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Going in quest of potential tetraquark interpretations for the newly
observed T, states in light of the diquark-antidiquark scenarios
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Stimulated by the recent experimental progress on the T, states, the fully charmed tetraquark
spectroscopy is systemically investigated by dint of the Godfrey-Isgur relativized diquark model, the
modified Godfrey-Isgur relativized diquark model with the color screening effects, and the nonrelativistic
diquark model. The theoretical results of the diquark-antidiquark scenarios propose to interpret the
T,,(6200), T, (6600), T,,(6900), and T, (7300) structures as the candidates of the 1S-wave,

1P/2S-wave, 1D/2P-wave, and 2D /3P /4S-wave fully charmed tetraquark states, respectively. On account

of the deficiency of sufficient experimental information, e.g., the parities of the newly observed T

yy States,

there are uncertainties about the assignments of the 7',,,(6600), T, (6900), and T, (7300) states. It is
demonstrated that the further experimental survey on the cccc states, implemented by the LHCb, ATLAS,
CMS, and other collaborations, ought to be continued in the future.

DOI: 10.1103/PhysRevD.107.074010

I. INTRODUCTION

Heavy flavored exotic hadrons discovered by experiments
are sharply growing in recent two decades [1,2]. They
comprise not only multitudinous hidden heavy flavored
exotics, but also ample open heavy flavored exotics. For
instance, the heavy quarkoniumlike T, /Ty states, the
hidden charmed pentaquark P, /P, states, the open
charmed tetraquark 7'.,/T,. states, and so forth. What is
more, the theoretical interpretations on the internal structure
of heavy flavored exotics are also multifarious [3-12],
including compact multiquarks, loose hadronic molecules,
hadroquarkonia, hybrid hadrons, kinematical effects, etc.
Nonetheless, the elucidation on the configurations of a
portion of exotic states is in a dilemma due to the deficiency
of experimental and theoretical smoking gun. Concretely,
the conventional hadronic assignments for certain heavy
flavored exotics cannot be ruled out, e.g., the y.;(3872)
state. As a neutral state, it is capable of being regarded as
the charmonium, the charmoniumlike exotica, the mixing
among them, or others. It demonstrates that the endeavor
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on shedding light on the nature of heavy flavored exotic
hadrons is still herculean, despite progress.

Members of the T, family are overtly exotic states
beyond the conventional quark model, composed of four
charm quarks (cccc). The first observation on them was
announced by the LHCb Collaboration in 2020 [13], with a
narrow structure around 6.9 GeV in the J/y-pair (di-J/w)
invariant mass spectrum, ie., the T,,,(6900) state. The
corresponding detection was implemented by utilizing pro-
ton-proton collision at center-of-mass energies of /s = 7, 8,
and 13 TeV, obtaining two sorts of possible alternatives for
the mass and natural width of the 7, (6900) structure,
enumerated in Table I. Whereafter, the presence of the
T,,,(6900) state was separately confirmed by the ATLAS
and CMS Collaborations in 2022 [14,15]. Furthermore, a
few else members of the T, family, including the
T,,(6200), T,,(6600), and T, (7300) states, were not
only recorded by the ATLAS Collaboration in an excess of
the di-J/w and J/y + w(2S) events in the four-muon final
state [14], but also observed by the CMS Collaboration in the
di-J/y invariant mass spectrum produced by proton-proton
collision data at /s = 13 TeV [15]. A series of discoveries
of the 7, family members offered tremendous opportu-
nities for the studies on the spectroscopic properties of heavy
flavored exotic hadrons.

From the viewpoints of theoretical approaches, the
existence of multiquark states is feasible, having been come
up with by the pioneering works of the quark model [16,17].
In terms of the T, family, the earliest theoretical inquiry
was conducted by Ref. [18] in 1975, predicting a sharp cccc

Published by the American Physical Society
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TABLE L. A summary of experimental information of the 7', states which have been detected by the LHCb [13], ATLAS [14], and

CMS [15] Collaborations (in units of MeV).

Notation Mass Decay width Channel Experiment
T,,(6200), 6220 + 5078 310 4 12070 Jw+J )y ATLAS [14]
T, (6600)c 6552 4+ 10 + 12 124 429 + 34 Iy +1T/y CMS Fit I [15]
T, (6600) 5 6620 £ 3017 310 £ 9078, Ty + 1]y ATLAS [14]
T,,,(6600)c 6736 + 38 439 + 65 Iy + ]y CMS Fit 11 [15]
T,,,(6600),, 6741 + 6 288 + 16 Iy + /)y LHCb Fit II [13]
Ty (6900) 6780 £ 3601350 390 £ 110730 J/w +w(2S) ATLAS [14]
T, (6900) o 6870 + 307% 120 + 4039 Jw+J /)y ATLAS [14]
T,,,(6900); 6886+ 11+ 11 168 4 33 + 69 Iy +T/y LHCb Fit II [13]
T,,,(6900) 6905 + 11 +7 80 + 19 + 33 Iy + ]y LHCb Fit I [13]
T, (6900) 6918 + 10 187 4 40 Iy +J ]y CMS Fit 11 [15]
T, (6900)¢ 6927 +£9+5 122422419 Iy +1T]y CMS Fit I [15]
Ty, (7300) 7220 £ 3013 100+130460 J/w +w(28) ATLAS [14]
T, (7300)c 7287+ 1945 95 +46 +20 Iy + /]y CMS [15]

resonance whose mass lay around 6.2 GeV. Over the
ensuing decades, mass spectra, decay properties, and pro-
duction mechanisms of the ccc¢ states were systematically
investigated by Refs. [19-110], in virtue of miscellaneous
phenomenological recipes, containing the quark bag
model [19-21], the quark potential model [22-24,26,30—
34,36,37,39,42-47,49,50,52,58,63,67,68,72,74,79,80,82—
84,88,95,96,100,101,103,105,106,108,110], the Bethe-
Salpeter (BS) equation [27,66,73,81,93], the lattice QCD
[25], the QCD sum rules [28,29,35,41,51,54,59,62,76,77,
90,92,98], the adiabatic (Born-Oppenheimer) approxima-
tion [48], the nonrelativistic QCD (NRQCD) effective field
theory [56,57,61,70], the holography inspired stringy
hadron (HISH) model [60], the dynamical rescattering
mechanism [64,87,94], the coupled-channel final state
interaction (FSI) [69,71,78,84-86,95,97,99,104,109], the
basis light-front quantization (BLFQ) [89], the bosonic
algebraic approach [91], etc. Since the T,,,(6900) state was
discovered by the LHCb Collaboration [13], numerous
theoretical arguments on its inner composition were
proposed, including the (diquark-antidiquark) tetraquark
configuration [38,39,41-46,48,49,51-55,58-60,66—68,72—
74,76,79,81,83,88,90,92,96,100,103-106,109,110],  the
(meson-meson) molecule configuration [41,63,93,96], the
(mixing among diquark-antidiquark and meson-meson)
tetraquark-molecule mixing configuration [50,82,93,101],
the (hidden color-octet) moleculelike configuration
[62,77], the (coupled-channel) dynamically generated res-
onance pole structure [69,71,97,99], the (cusp) kinematical
effect [95], the light Higgs-like boson [111], the gluonic
tetracharm configuration [112], and so on. Moreover, a
vague structure around 7.2 GeV appeared in the di-J/y
invariant mass spectrum from the observation of the LHCb
Collaboration [13] could be construed as the =..E.,

molecular state with J*¢ = 0=F [113] or the mixing among

the (diquark-antidiquark) tetraquark state and the Z,..E,,
molecular state with J°¢ = 0~ [114]. On account of the
paucity of adequate experimental evidence, the nature of
the T,,,(6200), T,,,(6600), T, (6900), and T,,,(7300)
states has all been intangible so far.

