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We present a comprehensive study of the radiative decays of fully heavy tetraquarks (T4c, T4b) and
mixed heavy-flavor tetraquarks (Tbcb̄c̄) into charmonium/bottomonium states, within the nonrelativistic
QCD factorization framework. Numerical result indicates that the decay widths of fully charm tetraquark
T4c into γJ=ψðηcÞ are around 1 MeV. Crucially, the γJ=ψ signal channel receives less experimental
background near the J=ψJ=ψ threshold, providing a compelling way to search for the possible tetraquark
states X(6200). For T4b, the decay width is highly suppressed by the bottom quark mass, just lying in the
tens eV level. We further find that the decay widths of Tbcb̄c̄ → γϒ exceed those to γJ=ψ by 3–4 orders of
magnitude, indicating preferential cc̄-pair annihilation over bb̄. These radiative decay modes can be
measured in the future experiments, and are helpful to understand the inner structure of the full heavy
tetraquark.
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I. INTRODUCTION

Quantum chromodynamics (QCD) serves as the founda-
tional theory describing the strong interactions between
quarks and gluons, which are confined within hadrons.
According to the quark model, hadrons are classified into
conventional categories, such as meson, baryon, and exotic
state, including multiquark, glueball, and hybrid. The
first exotic fully charm tetraquark X(6900) is observed
by the LHCb Collaboration [1] through di-J=ψ decay
channel and promptly confirmed by the CMS and
ATLAS Collaborations [2,3]. Subsequently, two additional
resonances near 6500 MeV and 7100 MeV are also
reported. The quantum numbers of the three resonances
are determined to be JPC ¼ 2þþ in the recent analyses [4].
However, to date, no fundamental principle has been

established to definitively rule out specific internal struc-
tures for these tetraquark states. Studies based on various

models—such as the diffusion Monte Carlo method [5], the
extended relativized quark model [6] and the constituent
quark model [7], consistently suggest a compact configu-
ration. This is characterized by a root-mean-square radius
between charm quarks of less than 0.5 fm. In contrast, a
loosely bound molecular state would be expected to have a
significantly larger radius, exceeding 1 fm, as predicted in
the case of the Tcc tetraquark [8]. Moreover, Regge
trajectory analyses [9–11] suggest that these three states
may constitute a family of related states. Simultaneously, a
consistent hadronic molecule description would require the
dedicated construction of two charmonia with masses near
the production threshold, it appears unnatural for describ-
ing such complex three (even four) resonance structures.
Moreover, the force mediated by charm meson is less likely
to account for a tightly bound structure.
Following the compact tetraquark framework, a natural

question arises, where to find the 0þþ states, which are
expected to be the ground states in the tetraquark mass
spectrum. In the threshold region of 6.2–6.4 GeV, the
background from double-J=ψ production is extremely
strong, causing the resonance information to be obscured
by the background. By contrast, the J=ψ þ γ channel offers
a much weaker background in this mass region, which
facilitates the extraction of resonance signals. Moreover, if
the mass of a resonance lies below the J=ψ − J=ψ thresh-
old, the J=ψ þ γ channel becomes one of the few viable
reconstruction modes available. Therefore, investigating
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the radiative decay of fully charmed tetraquarks into
J=ψ þ γ is both essential and urgent. Moreover, this decay
channel can proceed through a mechanism in which one cc̄
pair undergoes recombination while another cc̄ pair anni-
hilates into a photon. This yields a significantly larger
branching fraction compared to the diphoton channel,
where both cc̄ pairs must annihilate.
The existence of fully heavy constituents within the

tetraquark implies the nonrelativisticity. Accordingly, the
decay and production mechanisms of such fully heavy
tetraquark are well suited to description within the frame-
work of nonrelativistic QCD (NRQCD) [12]. Followed
with extensive studies toward the fully heavy tetraquark
decay [13–16] and production [17–25], in this paper, we
investigate the radiative decays of fully heavy tetraquark
T4c=b and mixed heavy tetraquark Tbcb̄c̄ into charmonium
or bottomonium.
The rest of this paper is organized as follows. In Sec. II,

we present the primary formulas employed in the calcu-
lation. In Sec. III, the numerical decay widths of various
fully heavy tetraquark configruations are discussed. The
last section is reserved for summary and conclusions.

II. FORMULATION

In this paper, we consider the decay of S-wave fully
heavy tetraquark into quarkonium (J=ψ ; ηc;ϒ and ηb) plus
photon within the framework of NRQCD factorization.
According to quantum chromodynamics (QCD), the color
degree of freedom of quarks is described by the funda-
mental representation 3 of the SU(3) gauge group. The
tensor product of two color triplets decomposes into the
direct sum 3 ⊗ 3 ¼ 3̄ ⊕ 6, where the antisymmetric part
yields the color antitriplet 3̄, and the symmetric part
corresponds to the color sextet 6. When combined with
the two possible S-wave spin configurations, the antisym-
metric spin-singlet 1S0 and the symmetric spin-triplet 3S1,
leads to four distinct diquark configurations: [3S1 − 3̄],
[1S0 − 6], [3S1 − 6], [1S0 − 3̄]. For a diquark composed of
two quarks of the same flavor (e.g., cc or bb), the fermion
spin-statistic principle enforces overall antisymmetry under
exchange of the two identical fermions. Consequently, only
the configurations that are antisymmetric in the combined
spin-color space are allowed, namely [3S1 − 3̄] and
[1S0 − 6]. In contrast, for a diquark consisting of quarks
with different flavors (e.g., bc), no such symmetry con-
straint applies, and all four spin-color configurations are
physically allowed.
For simplicity, we will illustrate our theoretical frame-

