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Introduction
The recent experimental observations particularly in the hidden charm

sector have generated renewed interest in the study of tetraquark

spectroscopy*. The discovery of many high-precision experimental

observations of various tetraquark states have necessitated

reconsideration of the parameters involved in the previous studies.

The large number of tetraquark states with their masses and decay widths

have been recorded experimentally, but new investigation of the exotic

meson, molecular and multiquark systems have created great interest in

the four-quark spectroscopy.

Status of some of these states e.g. X(4140), X(4274), Zb(10610) and

Yb(10890) are still controversial and there exist disparities related to their

decay properties.

*M. Ablikim, (BESIII Collaboration) Physical Review Letters 129, 112003 (2022)
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Introduction
ψ(4230) and ψ(4260) are two nearby ψ

states initially were referred to as

Y(4230) and Y(4260) states.

On the other hand, BESIII [1] suggested

that Y(4260) is not a simple peak. This

state is a combination of two resonance

Y(4220) and Y(4330) [1].

According to Segovia et al. the Y(4260)
is not a pure charmonium state [2].

[1] M. Ablikim, et al., BESIII Collaboration, Phys. Rev. Lett. 118 (2017) 092001. 
[2] J. Segovia, A.M. Yasser, D.R. Entem, F. Fernandez, Phys. Rev. D 78 (2008) 114033.
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Introduction

[3] M. Ablikim, (BESIII Collaboration) Physical Review Letters 129, 112003 (2022)

BESIII Collaboration [3]
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To first approximation, the confining part of the

interaction is believed to provide the zeroth-order

quark dynamics inside the meson through the quark

Lagrangian density

For the present study, we assume that the colour

quarks and anti quarks are independently confined by

an average potential of the form [4, 5]

Theoretical Methodology

The bound constituent quark and antiquark

inside the meson are in definite energy states.

[4] Manan Shah, Bhavin Patel, P C Vinodkumar., PHYSICAL REVIEW D 90 (2014) 014009.
[5] Manan Shah, Bhavin Patel, and P. C. Vinodkumar, Eur. Phys. J. C 76 (2016) 36.
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The Dirac equation is obtained from as

The solution of Dirac equation can be written as two

component (positive and negative energies in the

zeroth order) form as

Where the positive and negative energy solutions are

written as

N
nlj

is the overall normalization constant.

Dirac  formalism 
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The reduced radial part g(r) and f(r) of the Dirac spinor of 𝝍𝒏𝒍𝒋 𝒓 are

the solutions of the equations given by

It can be transformed into a convenient dimensionless form given

as

where 𝝆 = (𝒓/𝒓𝟎) is a dimensionless variable with an arbitrary scale

factor chosen conveniently as

and 𝝐 is a corresponding dimensionless energy eigenvalue defined

as

Dirac  formalism 
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The mass of the specific
2S+1

L
J

states of 𝑸ഥ𝒒 system is expressed as

The spin-spin part is defined here as

The tensor and spin-orbit parts of confined one-gluon exchange

potential (COGEP) [4-6] are given as

Dirac  formalism 

9
[4] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Phys. Rev. D 90 (2014) 014009. 
[5] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Eur. Phys. J. C 76 (2016) 36. 
[6] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Phys. Rev. D 93 (2016) 094028. 
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Mass  spectra  of  S- wave  of  Ds and  D meson 

PHYSICAL REVIEW D 90, 014009 (2014)

Eur. Phys. J. C 76 (2016) 36

[4] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Phys. Rev. D 90 (2014) 014009. 
[5] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Eur. Phys. J. C 76 (2016) 36. 
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Mass  spectra  of  S- wave of  B and Bs meson 

PHY. REV. D 93, 094028 (2016)

[6] Manan Shah, Bhavin Patel, P.C. Vinodkumar, Phys. Rev. D 93 (2016) 094028. 



Tetraquark System
Here, the tetraquark state is treated as three two-body interactive

systems, 𝒄 𝒐𝒓 𝒃 − 𝒒, ത𝒄 𝒐𝒓 ഥ𝒃 − ഥ𝒒 and diquark-antidiquark [7-9].

The diquark - antidiquark picture for tetraquark configuration is

one of the most promising approach to understand the structure of

many exotic mesonic states as the diquark-antidiquark structure is

a strongly correlated system.