Howbeit, the (diquark-antidiquark) tetraquark configu-
rations are deemed as the quite probable interpretations for
the T, structures which have been reported by experi-
ments, owing to the absence of the light quark degree of
freedom, which plays an imperative role in the formation of
(meson-meson) molecular states [53,55]. Consequently, a
few diquark-antidiquark scenarios are employed to delve
into the spectroscopic properties of the cccc states in this
work, covering the Godfrey-Isgur (GI) relativized diquark
model, the modified Godfrey-Isgur (MGI) relativized
diquark model (incorporating the color screening effects),
and the nonrelativistic (NR) diquark model. The precis of
this treatise is recapitulated as follows. Initially, the status
quo of the experimental and theoretical investigations on
heavy flavored exotic hadrons is laconically retrospected
in Sec. I. Subsequently, three sorts of diquark-antidiquark
scenarios are expounded in Sec. II. Afterwards, the mass
spectrum of the low-lying excited T, family is procured in
Sec. III. Next, both the potential interpretations of the
newly observed T, structures and the spectroscopic
discrepancies between this work and other theoretical
approaches are articulated in Sec. IV. Lastly, a compen-
dious summary of this work is presented in Sec. V.

II. FORMALISM

This section mainly delineates the Godfrey-Isgur (GI)
relativized diquark model, the modified Godfrey-Isgur (MGI)

074010-2



GOING IN QUEST OF POTENTIAL TETRAQUARK ...

PHYS. REV. D 107, 074010 (2023)

relativized diquark model with the color screening
effects, the nonrelativistic (NR) diquark model, and
their applications on the inquiries on the spectroscopic
properties of quadruply charmed (diquark-antidiquark)
tetraquarks.

A. Godfrey-Isgur relativized diquark model

The Godfrey-Isgur relativized quark model (GI model)
was proposed by S. Godfrey and N. Isgur in 1985 [115],
studying the spectroscopic properties of all sorts of
mesons with a set of universal parameters of the one-
gluon-exchange-plus-linear-confinement potential incited
by QCD. The pivotal feature of the GI model is, as
Ref. [115] narrates, “all mesons—from the pion to the
upsilon—can be described in a unified framework™. Thus
far, the GI model has been successfully employed to probe
the mass spectra of light mesons [115], heavy-light
mesons [115-117], fully heavy mesons [115,118-120],
light baryons [121], singly heavy baryons [121,122],
doubly heavy baryons [123], fully heavy baryons [49],
light tetraquarks [124], heavy tetraquarks [125,126], and
diquarks [32,49,122,124—-127]. The specific details and
explicit expressions of the GI model may be found in
Ref. [115]. As far as meson is concerned, the Hamiltonian
of the GI model is

Hgr = HY + VEr + vent pyien o (2.1)
where H%I is the relativistic energy of total (anti)quarks.
vt et yien and Ve denote the effective confine-
ment, contact, tensor, and spin-orbit potentials between
the quark 1 and antiquark 2 in the meson, respectively.

decomposed into the diagonal terms [Vg?n) and Vg? )] and

off-diagonal terms (V[éeln] and ng]). In this work, both of

off-diagonal terms (Vgeln] and Vg?]) are omitted for

convenience. As a matter of fact, the spin-orbit off-

diagonal term V[CS;(I)] is going to vanish automatically when

the mass of quark 1 is equivalent to the mass of antiquark 2
[115]. The forms of HY,, veont, yeont v ang i) are

2
HY = Ei(p), (2.2)
i=1
V%?Inf = G?ZOUI(pv r) + SIZ(F)a (23)
2 9 aGcont(p r)
Vel =——— — 12— 28 s, (24
¢l 3mym,r? or {r or b2 (2:4)
(e 1 (1_0)0G{F(p.r)
Vo = — = = T 2.5
al mym, (r ar> or diag (2:3)
o 1T 1G5 (p.r) 1 G (p.r)
V(bo) — |- ZYu p.r 4 2 \D,r
U |4m? or 4m}3 or
_ 1 a5 pr) 1 055 (p.r)
4m? or 4m3 or
1 G (p,
1 (P ”)}L S, (2.6)
mim, or

Among them, V{§ and Vg are capable of being  with
|
Ei(p) = (p* + m?),
o - P T P
G (p,r) = 1—5—4] G;i(r [1—1—7] )
P =1 EoEm] 0 T B
- i m:m: %+5cnm/len/sn(v) ~ m;m:; %Jrgc"m/te"/so(v)
Gc'(')nt/ten/so(v) p.r) = it :| G..(r |: [ :| ,
i = EER) 1 Ep)E, ()
. [ omym; |3t mm; |5t
5%o0) p.r) = i ] S.(r [4] ,
i P EwEe] S EWEG)

Here, T denotes the operator of the tensor coupling
interaction, whose diagonal matrix elements are able to
be evaluated by dint of the identity from Landau and
Lifshitz [128,129] or the Wigner-Eckart theorem [130].
E; and m; are the relativistic energy and mass of the

(anti)quark i, respectively. In consideration of the various
types of potentials’ dependence on the center-of-mass
momentum of the interacting (anti)quarks, the momentum-
dependent factors are introduced into the smeared
Coulomb and linear potentials (Gij and S’ij), to acquire
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the corresponding momentum-dependent Coulomb, con-
tact, tensor, vector spin-orbit, and scalar spin-orbit poten-

tials [GE, G, G, G, and 39V, with the
universal parameters [€conts €tens Eso(v)s aNd €go(q)] [115].
The smearing prescription of the certain potential f(r) is

defined as [115]

Fulr) = / B py (e =) f (), (2.7)
with
3‘ 2 J\2
pylr—v) = e, 23)
2

L[ L Amimy 4 5 2mim;\?
M e e R e B
Here, p;;(r —1’) is the smearing function, with the uni-
versal parameters (o, and s) [115]. By taking advantage of
Eq. (2.7), the short-range y* ® y, Coulomb potential G(r)
and long-range 1 ® 1 linear potential S(r) are capable of
being smeared into the smeared Coulomb potential G; (r)

and smeared linear potential S, ;(r), respectively. The forms
of G(r) and S(r) are

G(r) = “Z(:) A Aas (2.10)
S(r) = —% (br 4 ¢)Ay - Ay, (2.11)
with

3
a,(r) = Zakerf(ykr), (2.12)

k=1
erf(x) = & / e, (2.13)

2 J0

Here, 4; denotes the Gell-Mann matrices of the color SU(3)
group, which act on the (anti)quark i. The matrix elements
of 4; - 4; are able to be evaluated in virtue of the eigenvalue
of the quadratic Casimir operator [131]. erf(x) and afore-
mentioned constants (a3, ¥r=123, b, and ¢) are the
error function and GI model universal parameters [115],
respectively.

