  are transformed asr p

 The complex-scaled Hamiltonian

S. Aoyama, T. Myo, K. Kat.o, and K. Ikeda, 
Progress of theoretical physics 116, 1 (2006)

no longer hermitian, has complex eigenvalues

A method to obtain energies and wave functions of bound and resonant states.

 The properties of solutions of the complex-scaled Schrödinger equation (the ABC theorem):

Resonance: ER = MR − iΓR/2 square-integrable functionr → reiθ

2θ > Arg (ER)

Bound states: not change by scaling

Continuum states: start at the threshold, rotate clockwise by  2θ

Aguilar:1971ve, Balslev:1971vb

 CSM was advocated to derive resonances in many-body systems.
B. Simon, Communications in Mathematical Physics, 27(1): 1–9 (1972)

Avoid mistaking scattering 
states as resonant states
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Fully strange tetraquark system
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Motivation
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The strangenium-like state  was first reported in 2006 by the BaBar Collaboration in the process 
of . Later it was confirmed by BES, BESIII and Belle Collaborations.

Y(2175)
e+e− → ϕ(1020)f0(980)

BaBar:2006gsq, Belle:2008kuo, BES:2007sqy, BESIII:2014ybv, BESIII:2017qkh

• Possible strange analogs as the cousins of X(6900)

Other promising candidates: , , , , ,…… inspired by their many 
strangeness decays.

X(2370) X(2500) X(2239) X(2100) X(2436)

Recently, the LHCb Collaboration discovered a fully charmed tetraquark candidate , and 
confirmed by CMS and ATLAS.

X(6900)

LHCb:2020bwg, CMS:2023owd, ATLAS:2023bft

BESIII:2010gmv, BESIII:2019wkp, BESIII:2016qzq, BESIII:2018ldc, BESIII:2018zbm, BaBar:2007ptr

All candidates have negative parity. Do positive parity states exist?

• Experimental fully strange tetraquark state candidates
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• AL1 model

Quark potential model
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Semay:1994ht, Silvestre-Brac:1996myf 
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Tetraquark wave function construction
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• Spatial wave function: • Color wave function:

• Spin wave function:

Only S-wave is considered.

 for each coordinaten = 12
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Numerical results
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No S-wave di-quarkonium threshold.

If include higher-wave mesons, these 
states may change
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Spatial structure
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 Conventional definition of the rms radius under CSM
rms radius→reflect spatial structure

c-product:

generally not real, real part can still 
reflect the clustering behavior

 Newly defined rms radius

Fail to identify the molecular structure when containing 
identical quarks

 a new definition
The impact of identical particle exchange 
on rms radius is removed.
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Numerical results
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No molecular spatial characteristic. 

All states are compact.
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Numerical results
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No molecular spatial characteristic. 

All states are compact.Lowest S-wave state: ~2.7 GeV


The compact P-wave states are expected to be heavier.

→  and  are unlikely to be compact 
tetraquark states.

Y(2175) X(2370)
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Three- and four-lepton systems - Preliminary results
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Three- and four-lepton systems
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Motivation 
• Theoretical research on three-lepton resonant states is scarce. Research on four-lepton resonant states is 

limited to the di-positronium system .


• If resonant states such as  exist, they may be detectable in future experiments.


QED Coulomb potential 

                   

Wave function construction 
• No color wave function

• No coupling between spin channels.


Ps2

μ+μ+e−e−

Vij(r) =
QiQj

rij

Spin and C-parity degenerate

 threshold degenerate⇒
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Numerical results
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• 3-lepton systems with bound state or resonant state solutions

• Only the S=1/2 systems have bound and resonant states. →  component is necessary.

• Consistent with the previous calculations [Ho:1979zz] and [liverts2013three]. We obtain more states.


• No bound states or resonant states in  and  systems.
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https://doi.org/10.1016/j.cpc.2013.06.013
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https://doi.org/10.1016/j.cpc.2013.06.013
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Numerical results
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• 4-lepton systems with bound state or resonant state solutions

• Consistent with [Ho:1986zz] 
and [ho1989resonant]

e+e+e−e−



lower energy
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https://journals.aps.org/pra/abstract/10.1103/PhysRevA.33.3584
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.39.2709
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.33.3584
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.39.2709
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Numerical results

18

• S=2 system: pure  component, higher energy, more difficult to form bound states and 
resonant states.

[(μ+μ+)1(e−e−)1]S=2
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• 4-body systems with bound state or resonant state solutions

μ+μ+e−e−
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Summary
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Fully strange tetraquark system 

• We calculate the mass spectrum of the S-wave fully strange tetraquark systems with  and

 using AL1 quark potential model and complex scaling method. We obtain a series of 

resonant and zero-width states in the mass region  GeV, with widths ranging from less than 1 MeV to 
around 50 MeV. 


• All these states are compact tetraquark states.


• Since the lowest S-wave state is already as high as 2.7 GeV,  and  are unlikely to be compact 
tetraquark states.


Three- and four-lepton systems 

• We obtain a series of bound and resonant states in ,  and  systems, and no bound or 
resonant states in  and  systems.


• In the three-lepton systems, only the S=1/2 systems have bound and resonant states.


• In the four-lepton systems,  and  have a series of bound and resonant states, and no bound 
or resonant states are found in  system.

(JPC = 0++,1+−,2++)
(JPC = 0+−,1++,2+−)

(2.7,3.3)

Y(2175) X(2370)

e+e+e− e+e+μ− μ+μ+e−

μ+μ−e+ e+e−μ+

e+e+e−e− μ+μ+e−e−

μ+μ−e+e−

Thanks�for�your�attention!
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Three- and four-lepton systems
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