work using the T4c → J=ψγ process as an example, other
processes can be obtained through an analogous way. In
Fig. 1, we present the two representative leading-order
Feynman diagrams for the radiative decay T4c → J=ψ þ γ.
The left diagram depicts the gluon exchange topology: two
gluons mediate the strong interaction between T4c and J=ψ ,
while the photon is radiated from the intermediate quark

line. The right diagram corresponds to the quark rearrange-
ment topology: the four quarks (ccc̄c̄) of the initial T4c
rearrange their configuration, with a photon emitted
from the intermediate quark line during the process. In
the decay of T4c=b, there are a total of 220 Feynman
diagrams, including 28 for gluon-exchange and 192 for
quark-rearrangement processes, while for the Tbcb̄c̄ decay,
62 diagrams are involved in total.
Within the NRQCD factorization framework, the radi-

ative decay width of fully charm tetraquark into J=ψ þ γ
can be formulated as

Γ½T4c → J=ψγ� ¼
X
m;n

Γ̂½T4c → J=ψγ�hOT
nihOJ=ψ

m i; ð1Þ

where hOT
ni are the long-distance matrix elements

(LDMEs) describing the possibility of finding the inter-
mediate state with color-spin configuration n inside the
tetraquark T, hOJ=ψ

m i is the LDME for J=ψ (here m is 3S1½1�
in the leading order of the NRQCD velocity expansion),
Γ̂½T4c → J=ψγ� is the short distance coefficient (SDC), a
quantity that can be evaluated perturbatively. For fully
charm tetraquark, the possible configurations n are

0þþ½ð6− 1S0Þ⊗ ð6̄− 1S0Þ�; 0þþ½ð3̄− 3S1Þ⊗ ð3− 3S1Þ�;
1þ−½ð3̄− 3S1Þ⊗ ð3− 3S1Þ�; 2þþ½ð3̄− 3S1Þ⊗ ð3− 3S1Þ�:

The corresponding operators are defined as

Oð0Þ
6⊗6̄

¼ ½ψT
aðiσ2Þψb�½χ†cðiσ2Þχ�d�Cab;cd6⊗6̄

;

Oð0Þ
3̄⊗3

¼−
1ffiffiffi
3

p ½ψT
aðiσ2Þσiψb�½χ†cσiðiσ2Þχ�d�Cab;cd3̄⊗3

;

Oð1Þ
3̄⊗3

¼−
iffiffiffi
2

p ϵi�H ½ψT
aðiσ2Þσjψb�½χ†cσkðiσ2Þχ�d�ϵijkCab;cd3̄⊗3

;

Oð2Þ
3̄⊗3

¼ 1

2
ϵij�H ½ψT

aðiσ2Þσkψb�½χ†cσlðiσ2Þχ�d�Γij;klCab;cd
3̄⊗3

; ð2Þ

with the LDMEs defined as hOðJÞ
3̄⊗3

i ¼ jh0jOðJÞ
3̄⊗3

jT4cij2 and
hOð0Þ

6⊗6̄
i ¼ jh0jOð0Þ

6⊗6̄
jT4cij2. In this expression, ψ and χ†

correspond to Pauli spinor fields that annihilate heavy
quark and heavy antiquark respectively, while σi denotes

FIG. 1. Two representative leading-order Feynman diagrams
for the radiative decay T4c → J=ψ þ γ of the fully charmed
tetraquark, corresponding to the gluon-exchange (left) and quark-
rearrangement (right) decay topologies respectively.
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the standard 2-dimensional Pauli matrix. The quantities
ϵi=ijH is the polarization vector (tensor) of the spin-1 (spin-2)
tetraquark state. We explicitly define the color projection
operators C and the symmetric traceless polarization tensor
Γ as follows:

Cab;cd
3̄⊗3

¼ δacδbd − δadδbc

2
ffiffiffi
3

p ; Cab;cd
6⊗6̄

¼ δacδbd þ δadδbc

2
ffiffiffi
6

p ;