As the hypothetical substructure of the baryon and
multiquark state, composed of two quarks, the diquark
plays a crucial role in perceiving the various properties of
hadrons [132-134], including but not limited to the
spectroscopy, structure, form factors, magnetic moments,
production, and decay properties of hadrons. The repre-
sentation of the color SU(3) group of the diquark is

antitriplet or sextet inasmuch as the quark possesses the
color triplet representation, i.e.,

3,®3,=3,®6,, (2.14)

3; ®3; =3;; © 6. (2.15)
What is remarkable is that the matrix element (A; -A4,)
of the color (anti)sextet (anti)diquark is positive 4/3,
which means that the quark-quark (antiquark-antiquark)
interaction in the color (anti)sextet (anti)diquark is repul-
sive, engendering that the color (anti)sextet (anti)diquark
is incapable of being formed in the diquark model
[49,81,124—127]. Hence, the diquark-antidiquark scenarios
employed in this work only adopt the color antitriplet
diquark (triplet antidiquark) as the practically effective
(anti)diquark to investigate spectroscopy of fully charmed
tetraquarks. Manifestly, the color antitriplet diquark (triplet
antidiquark) is able to be approximately deemed as the
antiquark (quark), since it possesses the color representa-
tion in common with the antiquark (quark). The GI
relativized diquark model 1is carried out in two
steps. First of all, the mass of the ground state doubly
charmed diquark is garnered. Next up, the spectroscopic
properties of quadruply charmed tetraquarks are sur-
veyed via looking upon the diquark (antidiquark) as the
antiquark (quark). All the corresponding results are laid out
in Sec. IIL

B. Modified Godfrey-Isgur relativized diquark
model with the color-screening effects

Admittedly, the linear potential S(r) is quite successful for
depicting the long-range interaction between (anti)quarks
[115]. However, the color flux tube between (anti)quarks
may break up at large distances due to the vacuum
polarization effects of dynamical fermions, which gives
rise to the color screening effects [135]. The color-screened
nonrelativistic quark potential models have been success-
fully employed to study the mass spectrum of heavy
quarkonium [136], by means of superseding the linear
potential S(r) with the screened linear potential S (r),
which is

S (r) = (2.16)

3 1—e™

—— b M Ay
16 ( W C) b

Here, u is the color screening factor. It is straightforward to

be aware of

3
S(}") :—E(bF—FC)A,I'A«z, I"—)O,
3 /b
Cy :—R<;+c)}q Ay, r— o0,

(2.17)
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which indicates that the screened linear potential S*(r)
inclines to the linear potential S(r) when the interaction
range r verges on zero, and inclines to the constant ¢, when
the interaction range r verges on infinity.

By incorporating the color screening effects, the modi-
fied Godfrey-Isgur relativized quark model (MGI model)
is attained [137], having been successfully employed
to investigate the spectroscopic properties of light
mesons [138], heavy-light mesons [137,139], fully heavy
mesons [140], light tetraquarks [124], heavy tetraquarks
[126], and diquarks [124,126]. In the MGI model, the
smeared screened linear potential S’?jr(r) is procured in
virtue of interpolating the screened linear potential S (r)
into Eq. (2.7). Besides, the other particulars of the MGI
model are in concordance with the GI model. The specific
details and explicit expressions of the MGI model may be
found in Ref. [137]. Whereafter, the MGI relativized
diquark model is performed in two aforementioned steps,
which garners the masses of the doubly charmed diquark
and fully charmed tetraquarks displayed in Sec. IIIL.

C. Nonrelativistic diquark model

As one of the potent phenomenological approaches, the
Cornell potential model is an eminent exemplar of the
nonrelativistic quark potential models, limning the mass
spectrum of quarkonium successfully [141]. It is composed
of the Cornell Coulomb potential G°°™(r) and Cornell
linear potential S<°™(r), i.e.,

A
Gcor“(r) = le 'Az, (218)

3
scom(r) = —Eﬂr/ll - Ay (2.19)
The nonrelativistic quark model (NR model) employed
in this work stems from Ref. [119], having successfully
inquired into the spectroscopy of the charmonium system.
Its Hamiltonian is

Hyg = Hig + VRR + VRR' + ViR + Vi, (220)

where the tensor and spin-orbit off-diagonal terms (VI@]

and VI[\S,(I’{]) are omitted as mentioned previously. Concretely,
all the relevant terms of Hyg are

2
H{g = E&lp). (2.21)
i=1
VRt = G (r) + SCom(r), (2.22)
2 d[,dGe(r)
|4 — P S, -S,, 2.23
N 3mym, 2 dr {r dr } bee2 ( )

(ten) 1 /1 d\dG*™(r)

— ) =T 2.24
ViR mym; <r dr dr diag’ (224)
veo JL[(1 11y deen)

N L \dm? - 4m3 mym, dr

1 1\ dsCom(r)
—(—+-—)——=|L-S, 2.25
<4m%+4m%> dr ] (225)
with
re
& = , 2.26
() =mito (2.26)
ety _ %e(r)
= 2.2
G(r) = 25y 2, 2.27)
a,(r) = acerf(y.r). (2.28)

Here, &; and aforementioned constants (a,, y., and ) are
the nonrelativistic energy of the (anti)quark i and NR model
parameters determined by fitting the mass spectrum of the
charmonium states [119], respectively. In the NR model,
the form of @, (r) in G (r) employs a approximate form of
a,(r) in G(r). Following Ref. [119], the tensor and spin-

orbit terms [Vﬁ;") and Vl(\fﬁ)] are deemed as mass shifts in

virtue of leading-order perturbation theory. The specific
details and explicit expressions of the NR model may be
found in Ref. [119]. Subsequently, the NR diquark model is
implemented by adopting the (diquark-antidiquark) tetra-
quark configuration, whose results on the axial-vector
doubly charmed diquark and fully charmed tetraquark
system are enumerated in Sec. III.

III. RESULTS

The particular results on the spectroscopic properties of
the ground state axial-vector doubly charmed diquark and
entire fully charmed tetraquark family are unveiled by three
sorts of aforementioned diquark-antidiquark scenarios (GI
relativized diquark model, MGI relativized diquark model,
and NR diquark model) in this section.

A. Parameters

In the calculations on the mass spectra of doubly
charmed diquark and fully charmed tetraquark states,
fulfilled by the GI (MGI) relativized diquark model and
NR diquark model, it’s worth noting that the values of all
the corresponding parameters are identical with the coun-
terparts of Refs. [115,119], as enumerated in Table II.

B. Doubly charmed diquark

According to the Pauli exclusion principle, the total
wave function of the (anti)diquark, made up of the color,
flavor, spin, and spatial wave functions, is sure to be
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TABLE II. Parameters of the GI (MGI) [115] and NR [119] models.

GI (MGI) [115] NR [119]

Parameter Value Parameter Value Parameter Value

m. (GeV) 1.628 m, (GeV) 1.4794

b (GeV?) 0.18 ¢ (GeV) —-0.253 B (GeV?) 0.1425

71 (GeV) V1/4 a; 0.25 7. (GeV) 1.0946

72 (GeV) /10/4 o 0.15 Q. 0.5461

73 (GeV) \/1000/4 a3 0.20

oo (GeV) 1.80 s 1.55

€cont —-0.168 €so(v) —-0.035

€ten 0.025 €so(s) 0.055
antisymmetric [142]. Ergo, in terms of the color antitriplet S -85 ®S (3.4)
(triplet) ground state doubly charmed diquark (antidi- o e < '
quark), the spin wave function is symmetric, i.e., the spin S..—S.®S.. (3.5)

quantum number has to be 1. Thereby the color antitriplet
(triplet) ground state doubly charmed diquark (antidi-
quark) must be an axial-vector (anti)diquark owing to
the fact that the S-wave (anti)diquark possesses a positive
internal parity [142]. Whereafter, the masses of the ground
state axial-vector doubly charmed diquark, garnered by
aforementioned diquark-antidiquark scenarios, are dis-
tinctly laid out in Table III. In this work, the values of
diquark masses, obtained by the GI, MGI (¢ = 50), MGI
(u = 100), and NR models, are 3329 MeV, 3314 MeV,
3300 MeV, and 3152 MeV, respectively.

