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Recently CERN has discovered three new exotic particles in LHCb. The
particles are Tcso (2900)

++, a doubly charged tetraquark with quark config-
uration (csud), Tcso (2900)0, a neutral tetraquark with quark configuration
(cdsu) and a neutral pentaquark Pψs (4338)0 with quark configuration (cc
uds). Pψs (4338)0 is the first observed pentaquark with a strange quark in
its configuration. The discovery of these subatomic particles are exciting and
the nature of interaction of the constituent quarks are need to be understood
for these multiquark states. Diquark is one of the most important candidate
for studying the structure and dynamics of exotic states. In the current work
we have studied the properties of these particles in the frame work of diquark
correlation. Diquark is a hypothetical coloured antisymmetric correlation of
two quarks with spin 0 (scalar) or spin 1 (vector). We have suggested two
models for diquarks. The composite fermion model and effective mass ap-
proximation model for diquark have been used to estimate the masses of Tcso
(2900)++, Tcso (2900)0 and Pψs (4338)0. Results are found to be in good
agreement with the experimental masses observed by CERN. We have also
studied the higher state masses of the particles in the framework of the flux
tube model which may be discovered in future. The Regge trajectories are
plotted. The form factor of these three exotics are also studied and plotted
with different values of momentum transfer Q2.
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1. Introduction

The aim of particle physics is to search the ultimate structure of na-
ture. Gellman [1] suggested the quark model for hadrons which are colour-
less bound state of quarks in the form of three quark system qqq which are
baryons or quark-antiquark system called mesons qq. Multiquark states con-
taining more than three quarks are of special importance in the hadron family.
Exotic states have been observed by different collaborations [2-11]. In 2022
LHCb has reported [12] a pentaquark which contains a strange quark [cc̄uds]
with mass M = 4338.2± 0.7± 0.4 MeV and decay width Γ = 7.0± 1.2± 1.3
MeV and a doubly electrically charged tetraquark which a tetra quark states
with four different flavors. It is an open-charm tetraquark [cs̄ud̄] and its part-
ner [cds̄u]. Mass is observed as M = 2.908± 0.011± 0.02 GeV with its decay
width Γ = 0.136± 0.023± 0.013 GeV. At theoretical level multiquark states
are investigated by a number of authors [13-17]. In the current work we have
studied the ground state masses of the tetraquarks T++

cs (2900), T 0
cs(2900)

and pentaquark P 0
ψs(4338) in the framework of diquark-anti diquark con-

figuration and the pentaquark as diquark-diquark-antiquark configuration.
We have suggested models of diquarks in our previous works [18,19] to com-
pute diquark masses. We have used the diquark masses computed in effective
mass approximation [18] and composite fermion model [19]. The higher state
masses are investigated using the flux tube model [20]. The Regge trajec-
tories are studied. The form factors of these exotic states for momentum
transfers Q2 in the range of 0 < Q2 < 0.1 GeV2 have also been studied.

2. Exotic masses in Effective Mass Approximation of diquark

An elementary particle in vacuum may be suggested to be in a situation
exactly resembling that of an electron in a crystal [21]. We have proposed
a similar type of picture for the diquark [ud] as a quasi particle inside a
hadron. We have considered that the diquark is an independent body which
is under the influence of two types of forces like background meson cloud
which is represented by potential V = 2

3
αs

r
, (αs is strong coupling constant)

resembling the crystal field whereas for the external force we have considered
an average force F = −ar,(’a’ is constant) which is confinement force.

2
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Under the influence of these two types of interactions the diquark behaves
like a quasiparticle (color antisymmetric), a low lying elementary excited
state simulating many body interaction and its mass gets modified. The
ratio of the constituent mass and the effective mass of the diquark mD can
be expressed as [18] :

mq1 +mq2

mD

= 1 +
α

2ar3
(1)

The diquark has been considered to be independent body behaving as quasi-
particle analogous to the many body systems which resembles the low lying
excitation and they are non interacting entities and as in the case of ideal
gas of quasiparticle, their energies are assumed to be additive [22] and their
effective mass characterizes the dynamic properties of the quasi particles.
Hence the mass of the tetraquark and pentaquark can be written as:

Mx = mD1
+mD2

(2)

Mx = mD1
+mD2

+mq (3)

The masses of tetra and pentaquarks are estimated and furnished in Table 1
for both scalar and vector diquark constituents.