Γij;kl ¼ δikδjl þ δilδjk −
2

3
δijδkl; ð3Þ

where a-d are the SU(3) color indices of the constituent
diquarks and the antidiquarks, respectively, and i-lð¼
1; 2; 3Þ denote Cartesian spatial indices.
To project the product of two fermion bilinears into a

diquark state with definite spin and color quantum num-
bers, we perform a standard transformation of the Dirac
spinor chain to rewrite the product as a compact trace over
Dirac indices, which greatly simplifies subsequent ampli-
tude calculations. The manipulation proceeds as

v̄ðpcÞΓuðpc̄Þv̄ðpc0 ÞΓ0uðpc0 Þ
¼ v̄ðpcÞΓuðpc̄ÞuTðpc0 ÞΓ0Tv̄Tðpc0 Þ
¼ v̄ðpcÞΓuðpc̄ÞuTðpc0 ÞCC−1Γ0TCC−1v̄Tðpc0 Þ
¼ −v̄ðpcÞΓuðpc̄Þv̄ðpc0 ÞΓ0Cuðpc0 Þ
→ −Tr½Π0=1

cc0 ΓΠ
0=1
c̄c̄0 Γ

0C�Cab;cd: ð4Þ

This manipulation relies on the standard properties of the
Dirac charge conjugation matrix, defined in the conven-
tional Dirac gamma basis as C ¼ −iγ2γ0. For an arbitrary
matrix Γ, the charge-conjugated is defined as ΓC ≡ C−1ΓTC,
and the charge conjugation matrix satisfies the following
core identities

CC−1 ¼ 1; C−1γμTC ¼ −γμ;

uTðp; σÞC ¼ −v̄ðp; σÞ; C−1v̄Tðp; σÞ ¼ uðp; σÞ: ð5Þ

The corresponding spin projectors1

Π0 ¼ 1

2
ffiffiffiffiffiffiffiffi
2mc

p γ5
�=P
2
− 2mc

�
;

Π1 ¼ 1

2
ffiffiffiffiffiffiffiffi
2mc

p =ϵ

�=P
2
− 2mc

�
: ð6Þ

To generalize these projection operators for a bbðbcÞ-
diquark, one simply makes the replacement 2mc →
2mbðmb þmcÞ in the expressions above.
To construct a tetraquark state from two spin-triplet

diquark and antidiquark in a fully covariant framework, we
first couple the two spin-1 diquark and antidiquark into
states with total spin J ¼ 0, 1 and 2. This spin decom-
position is systematically implemented via a set of orthogo-
nal, properly normalized covariant spin projectors Jμν0;1;2,
whose explicit forms are

Jμν0 ¼ 1ffiffiffi
3

p ημν; Jμν1 ¼ −
iffiffiffiffiffiffiffiffi
2P2

p ϵμναβϵαPβ;

Jμν2 ¼ ϵαβ

�
1

2
½ημαηνβ þ ημβηνα� − 1

3
ημνηαβ

�
; ð7Þ

where Pμ is the total four-momentum of the tetraquark
system. The tensor ημν ¼ −gμν þ PμPν

P2 defines the transverse
projector relative to Pμ. By construction, ϵα is the polari-
zation vector for the resulting total spin-1 tetraquark, while
ϵαβ is the symmetric polarization tensor for the total spin-2
tetraquark, satisfy the standard polarization sumX
λ

ϵαðP; λÞϵα0 ðP; λÞ ¼ ηαα
0
;

X
λ

ϵαβðP; λÞϵα0β0 ðP; λÞ ¼ 1

2
½ηαα0ηββ0 þ ηαβ

0
ηβα

0 � − 1

3
ηαβηα

0β0 :

ð8Þ
Finally, the SDC for fully charm tetraquark is formu-

lated as

Γ̂½TðJÞ
4c → J=ψðηcÞγ� ¼

3

256mcð2J þ 1Þπ jMðccc̄c̄½Hcc ⊗ Hc̄c̄� → cc̄½1� þ γÞj2;

Γ̂½TðJÞ
4b → ϒðηbÞγ� ¼

3

256mbð2J þ 1Þπ jMðbbb̄b̄½Hbb ⊗ Hb̄b̄� → bb̄½1� þ γÞj2;

Γ̂½TðJÞ
bcb̄c̄

→ J=ψðηcÞγ� ¼
mbðmb þ 2mcÞ

32ðmb þmcÞ3ð2J þ 1Þπ jMðbcb̄c̄½Hbc ⊗ Hb̄c̄� → cc̄½1� þ γÞj2;

Γ̂½TðJÞ
bcb̄c̄

→ ϒðηbÞγ� ¼
mcðmc þ 2mbÞ

32ðmb þmcÞ3ð2J þ 1Þπ jMðbcb̄c̄½Hbc ⊗ Hb̄c̄� → bb̄½1� þ γÞj2; ð9Þ

1We project uðp0
cÞv̄ðpcÞ into spin singlet (s ¼ 0) or spin triplet (s ¼ 1), for uðpcÞv̄ðp0

cÞ projection, an extra ð−1Þsþ1 factor is needed,
see [13] for details. The projectors for the production of J=ψ and ηc are similar to those after complex conjugation and including the
color factor δab=

ffiffiffiffiffiffi
Nc

p
.
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where HQQ0;Q̄Q̄0 denote the color-spin configurations for
heavy diquark, e.g., spin-triplet and color-antitriplet cc
[3S1 − 3̄]. In the calculations, we generate the Feynman
diagrams and corresponding amplitudes using FeynArts [26],
and perform subsequent algebraic manipulations with
FeynCalc [27]. To verify the correctness of our results, we
reproduced the analytical results for similar processes in
Refs. [13,14,20] using our code.