C. Fully charmed tetraquark

In terms of the diquark-antidiquark configuration, the
total angular momentum J of the fully charmed tetraquark
cccc is obtained by coupling the total angular momentum
J.. of the doubly charmed diquark cc, the total angular
momentum J; of the doubly charmed antidiquark ¢¢, and
the relative orbital angular momentum L, between the
diquark cc and antidiquark cc, i.e.,

J:JCC ®J55 ®L,1, (31)
with
JLL = LL'L' ® SCC’ (3'2)
Jee =Lee ® Saa, (33)
TABLE III. The ground state axial-vector doubly charmed
diquark masses reaped by this work (in units of MeV).
Scenario Mass Scenario Mass
GI 3329 MGI (u = 50) 3314
NR 3152 MGI (u = 100) 3300

Here, S., S.., and L. (Sz, Sz, and Lzz) denote the spin
quantum number of the charm (anti)quark, the spin quantum
number of the doubly charmed (anti)diquark, and the
relative orbital angular momentum between the two charm
(anti)quarks in the doubly charmed (anti)diquark, respec-
tively. As mentioned previously, the spin quantum number
of the color antitriplet (triplet) orbitally ground-state doubly
charmed diquark (antidiquark) must be 1 due to the Pauli
exclusion principle. In this work, the orbital excitations
between the two (anti)quarks inside (anti)diquarks are
omitted. Thereupon, the total angular momentum of the
doubly charmed (anti)diquark is determined as 1, i.e.,

L.=Lsz=0, (36)
Jee =S8ee =1, (37)

The conventional mesonic notation n>S*!L; is employed
to denote the fully charmed tetraquark states predicted by
theories in Tables IV and V. Thereinto, the principal
quantum number 7, the orbital angular momentum L,
and the spin quantum number S of the fully charmed
tetraquark cccc are

n=ng+ngz+n,+1, (3.9)
L :LCC+LZ‘E+L1’ (3.10)
S:SCC ®S55. (311)

Here, n,., ng, and n, denote the radial quantum numbers
between the two charm quarks in the diquark cc, between
the two charm antiquarks in the antidiquark ¢¢, and
between the diquark cc and antidiquark c¢ in the fully
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TABLE IV. The mass spectrum of the 15-, 1P-, 25-, 1D-, and 2P-wave fully charmed tetraquark states reaped by this work (in units
of MeV).

State GI MGI (u = 50) MGI (u = 100) NR
T,,(n*tL;)  JPC  Mass Candidate Mass Candidate Mass Candidate Mass Candidate
WWO(] lSo) ot 6053 6020 5989 5944
l//u/l S1) 17 6181 6148 6115 6001
W2(1 S5) 2+t 6331 6295 6260 T, (6200) 6105
7! ,0(1°Po) 0t 6633  T,,(6600), 6588 6545 T, (6600). 6478
T, (1PP)) 1=* 6697 6650  T,,(6600), 6604 T, (6600), 6584
o, (1'P) 1= 6698 6651 6605 6584
Wl(15P1) 1= 6633 6588 6544 6495
! ,(13P) 27 6718 T,,(6600)c 6670 6623 T,,(6600), 6618  T,,(6600),
T;/’wz(lSPz) 27" 6712 6664 6618 6609
T%,5(15P3) 37 6739 6691 6643 6648
Tiwo(zlso) 0t 6751 T, (6600)c 6697 6644 T, (6600), 6667
w1(23S ) 1 6794 6738 6683 6679
T/ A (2°5)) 2t 6864  T,,(6900), 6803 6744 T,,,(6600)cy, 6703 T, (6600)c
Wo(ls Do) 0+t 6953 6891  T,,(6900),, 6831 6826
Wl (1°D)) 1+ 6963 6900 T\, (6900) 5. 6839 6835
W1(1 D) 1 6970 6907 6846 6841
Wz(l D) 2t 6985 6922 T,,(6900)c 6860  T,,(6900), 6859 T, (6900),
T/ ,(15Dy) 2+t 6978 6915  T,,(6900) . 6853  T,,(6900), 6850  T,,(6900),
T{;,,,,z(1 D,) 2= 6986 6923 6860 6860
T/ ,(15Dy) 3t 6994 6929  T,,(6900). 6867  T,,(6900), 6867  T,,(6900),
W3(1 D;) 3t 6994 6930 6867 6867
1//!//4(1 Dy) 4+ 7002 6938 6875 iy (6900) 51/ 6876 iy (6900) 51/
,,,.,,0(2 o) 0=t 7050 6975 6902 W(6900) 6867 W(69OO)
I(2 1) 1= 7091 7013 6937 6951
l(2 1) 1= 7091 7013 6937 6951
W,(z ) 1= 7051 6975 6902 6877
Tglwz(Z%Pz) 2= 7106 7027 6949 6977
19,5 (2°Py) 2= 7102 7023 6946 6970
me (2°P;) 37 7122 7041 6963 7002
charmed tetraquark cccc, respectively. In this work, Moreover, it is facile to espy that the total angular
the radial excitations between the two (anti)quarks inside =~ momentum J of the fully charmed tetraquark cccc is
(anti)diquarks are omitted, thereby capable of being rewritten into the form of spin-orbit
n=n;+ 1 (3.12) coupling [130], i.e.,
|
|[(Lcc ® LEE)LP ®L/1]Lr ® (Scc ® Scc ZZ Z( 1 Lt StLet], \/(2Lt + 1)(2‘,/) + 1)
7, Jee U
L}L L/, L[ Lcc LZ‘E Lp
x \/(ZLp—l—1)(2S+1)(2JCC+1)(2155+1){S i } See See S
! Jcc JEE Jp
X|[(Lee ® See)y, ® (Lee ® SZ‘Z’)JE(—,]J/) ®L/1>J7 (3.13)
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TABLE V. The mass spectrum of the 3S-, 1F-, 2D-, 3P-, and 4S-wave fully charmed tetraquark states reaped by this work (in units
of MeV).

State GI MGI (u = 50) MGI (u = 100) NR
T,,(n*tL;)  JPC  Mass Candidate Mass Candidate Mass Candidate Mass Candidate
T,0(3'Sp) 0T 7152 7064 6979 7031
ll/llfl(3 S1) 1= 7180 7089 7001 7038
W2(3 S,) 2+ 7230 T, (7300) 5 7134 7040 7054
10, (1°F)) 1— 7197 7115 7035 7046
T, (1°F,) 2t 7203 T,,(7300), 7121 7040 7051
10, (1°F,) 2= 7202 7120 7039 7050
T 5 (1°F5) 37 7210 T,,(7300), 7128 7047 7057
T$w3 (1'F5) 3 7209 7127 7046 7056
T2 L (1°F3) 37 7208 7126 7045 7055
w3 3
10, (13Fy) 4+ 7212 T,,(7300), 7130 7049 7059
79, (1°F,) 4= 7213 7131 7050 7060
10,5 (1°Fs) 5 7216 7133 7052 7061
TW/O(zs Dy) ot+ 7285 T, (7300) 7187 7092 7124
T/ (25D)) 1 7293 T,,(7300)c 7194  T,,(7300), 7098 7133
T" D 1 7298 7199 7103 7137
1//1 (2 1)
TW2(2 D,) 2t 7311 7211 T,,(7300), 7113 7154
T/ ,(25D,) 2tF 7305 T,,(7300)c 7205  T,,(7300), 7108 7147
Ty ,,(2°Dy) 2t= 7312 7211 7113 7155
T).,5(2°Dy) 3T 7318 7217 T,,(7300), 7118 7163
T) 3(2°Ds) 3t 7318 7217 7118 7163
T/ ,4(25D,) 4+ 7325 7223 T,,(7300), 7124 7172
T ,0(3*Py) 0+ 7374 7261 7151 7166
!, (3°P) 1=+ 7406 7289 T,,(7300). 7175 7239 T,,(7300),
o, (3'P) 1— 7406 7289 7175 7240
T$WI(3SP') 1= 7376 7262 7151 7173
T!,,(3°Py) 27+ 7418 7300 T,,(7300). 7184 7263
T, (3°P,) 27" 7415 7297 7181 7256
T$W3 (3°P3) 3= 7432 7312 7194 7283
WO (41S,) ott  7467 7338 7213 T,,(7300), 7316
T}y’,wl(43S1) 1= 7489 7357 7228 7321
T}, (4°S)) 2007530 7391 7257 7333
with J=J,®L,=S®L,=S®L,. (317
L =L,®L,, (3.14) As far as the tetraquark system is concerned, the internal
parity P is determined by the relative orbital angular
L,=L.®Lg, (3.15) momentum L, between the diquark and antidiquark, the

internal parity P, of the diquark, and the internal parity Pg;
of the antidiquark [142], i.e.,