2.1 Masses of the exotics in Composite Fermion Model of diquark

We have also suggested the composite fermion model of diquark in an
analogy with the Composite Fermion (CF) picture in the usual Quantum
Hall effect. Diquarks are suggested to behave a like a Composite Fermion in
the presence of the chromo-magnetic behaviour of QCD vacuum. The effec-
tive mass of the Composite Fermion can be determined in a gauge invariant
way and the leading contribution comes in the limit Λ

pF
, where Λ is cut off

parameter and pF is the Fermi momentum of the Composite Fermion. Chari
et al [23] have proposed an effective mass of quasiparticle in a gauge invariant
way and expressed it in terms of response function of the system in analogy
with Landau’s picture of quasiparticle of Fermi liquid. The effective mass
m∗

D of the diquark can be expressed as [19]:

1

m∗

D

=
1

(mq +mq
′ )
(1 +

Λ4

2p4F
) (4)

The Fermi momentum of mesons of different flavours of diquark have been
computed using the work of Bhattacharya et al [24] with the input of diquark
radius [25-26] and the masses of diquarks are computed using relation (6).

3
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Withmu = md = 0.360 GeV,ms = 0.540 GeV,mc = 1.71 GeV,mb = 5.05
GeV , Λ = 0.573 GeV for light sector [27] and 0.6533 GeV for heavy sectors
[28], we have estimated the masses of scalar and vector diquarks of different
flavours in our previous work [29]. The mass formula for the tetraquark state
with the relevant diquark-antidiquark configuration with binding energy and
spin interaction runs as:

M = mD +mD̄ + EBE + ES (5)

where mD and mD̄ are the diquark and antidiquark masses respectively.
Similarly the mass formula for the pentaquark will be,

M = mD +mD̄ +mQ̄ + EBE + ES (6)

where, EBE and ES are the binding energies and their spin contribution
respectively [19]. The ground state masses of the tetraquarks T++

cs (2900),
T 0
cs(2900) and the pentaquark P 0

ψs(4338) have been computed using above
equation. The masses in both formalisms have been displayed in Table 1.

EMA CF Expt. Mass
Model Model in GeV

Particle Scalar Vector Scalar Vector
mass mass mass mass

in GeV in GeV in GeV in GeV

Tcso(2900)
++ 3.0397 3.1407 2.0379 2.5565 2.908 ±0.011 [11]

[cs̄][ud̄]

Tcso(2900)
0 3.0261 3.0845 2.0379 2.5565 2.908 ±0.011 [11]

[cū][ds̄]

Pψs(4338)
0

[cs][ud]c̄ 4.749 4.8507 3.5311 4.3014 4.338 ±0.0007[11]
[uc][ds]c̄ 4.7361 4.7945 3.3545 4.0065

Table 1: Ground state masses of exotic hadrons computed in Effective
Approximation Model and Composite Fermion Model.

4
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2.2 Higher state masses of the exotic hadrons in the context of

the Flux-Tube Model

Mass Loaded flux Tube model has been suggested by Selem and Wilczek
[20] where two masses are connected by a relativistic string of string tension σ,
rotating with angular momentum L. Considering the exotic tetraquark in the
diquark-antidiquark picture in the context of flux tube model, the system can
be represented as the heavy diquark at rest and the other diquark connected
to it by flux tube which is in constant rotation with the heavy diquark. The
mass formula for the higher states of the multiquak states can be written as:

E = mD +

√

σL

2
+ 2

1

4KL−
5

4µ
3

2

D + a~L · ~S (7)

where µD is the mass of the diquark which is connected by the flux tube and

K = 2π
1

2

3σ
1

4

, L represents the orbital angular momentum of the diquark and S

is the total spin. ~L · ~S is the spin-orbit interaction. The mass formula for the
pentaquark can be expressed as,

E =MQ +

√

σL

2
+ 2

1

4KL−
5

4µ
3

2

D + a~L · ~S (8)

where MQ is the heavy antiquark mass, µ
3

2

D = m
3

2

D1
+m

3

2

D2
, mD1

, mD2
are the

effective masses of the two diquarks estimated in the framework of the CF
model. The orbital excitations of the particle can be described by the Regge
trajectories and has been expressed by:

E2 = αJ (9)

where E is the energy at the higher state for different values of L and J
is the total angular momentum and Regge slope is (α). The energies of
the heavy tetraquark T++

cs (2900) and the pentaquark P 0
ψs(4338) have been

estimated for different values of L. The input values are σ = 0.999GeV 2

and a = 0.04GeV . The higher state masses of the tetraquark T++
cs (2900)

and the pentaquark P 0
ψs(4338) have been displayed in Table 2 and Table 3

respectively. The variations of E2 versus L for the tetraquark is displayed
in Figure 1(i) and the pentaquark in Figure 1(ii) for quark combinations of
[cs][ud]c̄ and [uc][ds]c̄ respectively. The value of the Regge slopes α have been
extracted from the graphs. The ground state masses of the tetraqurks and
pentaquarks are also extracted from the Regge trajectories of the particles
at L = 0.