III. NUMERICAL RESULTS

In this section, we present numerical results for the width
of fully heavy tetraquark decay into photon plus quarko-
nium, including T0=2þþ

4c=4b → γJ=ψ=ϒ, T1þ−
4c=4b → γηc=ηb,

T0=1=2þþ
bcb̄c̄

→ γJ=ψðϒÞ and T1þ−
bcb̄c̄

→ γηcðηbÞ within the fol-
lowing parameters:

α ¼ 1=137.065; mc ¼ 1.5 GeV; mb ¼ 4.9 GeV;

αsð2mcÞ ¼ 0.249; αsðmb þmcÞ ¼ 0.199; αsð2mbÞ ¼ 0.179;

hOJ=ψ ½3S1�i ¼ 1.32 GeV; hOϒ½3S1�i ¼ 9.28 GeV: ð10Þ

Here the value of the strong coupling constant is obtained
from the software RUNDEC. [28] with three typical con-
ventions μ ¼ 2mc, mb þmc, and 2mb for T4c, Tbcb̄c̄, and
T4b states, respectively. The LDMEs for the production of
J=ψ and ϒ are taken from Refs. [29,30], the LDMEs for ηc
and ηb are 1=3 of J=ψ andϒ according to heavy quark spin
symmetry. The LDMEs for T4c are taken from two
phenomenological potential models based on the extended
relativized quark model (ERQM, model I) [6] and the
nonrelativistic quark model (NRQM, model II) [31], which
rely on Cornell type potential in four-body Schrödinger
equation, the LDMEs are listed in Table I.
To estimate the LDMEs for T4b and Tbcb̄c̄, which are

absent in current literature, the NRQCD long-distance
matrix elements governing tetraquark transitions can be
represented in terms of the tetraquark wave functions at the
origin [20],

hOðJÞ
C1⊗C2

i ≈ 16ð2J þ 1ÞψC1
ð0Þψ�

C2
ð0Þ; ð11Þ

where C1=2 is the color configuration (3̄ or 6) for the
diquark. The exact value for ψC represents a complex four-
body problem in quantum chromodynamics. To render
this computationally tractable, we employ a simplified
approach by decomposing the system, as employed in
Refs. [24,32], into three effective two-body motions: (i) the
internal dynamics of the diquark; (ii) the internal dynamics
of the antidiquark; (iii) the relative motion between these

two composite color sources. Under this approximation, the
wave function at the origin ψCð0Þ can be factorized as the
product of individual components: ψQQ0ψ Q̄Q̄0ψDD̄, where
ψDD̄ describes the diquark-antidiquark relative motion.
And the LDMEs can be related to radical wave functions
at the origin

hOðJÞ
C1⊗C2

i ¼ 2J þ 1

4π3
jRC1

QQ0 ð0Þj2jRC2

Q̄Q̄0 ð0Þj2jRC1⊗C2

DD̄ ð0Þj2;
ð12Þ

where the wave functions evaluated by solving the
Schrödinger equation with a Cornell-inspired potential
[24,32].
In our estimation, we use the nonrelativistic potential

contains the one-gluon exchange (OGE) with linear con-
fining term and the smeared spin-spin (SS) interaction

VOGEðrÞ ¼ κs
αs
r
þ br;

VSSðrÞ ¼ −
8πκsαs
3m1m2

�
σffiffiffi
π

p
�

3

exp−σ
2r2S1 · S2 ð13Þ

In this expression, κs, often referred to as the color factor, is
a dimensionless parameter fully determined by the specific
color representation configuration of the studied system,
and it can take either negative or positive values, corre-
sponding to net attractive or repulsive color interaction
respectively. αs is the QCD strong coupling, b is the
parameter that quantifies the strength of the color confining
interaction between the two colored constituents, and σ is
the parameter for the Gaussian function.
Since the interaction in the color sextet 6 configuration

is repulsive and cannot support a stable bound state,
we estimate R6

QQ0 ð0Þ following the NRQCD scaling rule

given in Ref. [33]: jR6
QQ0 ð0Þj2 ¼ v2jRQQ0 ð0Þj2 where

we take v2 ¼ 0.3, 0.2, and 0.1 for the cc̄, bc̄, and bb̄
systems, respectively. For our input parameters, we adopt

TABLE I. Numerical values of the LDMEs for T4c in
model I–II, in units of GeV9.