The confinement masses of quarks and antiquarks are obtained

through a mean-field linear potential of the form [7],

[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.
[8] Smruti Patel, Manan Shah, P. C. Vinodkumar, Eur. Phys. J.A (2014) 50:131
[9] Smruti Patel, P. C. Vinodkumar, Eur. Phys. J. C (2016) 76:356
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In the diquark–antidiquark structure, the masses of the

diquark/diantiquark system are given by

Further, the same procedure is adopted to compute the binding

energy of the diquark–antidiquark bound system as

𝑚𝑑 = 𝐸𝑄 + 𝐸𝑞 + 𝐸𝑑 + 𝑉𝑆𝐷 𝑄𝑞 − 𝐸𝐶𝑀

𝑚 ത𝑑 = 𝐸 ത𝑄 + 𝐸ത𝑞 + 𝐸 ത𝑑 + 𝑉𝑆𝐷 ത𝑄 ത𝑞 − 𝐸𝐶𝑀

𝑚𝑑− ത𝑑 = 𝐸𝑑 + 𝐸 ത𝑑 + 𝐸𝑑 ത𝑑 + 𝑉𝑆𝐷 𝑑 ത𝑑

Tetraquark System
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[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.



Mass Spectra of hidden Charm Sector

14[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.



Mass Spectra of hidden Charm Sector

15[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.



Mass Spectra of Bottom Sector

16[9] Smruti Patel, P. C. Vinodkumar, Eur. Phys. J. C (2016) 76:356



Mass Spectra of Bottom Sector

17[9] Smruti Patel, P. C. Vinodkumar, Eur. Phys. J. C (2016) 76:356
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Decay Properties of Tetra quark  States

The predictions of the decay widths play a crucial

role in the identification of the structure and

quark compositions of the exotic states.

The prominent exotic state with J
PC

=1
− −

was first

observed by the Belle collaboration [10,11] and to

date, it remains to be confirmed by independent

experiments.

[10] K.F.Chen et al. (BelleCollaboration), Phys. Rev. Lett. 100, 112001 (2008). arXiv:0710.2577 [hep-ex]
[11] I. Adachi et al. (Belle Collaboration), arXiv: 1209.6450 [hep-ex]
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Radiative Decay width of  JPC=1−−state
We study the radiative decays of these states using

the idea of vector meson dominance (VMD) which

describes the interactions between photons and

hadronic matter [12].

The transition matrix element for the radiative

decay of Y
b
→ χ

b
+ γ or X→J/ψ + γ is given with the

use of VMD by

[12] J. J. Sakurai, Currents and Mesons (University of Chicago Press, Chicago,1969)

𝜒𝑏𝛾|𝑌𝑏 = 𝛾|𝜌
1

𝑚𝜌
2 𝜒𝑏 𝜌|𝑌𝑏
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Radiative Decay width of  JPC=1−−state
And the decay width is given by

Here, λ is the centre of mass momentum and

𝒇𝝆 = 𝟎. 𝟏𝟓𝟐 𝑮𝒆𝑽𝟐 [13,14].

e.g. 𝒂 → 𝒃 𝒄

[13] A.Deandrea, G. Nardulli, A. D. Polosa, Riv ,Nuovo Cim. 23N, 11, 1(2000). 
[14] A. Deandrea, G. Nardulli, A. D. Polosa, Phys. Rev. D 68, 034002 (2003).
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Hadronic Decay width of  JPC=1−−state

[15] M. E. Peskin, D.V. Schroeder, An Introduction to Quantum Field Theory. Addison G Wesley (1995). 
[16] Ruilin Zhu, Phys. Rev. D 94 (2016) 054009.

We have studied the hadronic decay of the 1
−−

P-wave

Y
b

and X (or 𝝍 ) states. We discuss the two-body

hadronic decays, i.e. 𝒀𝒃(𝒒) → 𝑩 ∗ 𝒒(𝒌)¯ 𝑩 ∗ 𝒒(𝒍).

These are Zweig-allowed processes and involve

essentially the quark rearrangements. For calculating

dominant two-body hadronic decay widths of the 1
− −

tetraquark state, the vertices are given as [15,16]
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Hadronic Decay width of  JPC=1−−state
The corresponding decay widths [15] are given by

Here, M is the mass of the decaying particle and M
k
, M

l

are the masses of the decay products.

Here Ԧ𝐤 = 𝐊 is the center of mass momentum given by

[15] M. E. Peskin, D.V. Schroeder, An Introduction to Quantum Field Theory. Addison G Wesley (1995). 
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Hadronic Decay width of  JPC=1−−state
The hadronic decay widths for ψ states [16, 17] are

computed using the relations given by

Γ (𝑇𝑐 ҧ𝑐 [1
− −] ⟶ 𝐷𝑞ഥ𝐷𝑞)

Γ 𝑇𝑐 ҧ𝑐 1−− ⟶ 𝐷𝑞
∗ ഥ𝐷𝑞

∗ =
𝐹𝑇𝑐ത𝑐 1−− ⟶𝐷𝑞

∗ ഥ𝐷𝑞
∗

2 𝐾
3

𝑀4 −
104
9 𝑀2 𝐾

2
+
48
9 𝐾

4

2 𝜋 𝑀2 𝑀2 − 4 𝐾
2 2

Γ (𝑇𝑐 ҧ𝑐 [1
− −] ⟶ 𝐷𝑞 ഥ𝐷𝑞

∗)

[16] Ruilin Zhu, Phys. Rev. D 94 (2016) 054009.
[17] R.S. Azevedo, M. Nielsen, Braz. J. Phys. 34 (2004) 1.  
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Leptonic Decay width of  JPC=1−−state
In the conventional 𝒃ഥ𝒃 (or 𝒄ത𝒄) systems, the decay widths

are determined by the wave functions at the origin for

the ground state, while for the P-waves the derivations

of these wave functions at the origin are used.