— (_1)L = (=1
Apparently, the two sorts of coupling forms of the total P=(-1)"PePec = (-1)", (3.18)
angular momentum J of the tetraquark are equivalent after

omitting the orbital excitations in (anti)diquarks, i.e., with
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(3.19)

Additionally, with regard to the electrically neutral flavor-
less self-conjugated tetraquark system with

(3.20)

the charge conjugation C is determined by the relative
orbital angular momentum L, between the diquark
and antidiquark and the total angular momentum J, of
the diquark-antidiquark pair without interdiquark excita-
tions [142], i.e.,

C = (~1)bt, (3.21)

Whereafter, the charge conjugation C of the self-conju-
gated tetraquark conforming to Eq. (3.20) is capable of
being expressed as

C = (=1)l+5 = (=1)L+S, (3.22)

after omitting the orbital excitations in (anti)diquarks.
Subsequently, both the masses of the cccc states pro-
cured by the GI, MGI (u = 50), MGI (x = 100), and
NR models, and the potential candidates of the newly
observed T, states which abide by the J”“ constraints are
enumerated in Tables IV and V.

On the basis of Bose-Einstein symmetry, a pair of
electrically neutral flavorless self-conjugated identical
bosons, e.g., the diphoton system, are definitely the
eigenstate of the charge conjugation C, possessing a
positive charge conjugation C-parity [142]. Accordingly,
in terms of the final state di-J/y system, the sum of the
relative orbital angular momentum L, between two J /y

mesons and the spin quantum number S,,, of two J/y
mesons must be even [104,109], i.e.,

L, +S,, = even, (3.23)
with
TABLE VI. The J¥C options of the di-J/y and J/y + w(2S)
channels.
L,, Iy +J /]y J/y +y(28)
0 O+, 2+ O+, 1+, 2+t
1 0+, 17+, 2+ 0-*, 1=+, 27+, 3~
2 O+, 1+, 2 3 4FE O, [, 2+ 3 44
3

2+, 37+, 4+ 1=+, 2+, 37+, 4=+, 5+

TABLE VII. A comparison of the ground state axial-vector
doubly charmed diquark masses from this work (GI, MGI, and
NR models) and other phenomenological approaches (in units
of MeV).

Reference Mass Reference Mass
[148] 2770 [149] T 3233
[159] 2865.5 [146] 3238
[145] IO 2876 [145] IX 3247
[60] 2980 [72] 3270.5
[147] 2990 4+ 100 [123] 3294
[66] 3000 [152] 3300
[145] VI 3090 MGI (u = 100) 3300
[74] 3114 [73]11 3303
[153]1 3120 [84] 3310
[100] 3124 MGI (u = 50) 3314
[47] 3128 [149] I 3328
[144] 3130 GI [127] 3329
[158] 3133 [151] IT 3370
[33] 31334 [151] IV 3370
[73]1 I 3135 [145]1 V 3371
[19] 3136.4 [145] XII 3381
[48] 3136.4 £ 10 [15171 3400
[154] 3144 [151] I 3420
NR 3152 [155] 3423 + 8
[108] 3153.1 [145] 1 3460
[143] 3160 [145] XV 3500
[145] IT 3169 [36] 3510 4+ 350
[80] 3171.51 [145] VIII 3520
[157] 3182.67 £ 30 [145] IV 3648
[30] 3204.1 [145] XI 3648
[153] IT 3210 [145] XTIV 3760
[156] 3220 [145] VII 3789
[150] 3224 [145] X 3909
[46] 3226 [145] XIII 4015
SW, = Jw ® JV,. (3.24)

Here, J,, is the total angular momentum of the J/y meson.
Albeit the J/y + w(2S) system is not a pair of identical
bosons, the charge conjugation C-parity is also positive
for the reason that both two mesons possess the negative
C-parities. Then, the JPC constraints of the fully charmed
tetraquark states which are capable of decaying into the di-
J/w and J/w 4+ y(2S) channels are illustrated in Table V1.

IV. DISCUSSION

In this section, with respect to the axial-vector doubly
charmed diquark and fully charmed tetraquark states, the
exhaustive comparisons on the difference of the mass
spectra procured by this work (GI relativized diquark
model, MGI relativized diquark model, and NR diquark
model) and other phenomenological approaches are
revealed. What is more, the potential interpretations for

the newly observed T, states are performed as well.
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A. Comparison on the cc diquark

As far as the color antitriplet ground state axial-vector
doubly charmed diquark mass is concerned, there are
conspicuous discrepancies among the multifarious theoreti-
cal approaches [19,30,33,36,46-48,60,66,72-74,80,84,100,
108,123,127,143-159]. As Table VII lays out, the multitu-
dinous theoretical values of the doubly charmed diquark
mass staggeringly lie on the extensive domain between
2770 [148] and 4015 MeV [145]. Evidently, the doubly
charmed diquark mass 3329 MeV from the GI model in
this work is completely coherent with the result in
Ref. [127]. Additionally, the theoretical value 3329 MeV
of the GI model is very close to the doubly charmed diquark
mass 3328 MeV acquired by Ref. [149]. The theoretical
values 3314 and 3300 MeV of the MGI model are very
close to the doubly-charmed diquark masses 3310 MeV,
3303 MeV, 3300 MeV, and 3294 MeV adopted by
Refs. [84,73,152,123], respectively. The theoretical value
3152 MeV of the NR model is very close to the doubly
charmed diquark masses 3144 MeV, 3153 MeV, and
3160 MeV procured by Refs. [154,108,143], respectively.

B. Comparison on the cccc tetraquark

The comparison and discussion on the difference of the
fully charmed tetraquark family spectroscopy, acquired by
this work (GI, MGI, and NR models) and other phenom-
enological approaches, are specifically exhibited as follows.

1. 1S-wave

Indeed, the ground state 1S-wave fully charmed tetra-
quark states have been predicted by phenomenological
theories for the most times in the entire cccc family, as
Table VIII demonstrates. Nevertheless, the theoretical
predictions of the 1S-wave cccc states are tremendously
discrepant, distributing throughout the gigantic interval of
practically 2 GeV between 5300 [27] and 7438 MeV [89].
It embodies the existence of huge divarication in terms of
the status quo of the phenomenological studies on the
spectroscopic properties of the fully charmed tetraquark
states. In this work, the predicted values of the 1S-wave
ccce states acquired by the GI, MGI, and NR models lie on
the energy sector between 5944 and 6331 MeV, jibing with

TABLE VIII. A comparison of the 1S-wave fully charmed tetraquark masses from this work (GL, MGI, and NR models) and other
phenomenological approaches (in units of MeV).