JPC 0þþ 1þ− 2þþ

LDMEs
D
Oð0Þ

3̄⊗3

E D
Oð0Þ

mix

E D
Oð0Þ

6⊗6̄

E D
Oð1Þ

3̄⊗3

E D
Oð2Þ

3̄⊗3

E

Model I 0.0347 0.0211 0.0128 0.0260 0.0144
Model II 0.0187 −0.0161 0.0139 0.0160 0.0126
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jRcc̄ð0Þj2 ¼ 0.907 GeV3, jRbc̄ð0Þj2 ¼ 1.642 GeV3, and
jRbb̄ð0Þj2 ¼ 7.48 GeV3. The values of the radial wave
function at the origin for heavy diquark and diquark-
diquark systems are summarized in Table II where the
heavy quark spin symmetry is applied.
Finally, the resulting LDMEs for the tetraquark are listed

in Tables III–V. As can be seen, the roughly estimated
LDMEs for the T4c state are several times larger or smaller
than the corresponding results from models I and II.

A. T4c decays into charmonium plus photon

We present the calculation of the squared amplitudes for
the fully charm tetraquark decay T4c → γJ=ψðηcÞ at lead-
ing order. This is performed within the NRQCD factori-
zation framework using a double expansion in the strong
coupling constant and the heavy quark velocity. The
analytic results are given in the Appendix A. The topol-
ogies in this channel are categorized into two distinct
structures: the gluon-exchange and quark-rearrangement.
In the first mode, both cc̄ pairs must annihilate at a short

distance, subsequently producing a new cc̄ pair.
Consequently, its probability is significantly suppressed
compared to the quark-rearrangement mode, where only
one pair annihilates. Our calculation confirms this intuitive
picture. We find that the contribution from gluon-exchange
diagrams is negligible, accounting for less than 0.4%
of the total width. Extending this analysis, we identify a
clear decay hierarchy based on topological suppression:
double-rearrangement, where two initial cc̄ pairs
directly combine into two charmonia, charmoniumþ
DD̄ or 4D-mesons; single-rearrangement, where one cc̄
pair forms a charmonium or two D-meson; gluon
exchange, involving the annihilation of both cc̄ pairs into
gluons, which then hadronize into light hadrons; and
photon exchange, where annihilation yields direct photon
pairs. We list the typical decay channels and the estimated
widths in Table VI to confirm our assertion.
It should be noted that two configurations, ðccÞ1

3̄
⊗

ðc̄c̄Þ13 and ðccÞ06 ⊗ ðc̄c̄Þ0
6̄
, share the exact same quantum

numbers for the T0þþ
4c state. Consequently, the physical

states must be two orthogonal mixtures of these configu-
rations, which can be parametrized as

� j0þþ
I i

j0þþ
II i

�
¼
�
cosθc sinθc
sinθc −cosθc

�0B@
j0þþ

ðccÞ1
3̄
⊗ðc̄c̄Þ13

i
j0þþ

ðccÞ06⊗ðc̄c̄Þ0
6̄

i

1
CA; ð14Þ

where the mixture angle θc ≈ 52° (θb ≈ 66° for T0þþ
4b states)

[6,31]. Hence the measured decay width should be written
as

Γ½T0þþ
I=II

4c → J=ψγ� ¼ 3hOJ=ψi
256mcπ

ðcos2θcjM0þþ
3̄⊗3

j2hO0þþ
3̄⊗3

i

þ sin2θcjM0þþ
6⊗6̄

j2hO0þþ
6⊗6̄

i
� 2 sin θc cos θcjM0þþ

mix j2hO0þþ
mix iÞ:

ð15Þ

TABLE III. Numerical values of the LDMEs (GeV9) for T4b.

JPC 0þþ 1þ− 2þþ

LDMEs
D
Oð0Þ

3̄⊗3

E D
Oð0Þ

mix

E D
Oð0Þ

6⊗6̄

E D
Oð1Þ

3̄⊗3

E D
Oð2Þ

3̄⊗3

E

hOT4c
i 0.00716 0.0174 0.0424 0.0215 0.0358

hOT4b
i 0.319 0.686 1.476 0.959 1.599

TABLE II. The squared radial wave function at origin jRð0Þj2
(GeV3) for fully heavy tetraquark.

jRð0Þj2 QQ0½3̄� QQ0½6� QQ0½3̄� ⊗ Q̄Q0½3� QQ0½6� ⊗ Q̄Q0½6̄�
ccc̄c̄ 0.315 0.272 8.95 71.13
bcb̄c̄ 0.549 0.328 22.69 284.4
bbb̄b̄ 1.226 0.748 26.38 327.3

TABLE IV. The estimated LDMEs (in unit GeV9) for ð0; 1; 2Þþþ Tbcb̄c̄.

0þþ 1þþ 2þþ

JPC ðbcÞ06 − ðb̄c̄Þ0
6̄

ðbcÞ16 − ðb̄c̄Þ1
6̄

ðbcÞ0
3̄
− ðb̄c̄Þ03 ðbcÞ1

3̄
− ðb̄c̄Þ13 ðbcÞ16 − ðb̄c̄Þ0A

6̄
ðbcÞ1

3̄
− ðb̄c̄Þ0A3 ðbcÞ16 − ðb̄c̄Þ1

6̄
ðbcÞ1

3̄
− ðb̄c̄Þ13

hOTbcb̄c̄
i 0.246 0.246 0.0551 0.0551 0.738 0.165 1.23 0.275

TABLE V. The estimated LDMEs (in unit GeV9) for 1þ− Tbcb̄c̄.