The partial electronic decay widths of the tetraquark

states made up of diquarks and antidiquarks are given by

the well-known VanRoyen–Weisskopf formula for P-waves

[18],

[18] A. Ali, arXiv:1108.2197v1 [hep-ph] 
[19] J. L. Domenech-Garret, M.A. Sanchis-Lozano, Comput. Phys. Commun. 180, 768 (2009). 

Here,α is the fine structure coupling constant, σ <1 and

𝒆𝑸 is the effective charge [19] of Qq diquark system

given by

Γ 𝑇(𝑐 ҧ𝑐 𝑜𝑟 𝑏ത𝑏) 1− − ⟶ 𝑒+𝑒− =



Radiative and Leptonic Decay width of  JPC=1−−state

25[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.



Hadronic Decay width of  JPC=1−−state

26[7] Tanvi Bhavsar, Manan Shah, Smruti Patel, P. C. Vinodkumar, Nuclear Physics A 1000 (2020) 121856.



Hadronic decay widths of bottom tetraquark (in keV)

Hadronic Decay width of  JPC=1−−state

27
[9] Smruti Patel, P. C. Vinodkumar, Eur. Phys. J. C (2016) 76:356



Radiative and Leptonic Decay width of  JPC=1−−state
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Radiative decay widths (in keV))

[9] Smruti Patel, P. C. Vinodkumar, Eur. Phys. J. C (2016) 76:356



Summary

According to our analysis Zc(4600) is the radial excitation of 𝑐𝑠 ҧ𝑐 ത𝑞 tetraquark state having

mass 4604 MeV. According to our analysis Zc(4430) is the radial excited state of 𝑐𝑞 ҧ𝑐 ത𝑞
tetraquark state having mass 4425 MeV, which in accordance with the results suggested

by [20, 21].

Hadronic decays are not seen for ψ(4260) state experimentally but its full width is

measured around 55 ±19 MeV. Our computed hadronic decay widths for 𝐷𝑠 ഥ𝐷𝑠 and

𝐷𝑠 ഥ𝐷𝑠
∗ are higher than it’s full width. So, according to the present study these are not

possible decays for ψ(4260) state. Experimentally, we don’t have much information

about the state ψ(4360) but the full width and leptonic decay width of this state are

measured [22]. The hadronic decays of this state are not even seen experimentally but the

full width of 96 ± 7 suggests us to look for other decays channels.

[20] L. Maiani, F. Piccinini, A.D. Polosa, V. Riquer, Phys. Rev. D 89 (2014) 114010. 
[21] M. Nielsen, F.S. Navarra, Mod. Phys. Lett. A 29 (2014) 1430005. 
[22] M. Tanabashi, et al., Particle Data Group, Phys. Rev. D 98 (2018) 030001. 29

According to the present analysis, ψ(4415) fit to be a pure hidden charm hidden strange

𝑐𝑠 ҧ𝑐 ҧ𝑠 tetraquark state having mass 4416 MeV. Our predicted radiative and leptonic decay

widths for this state are 2.035 MeV and 0.498 keV ( )

respectively.

Zc(3985) → JPC = 1++ 𝑜𝑟 1+− 𝑐𝑠 ҧ𝑐 ത𝑞 tetraquark (Ds* D) or (Ds D*)



We predicted the Zb(10650) state as the first radial excitation of either the Xb(10143)

(0++) state or the Xb(10233) (1+−) state.

Our prediction regarding Zb(10650) state is just a straightforward extension to the

beauty sector and we observe that the Zb(10650) is also a radially excited state of a still

unmeasured Xb state.

As the Yb(10890) state with quantum number 1−− is of keen interest, in this study we

have predicted three P-wave 1− − states in the mass region around 10.850–10.931 GeV.

We have observed that the P-wave Yb state has mass 10.853 GeV as the Yb state. The

calculated partial electronic decay widths for the P-wave Yb is about 0.03 – 0.12 keV,

which is in agreement with the experiment decay width 0.043 ± 0.004 keV [23].

Summary

[23] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 102, 012001 (2009). 
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