Reference 118, 135, 1°S,  Reference 118, 135, 1°S,  Reference 1'S, 13s, 1S,
[27] 5300 + 500 [84] 6196 6560 [50] 6469 6674 7026
[49] 5883 6120 6246 [47]1 I 6198 6246 6323 [41] VI 6470£70 ---
[100] 5942 5989 6082 [18] 6200 e e [43] 6476 6441 6475
NR 5944 6001 6105 [90] 6200 + 100 62404+ 100 62704+90 [23] 11 6477 6528 6573
[47]11 5960 6009 6100 [81] 6201 6396 6391 [42] IT 6482 6488 6499
[26] 5966 6051 6223 [48]  6265.05+ 1.05 [37] T 6483 6450 6479
[33] 5969.4 6020.9 61154 [42]1V 6270 6285 6314 [34] 6487 6500 6524
[91] 5978 6155 6263 [80] 6271.3 6230.6 6287.3 [22] 1T 6490
MGI (u = 100) 5989 6115 6260  [20] I 6276 - [41711 6490+70 ---
[28] 5990 + 80 6090 £80  [74] 6322 6354 6385 [42] 1 6493 6495 6498
[35] <+ 6050 £ 80 [39] 6351 6441 6471 [67] 6498 6481 6502
[31] IV 6001 6109 6166  [42] VI 6358 6375 6407 [411 IV 6500
[21] 6011 e . [82] 6360.2 6397.6 6410.4 [45] 6501 6515 6543
MGI (u = 50) 6020 6148 6295 [23]1 6367 6411 6459 [110] 6503 6517 6544
[31] 1T 6022 6126 6183 [106] 6384.4 6451.5 6482.7 [22] 1 6510
[317110 6035 6137 6194  [105]11II 6411 6453 6475 [41] V 6510 £ 60

[24] 0 6038 6101 6172 [105] I 6414 6414 6414 [41]1 6520
Gl 6053 6181 6331 [73] 6419 6456 6516 [83] I 6573 6580 6607
[66] 605557 6090782 [63] 6421 6439 6472 (98] T 6600775, 6980+,
[98] I 6070130 6070180, [37]11 6425 6425 6432 [31]1 6797 6899 6956
[83] 1 6109 6139 6194 [20] I 6437 [96] T  6821.7 6821.8 6821.8
[95] 6109.05 6137.30 6193.80 [20] 1 6450 [96] 1T  6850.0 6870.4 6912.7
[24] 1 6115 6176 6216  [41]1I1 6450+ 80 [96] I  6874.2 6913.3 6989.9
[42] IV 6128 6149 6197  [83]1II 6454 6463 6486 [60] 6895
[32] 6140 e e [29] 6460 £ 160 - 6510 £ 150  [36] 7000 7000 7000
[46] 6190 6271 6367 [59] 6460130 - . [101]  7035.1 7049.6 7068.5
[30] 6191.5 £25 e [42] TII 6466 6479 6505 [72] T e 7295.0
[44] e 6429 +£25  [79] 6466 6494 6551 [89] 7438 +2 .
[108] 65204  [72]1 e 6888.4 .
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the corresponding results given by the earliest theoretical
estimation [18], the quark bag model [20,21], the quark
potential model [24,26,30-33,42,46,47,49,74,80,83,84,
95,100], the Bethe-Salpeter (BS) equation [66,81], the
QCD sum rules [28,35,90,98], the adiabatic (Born-
Oppenheimer) approximation [48], and the bosonic alge-
braic approach [91].

On the other hand, as far as the spectroscopy of the
ground state cccc tetraquark is concerned, verily, there is
difference between this work and some phenomenological
approaches. For instance, the gap between two values of the
1°S, cccc state mass procured by the NR model of this
work and complex scaling method of Ref. [101] is virtually
1 GeV, engendering that the T,,,(6200) and T,,,(6600)
states are absent in the tetraquark framework of Ref. [101].
Accordingly, the enigma of the authentic 1S-wave ccce
energy region necessitates the further delving of experi-
ments, which is crucial to the mass spectrum of the fully
charmed tetraquark states as a whole.

2. 28-, 3S-, and 4S-wave

The spectroscopic properties of the radially excited
S-wave cccc states are less investigated than the ground

state 1S-wave cccc states. Even so, there are still the
disparities in the mass spectra of the 25-, 3S-, and 4S-wave
fully charmed tetraquark states predicted by sundry phe-
nomenological approaches. As Table IX displays, the lowest
and highest theoretical values of the 2S-wave cccc states are
6480 MeV [51] and 7281 MeV [101], respectively. This
work predicts that the masses of the 2S-wave cccc states are
in the scope between 6644 and 6864 MeV, in good agree-
ment with the predictions of Refs. [23,33,37,42,44,48,
49,74,81,88,90,100]. Furthermore, the 3S-wave cccc states
masses predicted by this work locate in the interval between
6979 and 7230 MeV, well conforming to the results of
Refs. [37,42,45,49,51,67,79,81,90,100]. Notwithstanding
the predictions of the 4S-wave cccc states are very few,
the predicted results of this work, situated on the sector
between 7213 and 7530 MeV, are in accordance with the
most theoretical values [49,51,90].

3. 1P- and 2P-wave

As the first orbital excitations of the S-wave fully charmed
tetraquarks, the P-wave cccc states are foremost perused
by Ref. [19]. As unveiled in Table X, the spectroscopic
properties of the 1P-wave cccc states have been surveyed

TABLE IX. A comparison of the 25-, 35-, and 4S-wave fully charmed tetraquark masses from this work (GI, MGI, and NR models)

and other phenomenological approaches (in units of MeV).

Reference 218, 238, 238, Reference 25, 23S, 2°S,  Reference 25, 238, 28,
[51] 6480 + 80 6520 £ 80 6560 + 80 MGI (1 = 50) 6697 6738 6803 [43] 6908 6896 6921
[66] 655543 656613 (23] 1 6719 ... .. [42] 1 6910 6740 6725
[90] 6570 £90 6640 £90 6690 £ 90 GI 6751 6794 6864 [45] 6917 6928 6948
[49] 6573 6669 6739 [48] 6771.8 - - [68] 6930 6934 6942
[74] 6575 6609 6639 [88] 6782 6816 6868 [110] 6937 6932 6952
[81] 6575 6799 6794 [42] IT 6825 6830 6825 [42] V 6950 6925 6900
[100] 6644 6656 6678 [37]11 6856 6864 [42] IV 6950 7040 7010
MGI (¢ = 100) 6644 6683 6744 [37] 1T 6894 6919 [42] VI 6975 7150 7050
[33] 6663.3 6674.5 6698.1 [44] 6871 + 25 - 6967 £ 25 [67] 7007 6954 6917
NR 6667 6679 6703 [79] 6883 6911 6968 [60] 7185 £ 45 e
[23] 1T 6695 e [42] IIT 6900 6960 6970 [101] 7202.2  7273.5 7281.3
Reference 318, 335, 3°S, Reference 31S, 335, 335, Reference 318, 335, 3S,
[74] 6782 6814 6842 MGI (p =100) 6979 7001 7040 [68] 7241 7243 7248
[66] 6883 £+ 27 cee 6890f2267 [100] 7011 7018 7033 [42] VI 7250 7250 S
[37]11 6915 6919 NR 7031 7038 7054 4211 7250 7275

[67] 7024 7030 [45] 7046 7052 7064 [42] IV 7250 7280 e
[37] 1T e 7036 7058 MGI (1 = 50) 7064 7089 7134 [88] 7259 7287 7333
[81] 6897 7148 7148 GI 7152 7180 7230 [42] IIT 7260 7250 e
[90] 6920 +£90 7030+90 7090 £+ 90 [42] IT 7210 7280 e [43] 7296 7300 7320
[51] 6940 £ 80 6960 £80 7000 =+ 80 [42] V 7225 7250 s [60] 7440 + 90 s
[49] 6948 7016 7071 [79] 7225 7253 7310 e

Reference 418, 435, 4S, Reference 41s, 438, 45,  Reference  4'S, 438, 48,
[66] 7154 £22 7160522l [90] 7250 £ 90 7400 +90 7460 + 90 [51] 7360 £ 80 7370 4+ 80 7410 £ 80
MGI (u — 100) 7213 7228 7257 NR 7316 7321 7333 Gl 7467 7489 7530
[49] 7237 7293 MGI (u=50) 7338 7357 7391 [60] 7680+ 120 o
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TABLE X. A comparison of the 1P- and 2P-wave fully charmed tetraquark masses from this work (GI, MGI, and NR models) and

other phenomenological approaches (in units of MeV).