JPC

1þ−

ðbcÞ16 − ðb̄c̄Þ1
6̄

ðbcÞ1
3̄
− ðb̄c̄Þ13 ðbcÞ16 − ðb̄c̄Þ0S

6̄
ðbcÞ1

3̄
− ðb̄c̄Þ0S3

hOTbcb̄c̄
i 0.738 0.165 0.738 0.165
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While the tensor (2þþ) and axial-vector (1þ−) states exhibit
simpler decay patterns:

Γ½T2þþ
4c → J=ψγ� ¼ 3hOJ=ψi

1280mcπ
jM2þþ

3̄⊗3
j2hO2þþ

3̄⊗3
i; ð16Þ

Γ½T1þ−
4c → ηcγ� ¼

hOηci
256mcπ

jM1þ−
3̄⊗3

j2hO1þ−
3̄⊗3

i: ð17Þ

After considering the interference, and takes the
LDMEs provided above, we estimate the decay widths
in Table VII. The decay widths for the two 0þþ tetraquark
are around 1 MeV. The mass of 0þþ ground state varies
from 5966MeV [38] to 7016MeV [39] (see [7] for review),
from below ηcηc (5968 MeV) threshold to χc1χc1 threshold
(7020 MeV). If the mass lies below dicharmonium thresh-
old, the dicharmonium decay channel is forbidden, two
dominant decay channels remain: J=ψ þ X or DD̄. Under
the parameter set of this work, We estimate the width of
T4c → cc̄ as reported in Ref. [13]. We find that the cc̄width
is slightly smaller than γJ=ψ width, not to mention the
much lower reconstruction efficiency of D-meson. Hence
the only possible reconstruct channel is J=ψ þ X, of which
J=ψ þ γ is the best one. If the T0þþ

4c mass lies above ηcηc
but below J=ψJ=ψ threshold (T0þþ

4c → ηcηc ≈ 0.1–7 MeV
[31,35]), the γJ=ψ mode is still the best channel in
experiment due to the lower fraction and reconstruction
efficiency of ηc (e.g., Br½ηc → KKπ� ¼ 7.1% and the ηc is
more difficult to trig than J=ψ). According to the newly
reported measurement released by CMS Collaboration
[40], it seems that there are two bumps around
6.2–6.4 GeV in J=ψJ=ψ invariant-mass spectrum. The

first bump may caused by J=ψJ=ψ background, the second
bump may be attributed to a resonance as predicted by
Ref. [41]. We note that if there is indeed a T4c state around
the J=ψJ=ψ threshold, distinguishing such a state from the
dominant background in this mass region remains chal-
lenging. Hence a detailed search using γJ=ψ invariant-mass
spectrum may helpful to clarify this concern.
For 2þþ tetraquark, the dominant decay mode is dichar-

monium, the J=ψJ=ψ width is predicted to be 0.36 MeV in
the extended relativized quark model [6], 3.14 MeV in the
compact diquark-antidiquark model [35], and 10–80 MeV
in covariant quark model [34]. The significant difference in
the predicted decay widths highlights our still-incomplete
understanding of the 2þþ tetraquark state. Although its
quantum numbers have been experimentally confirmed,
further exploration of its decay channels—such as the γJ=ψ
mode discussed in this work—is essential for a more
comprehensive picture. In this paper, the γJ=ψ width is
calculated to be 0.132 MeV. Although this is significantly
smaller than the J=ψJ=ψ width, the branching ratio for the
γJ=ψ channel remains phenomenologically substantial due
to the experimental advantage of requiring one less J=ψ to
reconstruct. Several theoretical models predict a T2þþ

4c
ground state with a mass below the J=ψJ=ψ threshold.
A search for the γJ=ψ decay mode could therefore help
determine whether X(6500) is the 2þþ ground state.
Currently, there has been no direct experimental search

for the vector fully charm tetraquark state T1þ−
4c at the LHC.

In 2023, the Belle Collaboration reported evidence (3.3σ)
of a near-threshold enhancement in the J=ψηc invariant
mass spectrum [42]. In contrast to the J=ψJ=ψ background
at the LHC, no significant peaking background is expected
in this Belle search. In our calculation, the γηc channel for
T4c has a width of 1.02 MeV, while the J=ψηc width lies
between 0.45 and 4.31 MeV [31,35]. The γηc channel is
expected to be more experimentally efficient, as it does not
require the reconstruction of a J=ψ .
In the above analysis, we take the LDMEs derived from

the potential model. However, as pointed by Ref. [25],
these LDMEs may be overestimated; instead, they extract
the LDME for 2þþ state from the measured ratio

TABLE VI. Various decay widths of T4c in Refs: dicharmonium decay [31,34,35], hadronic decay [13] (We take model-I LDMEs for
numerical results), diphoton decay [15,36,37].