5
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Particle Value Mass Mass Mass Mass α
/Quark of L in GeV in GeV in GeV in GeV in
content for S=0 for S=1 for S=2 from GeV 2

(JP ) (JP ) (JP ) graph
at L=0

T++
cs 1 2.0102 (1−) 2.5396 (2−) 2.8310 (3−)

2 2.2471 (2+) 2.8165 (3+) 3.1021 (4+)
[uc][s̄d̄] 3 2.4397 (3−) 3.0491 (4−) 3.3549 (5−) 2.5534 1.73

4 2.6083 (4+) 3.2577 (5+) 3.5906 (6+)

Table 2: Exotic tetraquark higher state masses with scalar and vector
diquark-antidiquark.

2.3 Form factors of the exotic hadrons

In estimating the form factor of the multiquark state we have used the
wave function for hadrons derived in the context of Statistical Model [30].
The expression for the form factor is obtained as:

F (Q2) = 48(Qr12)
−3J3(Qr12) (10)

where J3(Qr12) is the Bessel function of the first kind. The radii of the scalar
and vector diquarks depending on their spins have been given input from
the existing literature [25,26]. The form factors of the tetraquark T++

cs (2900)
and the pentaquark P 0

ψs(4338) comprising the scalar and vector diquark-
antidiquark for different values of Q2 are estimated in the range 0.01 < Q2 <
0.1 GeV 2 and displayed in Figure 1(iii), and 1(iv) respectively.

3. Conclusion

In the present work we have invsestigated the masses of the recently dis-
covered exotic tetraquarks T++

cs (2900), T 0
cs(2900) and the pentaquark P 0

ψs(4338)
in diquark framework with quasi-particle model and composite fermion model
of diquarks. The results have been displayed in Table 1. The results are

6
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reasonably in good agreement with the experimental values with a variation
of approximately 300MeV . Ground state mass of pentaquarks are extracted
as 4.318 GeV and slope as 0.54 from graphs. Regge slopes show a non-linear
behaviour and found to be less than the universal accepted value ∼ 1 GeV2

[31]. The form factor variations of T++
cs (2900) and P 0

ψs(4338) have been dis-
played in the range of 0.01 < Q2 < 0.1 GeV2 in the Figures 1(iii) and 1(iv).
The form factors are found to be falling sharply in the low range indicating
a clear violation of scaling at lower momentum transfers. The effect may
be attributed to the interaction of quarks by the exchange of gluons. From
the current investigation it is observed that the diquark combination repro-
duces the masses of these states very well and diqurk is a potential candidate
to describe multi-quark states. However, more experimental attempts will
enlighten us to understand the spectroscopy, the structure and dynamics of
these exotic systems.

Value of JP Mass Mass
L in GeV in GeV

P 0
ψs [cs][ud]c̄ P 0

ψs [uc][ds]c̄

1 1
2

−
4.3539 4.0231

3
2

−
4.5657 4.3076
6.015 5.1725

2 3
2

+
4.3153 4.0371

5
2

+
4.5397 4.3227
5.7592 5.0499

3 5
2

−
4.3612 4.1098

7
2

−
4.6118 4.4156
5.7129 5.0728

4 7
2

+
4.6674 4.1934

9
2

+
4.7089 4.5264
5.7737 5.1379

Table 3: Higher state masses of exotic pentaquark.
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Figure 1: (i) Variation of E2 versus L for the exotic tetraquark T++
cs . (ii)(a)

Variation of E2 versus L for the exotic pentaquark P 0
ψs [cs][ud]c̄, (b) Variation

of E2 versus L for the exotic pentaquark P 0
ψs [uc][ds]c̄ (iii) Variation of the

Form factor with Q2 in the range 0.01 < Q2 < 0.1 GeV 2 for the exotics
with scalar diquarks. (iv) Variation of the Form factor with Q2 in the range
0.01 < Q2 < 0.1 GeV 2 for the exotics with vector diquarks.
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