Reference 13P, 1°P, 1'P, 1°P, 1°P, 1°P, 1°P;
[19] 6550 6390
[100] 6462 6556 6555 6461 6589 6579 6625
[33] 6480.4 6577.4 6577.1 6495.4 6609.9 6600.2 6641.2
[49] 6596 e 6580 6584 e e e
NR 6478 6584 6584 6495 6618 6609 6648
MGI (u = 100) 6545 6604 6605 6544 6623 6618 6643
[88] 6628 6634 6631 6635 6644 6648 6664
MGI (u = 50) 6588 6650 6651 6588 6670 6664 6691
GI 6633 6697 6698 6633 6718 6712 6739
[20] IT 6714
[20] I 6718
[48] T 6597.19 6691.79 6726.68 6556.22 6771.55 6687.87 6817.51
[48] 1 6595.79 6704.69 6727.98 6563.70 6764.09 6713.49 6802.59
[83] 1T e e 6730 e 6735 . 6744
[22] T 6740
[67] 6726 6743 6740 6718 6752 6739 6752
[22] 1 6770 6750
[58] 6750 6769 6770 6754 6783 6781 6801
[110] 6796 6796 6791 6808 6797 6808 6809
[83] 1I 6901 e 6912 6924
[23] 1 6876 6906 6917 6926 e
23] 11 6969 7004 7013 7033

[60] : 7110 + 50

Reference 2’P, 2’P, 2'p, 2°P, 2P, 2P, 25P;
[100] 6852 6927 6926 6850 6952 6945 6983
MGI (u = 100) 6902 6937 6937 6902 6949 6946 6963
[49] 6953 e 6940 6943 e e e
[33] 6866.5 6943.9 6944.1 6875.6 6970.4 6962.1 6996.7
NR 6867 6951 6951 6877 6977 6970 7002
[48] .. 70119+ 1.1
MGI (u = 50) 6975 7013 7013 6975 7027 7023 7041
[88] 7100 7099 7091 7113 7098 7113 7112
GI 7050 7091 7091 7051 7106 7102 7122
[110] 7146 7146 7142 7155 7147 7155 7156

by a variety of phenomenological approaches [19,20,22,23,
33,48,49,58,60,67,83,88,100,110]. Among them are the
highest value 7110 MeV and lowest value 6390 MeV which
are predicted by the holography inspired stringy hadron
(HISH) model [60] and quark bag model [19], respectively.
This work renders the spectroscopic results with the interval
between 6478 and 6739 MeV as the potential masses of the
1P-wave cccc states, congruent with the predictions from
Refs. [19,20,22,33,48,49,67,83,88,100].

While not all of the formalisms accord with the results of
this work well. One illustration is that the prediction on
mass of the 1P-wave cccc tetraquark in Ref. [60] is overtly
higher than the theoretical values in this work. However,
Ref. [60] accredits the possibility of not assigning the
T,,(6900) state as the lowest ground state of the ccce

tetraquark, which is capable of conducing to the 1P-wave
prediction not high any more. In addition, with regard
to the masses of the 2P-wave cccc states, a prediction
with the energy range between 6867 and 7122 MeV is
offered by this work, well coincident with the results of
Refs. [33,48,49,88,100].

4. 3P-, 1D-, 2D-, and 1F-wave

Compared to the other low-lying excited cccc states, all
of the 3P-, 1D-, 2D-, and 1F-wave cccc states are seldom
probed by phenomenological theories, which incites the
corresponding explorations of this work. It is apparent
that the predictions on the mass spectra of the 3P-, 2D-,
and 1F-wave cccc states from the existing phenomenologi-
cal theories are extremely exiguous [19,48,49,60,100].
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TABLE XI. A comparison of the 3P-, 1D-, 2D-, and 1F-wave fully charmed tetraquark masses from this work (GI, MGI, and NR
models) and other phenomenological approaches (in units of MeV).

Reference - 33P, 3P, 3'p, 3P, 33pP, 3P, 3P,

MGI (u = 100) 7151 7175 7175 7151 7184 7181 7194

[100] e 7154 7221 7222 7151 7244 7237 7272

NR e 7166 7239 7240 7173 7263 7256 7283

MGI (u = 50) 7261 7289 7289 7262 7300 7297 7312

GI e 7374 7406 7406 7376 7418 7415 7432

Reference 1°D, 1°D, 1°D, 1'D, 1°D, 1°D, 1°Ds 1°D, 1°D,
[19] 6780

[49] 6827 6827 6829 6827 6827 - e e -
NR 6826 6835 6841 6859 6850 6860 6867 6867 6876
MGI (u = 100) 6831 6839 6846 6860 6853 6860 6867 6867 6875
[48] 6861.45 + 0.95
[88] 6899 6904 6909 6921 6915 6920 6929 6932 6945
MGI (u = 50) 6891 6900 6907 6922 6915 6923 6929 6930 6938
GI 6953 6963 6970 6985 6978 6986 6994 6994 7002
[68] 6968 6976 6978 6986 6989 6985 7005 7002 7020
[83] III 6995 6947 6951
[83] II 7182 7185 7191
[60] 7305 + 85
Reference 25D0 25D1 23Dl 21D2 25D2 23D2 25D3 23D3 25D4
MGI (¢ = 100) 7092 7098 7103 7113 7108 7113 7118 7118 7124
[49] 7125 7125 7128 7126 7125
NR 7124 7133 7137 7154 7147 7155 7163 7163 7172
MGI (u = 50) 7187 7194 7199 7211 7205 7211 7217 7217 7223
[48] 7215.0 + 1.7
GI 7285 7293 7298 7311 7305 7312 7318 7318 7325
Reference I°F, 1’F, I°F, 13 F; 1'Fy 1°F, 1’F, 1°F, 15Fs
[19] 6980
MGI (u = 100) 7035 7040 7039 7047 7046 7045 7049 7050 7052
NR 7046 7051 7050 7057 7056 7055 7059 7060 7061
MGI (¢ = 50) 7115 7121 7120 7128 7127 7126 7130 7131 7133
GI 7197 7203 7202 7210 7209 7208 7212 7213 7216
[60] 7485 + 125
In this work, the predicted values of the 3P-, 1D-, 2D-, and 1.T,,(6200)

1F-wave cccc states lie on the energy intervals between The T,,,,(6200) state, whose mass lay around 6220 MeV,

7151 and 7432 MeV, between 6826 and 7002 MeV, between 5 discovered by the ATLAS Collaboration recently [14].

7092 and 7325 MeV, and between 7035 and 7216 MeV,  gyidenly, the mass 6220 + 50 MeV of the T,,,(6200) state

respectively. Manifestly, the results of the 1D-wave fully is very close to the ground state mass 6200 MeV of the fully
charmed tetraquark states reaped by this work dovetail with charmed tetraquark predicted by Ref. [18]. Besides, the

?;blc;o;rlltemans of Refs. [48,49,68,83,88], as laid out in predicted value of the 1°S, ccé¢ state mass in Table IV,
’ from the MGI (¢ = 100) model in this work, is also close to

the mass of the T,,(6200) state, which means that it is

C. Expositions on the T, states probable to assign the T, (6200) state as the 1S-wave fully

The potential tetraquark interpretations of the  charmed tetraquark state. Furthermore, numerous other
newly observed T,,,(6200), T, (6600), T,,(6900), and  predicted masses of the 1S-wave T, states, acquired by
T, (7300) states are displayed as follows. multifarious theories, lie on the energy domain between
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6170 and 6270 MeV in unison, making the 1S-wave
interpretation of the T, (6200) state more credible [18,24,
26,30,31,42,46-49,80,81,83,84,90,91,95]. Particularly, the
masses 6200 £ 100 MeV and 6270 4+ 90 MeV of the 115,
and 135, ccée states, predicted by the QCD sum rules
approach, are in good agreement with the experimental value
6220 4 50 MeV of the T, (6200) state mass [90].