ΓðMeVÞ ηcηc ηcJ=ψ J=ψJ=ψ cc̄ gg qq γγ

0þþ
I 1.45 [31]

4.53 [35]
� � � 0.7 [31] 0.001 [13] 0.033 [13] � � � 6 × 10−4 [15]

0þþ
II 0.12 [31]

6.95 [35]
� � � 1.78 [31]

4.14 [35]
0.208 [13] 0.363 [13] � � � 6 × 10−4 [15]

1þ− � � � 0.45 [31]
4.31 [35]

� � � � � � � � � � � � � � �

2þþ � � � � � � 0.36 [31]
10–80 [34]
3.14 [35]

1.57 [13] 0.097 [13] 0.286 [13] 6.7 × 10−2 [36]
1 × 10−2 [37]
1 × 10−4 [15]

TABLE VII. The decay widths (in unit MeV) of T4c → γ þ
J=ψðηcÞ with the model I and model II LDMEs (in brackets).

Γ (MeV) 0þþ
I 0þþ

II 1þ− 2þþ

γJ=ψ 1.06 (0.885) 1.53 (0.523) � � � 0.132 (0.116)
γηc � � � � � � 1.02 (0.628) � � �
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σðT4cÞBrðT4c→J=ψJ=ψÞ
σðJ=ψJ=ψÞ [1]. Assuming BrðT4c → J=ψJ=ψÞ ¼

10%, the obtained hOð2Þ
3̄⊗3

i ¼ 2.2 × 10−3 GeV9. Further-
more, using heavy-quark spin symmetry, one obtains

hOð0Þ
3̄⊗3

i ≈ hOð0Þ
6⊗3̄

i ≈ hOð2Þ
mixi ¼ 4.4 × 10−4 GeV9. Based on

these values, our computed decay widths would be reduced
by 1–2 orders of magnitude, the predictions clearly call for
further experimental scrutiny.

B. T4b decays into bottomonium plus photon

In 2018, the LHCb Collaboration performed a search for
the T4b state using the ϒμþμ− invariant-mass spectrum
[43]. The analysis utilized data collected by the LHCb
detector at center-of-mass energies of

ffiffiffi
s

p ¼ 7, 8 and
13 TeV, corresponding to an integrated luminosity of
6.3 fb−1. No significant excess was observed. Subse-
quently, the CMS Collaboration conducted a search using
their detector at

ffiffiffi
s

p ¼ 13 TeV, with an integrated lumi-
nosity of 35.9 fb−1 [44]. This analysis found only a slight
indication of a potential resonance around 19 GeV, with a
local significance of approximately 1σ, far below the 5σ
threshold required for discovery. The T4b states share the
same quantum numbers as their charm counterparts T4c.
The S-wave ground states are 0þþ; 1þ−, and 2þþ, with
masses estimated to lie between 18 and 20 GeV. The decay

width to dibottomonium is estimated to be of the order of
1 MeV [31,35].
The analytic expression for the decay width can be

readily derived from the corresponding T4c result by
substituting mc → mb and ec → eb. Using the estimated
LDMEs for T4b provided above, we then compute the
numerical widths for T4b → γϒðηbÞ, which are presented in
Table VIII. These widths are approximately 4–6 orders of
magnitude smaller than those for T4c, lying at the 1–40 eV
level. Consequently, the relatively small decay width
renders this channel less promising for experimental
observation compared to the di-ϒ channel. However, it
is crucial to note that our current estimates of the LDMEs
are based on rather rough approximations. If the actual
LDMEs are significantly larger, the decay width for this
channel could increase substantially. Ultimately, these
possibilities must be tested and constrained by future,
more precise experimental data.

C. Tbcb̄c̄ decays into quarkonium plus photon

Beyond T4c and T4b, only the Tbcb̄c̄ state is capable of
undergoing radiative decay into quarkonium. In contrast,
other tetraquarks containing both b and c quarks exhibit
different decay patterns: the Tbbc̄c̄ cannot decay radiatively
to a quarkonium state, while the Tbbb̄c̄ and Tccc̄b̄ configu-
rations can only radiate a photon and produce a Bc meson.
Here, we calculate the radiative decay widths for the
processes Tbcb̄c̄ → γ þ J=ψ , ϒ, and ηc=b. The analytical
expressions are provided in the Appendix B, for a given
quantum number, e.g., 0þþ, the physical decay width is a
mixture of all possible color-spin configurations. For
simplicity, we only calculate the decay width for each
configuration individually and do not consider the mixing

TABLE VIII. The decay widths (in unit eV) of T4b → γ þ
ϒðηbÞ in this work.

Γ (eV) 0þþ
I 0þþ

II 1þ− 2þþ

γϒ 0.975 13.3 � � � 15.2
γηb � � � � � � 39.1 � � �

TABLE IX. The widths of Tbcb̄c̄ decay into vector quarkonium plus a photon. Here “A” denotes antisymmetric organization of the
color-spin configurations: 1ffiffi

2
p ½jðbcÞ16 − ðb̄c̄Þ0

6̄
i − jðbcÞ06 − ðb̄c̄Þ1

6̄
i�.