On the other hand, as demonstrated in Table VIII, some
theoretical values of the cccc ground state masses are lower
or higher than the mass of the T,,,(6200) state, varying
within a large interval between 5300 and 7438 MeV
[20-23,27-29,32-37,39,41,43-45,50,59,60,63,66,67,72-74,
79.82,89,96,98,100,101,105,106,108].  Hence, the
T,,(6200) state is awaiting the further experimental
conformation. Additionally, it is worthy of noting that
the decay width of the T, (6200) state is extremely broad,
indicating that the T,,,,(6200) state detected by the ATLAS
Collaboration is likely a short-lived resonance state.

2. T, (6600)

From the experimental points of view, two sorts of
LHCb fit models, applied to the 7,,(6600) data of the
CMS Collaboration, engendered a large difference around
200 MeV between the masses obtained by Fit Model 1
[labeled as the T, (6600) state] and Fit Model II [labeled
as the T, (6600) state] [15]. Thereinto, the mass 6552 =
10 MeV of the T,,,(6600)c state is close to the mass
6620 + 30 MeV of the state reported by the ATLAS
Collaboration [labeled as the T, (6600), state] [14],
and the mass 6736 + 38 MeV of the T, (6600)c state
is very close to the mass 6741 =6 MeV of the state
obtained by applying Fit Model II to the T, (6600) data
of the LHCb Collaboration [labeled as the T',,(6600),
state] [13]. All of the masses of the TW(6600) states
accord with the predicted masses of the 1P- and 2S-wave
fully charmed tetraquark states from the GI, MGI
(u = 50), MGI (# = 100), and NR models in this work.
Consequently, the 7', (6600) states are good candidates
of the 1P- and 2S-wave fully charmed tetraquark states.

Likewise, as Table IX unveils, a number of theoretical
masses of the 2S-wave cccc states are close to the masses
of the T, (6600) states [23,33,48,49,51,66,74,90,100].
Moreover, the experimental values of the T,,,(6600)
states masses are also consistent with the most predicted
values of the 1P-wave cccc states masses in Table X
[19,20,22,33,48,49,58,67,83,88,100]. Therefore, the exper-
imental determination on the parities of the T,,(6600)
states is crucial to identify the nature of them in the future.
On the other hand, there are several theoretical predictions
that prefer to regard the 7, (6600) states as the 1S-wave
cccc ground states, making the further progress of experi-
ments more necessary [45,79,83,84,98].

3. T,, (6900)

As the first cccc structure discovered by experiments,
the T,,(6900) state is the T,,, state which possesses the
most experimental information in the entire members of
the T, family [13]. So far, as Table I reveals, the number
of the T',,,,(6900) states reported by various experiments is
the largest, compared to the other cccc states [13—15].
Although two sorts of LHCD fit models are also applied to
the 7',,,(6900) data of the LHCb and CMS Collaborations,
the corresponding difference between the masses obtained
by Fit Model I and Fit Model II is tiny. Not only that,
the four masses 6905+ 11 MeV, 6886+ 11 MeV,
6927 +£9 MeV, and 6918 & 10 MeV of the T,,(6900)
states observed by the LHCb and CMS Collaborations are
in accordance with the mass 6870 £ 30 MeV of the
T,,(6900) state detected by the ATLAS Collaboration
in the J/y + J/y channel [labeled as the T, (6900),
state]. Bizarrely, as far as the 7,,,(6900) states are
concerned, a conundrum that the 25-wave assignment of
the GI model is distinct with the 1D- and 2P-wave
assignments of the other MGI (u = 50), MGI (z = 100),
and NR models emerged in this work. By retrospecting the
spectroscopic properties of heavy flavored mesons, the
masses of highly excited states predicted by the GI model
are regularly higher than the counterparts acquired by
experiments and other theoretical models, e.g., the MGI
and NR models [119,137,139]. Thereupon, the 1D- and
2P-wave assignments from the MGI (u = 50), MGI
(u = 100), and NR models are deemed as the most
potential interpretations of the 7, (6900) states.

Additionally, the 1D-wave assignment and 2P-wave
assignment of the T,,,(6900) states are also endorsed by
Refs. [48,88] and [33,100], respectively. Wherefore, it is
requisite to determine the parities of the T',,, (6900) states by
dint of experiments. On the other hand, the probability of the
3S-wave assignment of the 7,,(6900) states cannot be
excluded in consideration of several theoretical predictions,
which means that the experimental information of the
T,,(6900) states is still insufficient [37,66,74,81,90].
Remarkably, the state reported by the ATLAS Collabo-
ration in the J/w + w(2S) channel [labeled as the
T,,(6900), state], whose mass is 6780 & 360 MeV, is
left out in the spectroscopic comparison of experiments and
theoretical models of this work, owing to the extremely
broad interval of the mass value.

4. T,,(7300)

Hitherto, there are two T,,,,(7300) states with the masses
7220 £+ 30 MeV and 7287 =19 MeV, which have been
reported by the ATLAS and CMS Collaborations [14,15],
respectively. As mentioned previously, the assignments of
the T, (7300) states from the GI model are omitted due to
the possible overestimation on the predicted masses of the
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highly excited states in heavy flavored mesons
[119,137,139]. On the basis of the predictions of the
MGI (¢ =50), MGI (u =100), and NR models in
Table V, the T, (7300) states are able to be assigned as
the 2D-, 3P-, or 4S-wave fully charmed tetraquark states.
Apart from that, as Tables IX and XI lay out, the 2D-wave
assignment, 3 P-wave assignment, and 4S-wave assignment
of the T',,,(7300) states are also championed by Refs. [48],
[49,100], and [49,90], respectively. Thus, the parities of the
T,,,(7300) states are the pivotal hints to decipher the nature
of them, awaiting the further delving of experiments.

V. SUMMARY

In the wake of a slew of experimental discoveries of
heavy flavored exotic hadron states in recent decades, the
inquiries on hadron spectroscopy are on the brick of a new
era. In particular, the emergence of several fully charmed
tetraquark states reported by the LHCb [13], ATLAS [14],
and CMS [15] Collaborations lately, promotes the further
investigations on the family of heavy flavored multiquarks
powerfully. Thereupon, in light of the diquark-antidiquark
scenarios, this work aims to go in quest of the potential
tetraquark interpretations of the newly observed T, states
systematically. Concretely, three sorts of diquark models,
comprising the Godfrey-Isgur (GI) relativized diquark
model, the modified Godfrey-Isgur (MGI) relativized
diquark model with the color screening effects, and the

nonrelativistic (NR) diquark model, are performed for the
sake of endeavoring to unravel the nature of the T, (6200),
T,,(6600), T, (6900), and T, (7300) structures.

Overall, in this work, the 1S-wave tetraquark assignment
of the T',,,(6200) state is perspicuously championed by the
MGI diquark model. In the case of the T,,(6600) state,
both of the 1P- and 2S-wave tetraquark assignments are
prevalently endorsed by the GI, MGI, and NR diquark
formalisms. With regard to the 7', (6900) state, both of the
1D- and 2P-wave tetraquark assignments are favored by
the MGI and NR diquark approaches. In terms of the
T,,(7300) state, all of the 2D-, 3P-, and 4S-wave
tetraquark assignments are the potential interpretations
on the basis of the MGI and NR diquark scenarios. It is
facile to be aware of that the experimental determination of
parities is the fateful testimony to disentangle the nature of
the newly observed T, states. Ergo, the further exper-
imental explorations on the cccc structures are obviously
indispensable in the future, awaiting to be attained by the
LHCb, ATLAS, CMS, and other collaborations.
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