Γ

0þþ 1þþ 2þþ

ðbcÞ06 − ðb̄c̄Þ0
6̄
ðbcÞ16 − ðb̄c̄Þ1

6̄
ðbcÞ0

3̄
− ðb̄c̄Þ03 ðbcÞ1

3̄
− ðb̄c̄Þ13 ðbcÞ16 − ðb̄c̄Þ0

6̄A
ðbcÞ1

3̄
− ðb̄c̄Þ03A ðbcÞ16 − ðb̄c̄Þ1

6̄
ðbcÞ1

3̄
− ðb̄c̄Þ13

γJ=ψ (eV) 1.26 6.20 1.42 2.59 3.56 1.03 40.5 15.2
γϒ (keV) 28.2 148 28.7 52.3 8.54 5.13 82.0 14.5

TABLE X. The widths of Tbcb̄c̄ decay into pseudoscalar quarkonium plus a photon. Here “S” denotes the
symmetric organization of the color-spin configurations: 1ffiffi

2
p ½jðbcÞ16 − ðb̄c̄Þ0

6̄
i þ jðbcÞ06 − ðb̄c̄Þ1

6̄
i�.

Γ

1þ−

ðbcÞ16 − ðb̄c̄Þ1
6̄

ðbcÞ1
3̄
− ðb̄c̄Þ13 ðbcÞ16 − ðb̄c̄Þ0

6̄S
ðbcÞ1

3̄
− ðb̄c̄Þ03S

γηc (eV) 0.127 0.036 6.05 6.90
γηb (keV) 47.7 19.4 133.6 66.1
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effect, and the corresponding numerical results are pre-
sented in Tables IX and X.
It is striking to find that the decay width of Tbcb̄c̄ to

γ þ bottomonium is large that to γ þ charmonium by 3-4
orders of magnitude. This significant disparity suggests that
the Tbcb̄c̄ prefers to annihilate its cc̄-pair rather than its
bb̄-pair during the radiative decay process. Nevertheless,
we find that the width for γϒ is much smaller than that for
J=ψϒ. For comparison, the decay width of the tensor Tbcb̄c̄
state to J=ψϒ is reported to be on the order of 27 MeV in
Ref. [45]. This implies that the rearrangement decay mode
is the dominant process for the Tbcb̄c̄ tetraquark.
We also emphasize the crucial role of the LDMEs for

Tbcb̄c̄, as they are essential for reliably estimating the decay
widths. Our numerical results provide estimations for the
decay widths of individual color-spin configurations.
However, the physical decay width should be a coherent
superposition of contributions from all configurations,
including how to employ interference terms. More accurate
determinations of the LDMEs for these individual con-
figurations and their interference terms are therefore
needed, if those LDMEs are determined, one can easily
to extend to the physical decay width based on the
description of this paper.

IV. SUMMARY AND CONCLUSIONS

In this work, we investigate the fully heavy tetraquark,
including T4c, T4b and Tbcb̄c̄, radiatively decay into
quarkonium using the NRQCD factorization framework.
The analytic squared amplitudes are provided and the
LDMEs for T4b and Tbcb̄c̄ are estimated via nonrelativistic
Cornell potential. The numerical results underscore the
critical role of radiative decay channels in resolving the
spectroscopy of exotic tetraquarks. The J=ψγ channel, in
particular, offers a promising, low-background signature
for experimental searches, especially for states whose
masses lie below the dicharmonium threshold. Hence we
suggest a experimental research for this channel at the LHC
in the future. As the best channel, the measured branching

fractions of T4c → J=ψγ can be used to determine the
LDMEs for T4c, which are then widely applicable to its
production and decay.
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APPENDIX A: T4c → Hcc̄ + γ

The analytical squared amplitudes of T4c → J=ψðηcÞγ

jM0þþ
6⊗6̄

ðT4c → J=ψγÞj2 ¼ 4620800e2cπ5αα4s
729m10

c
;

jM0þþ
3̄⊗3

ðT4c → J=ψγÞj2 ¼ 24596276224e2cπ5αα4s
54675m10

c
;

jM0þþ
mix ðT4c → J=ψγÞj2 ¼ −

47676928e2cπ5αα4s
729m10

c

ffiffiffi
2

3

r
;

jM2þþ
3̄⊗3

ðT4c → J=ψγÞj2 ¼ 11542267904e2cπ5αα4s
54675m10

c
;

jM1þ−
3̄⊗3

ðT4c → ηcγÞj2 ¼
9885304832e2cπ5αα4s

6075m10
c

; ðA1Þ

where ec is the charge of charm quark. The squared
amplitudes of T4b → ϒðηbÞγ can be easily obtained by
replacing ec → eb and mc → mb.

APPENDIX B: Tbcb̄c̄ → Hbb̄=cc̄ + γ

The analytical squared amplitudes of T0þþ
bcb̄c̄

→ J=ψγ

jM0þþ
60⊗6̄0

ðJ=ψγÞj2 ¼ 16π5αα4s
6561m10

b

ð48r7 − 288r6 þ 320r5 þ 685r4 − 1217r3 þ 232r2 þ 558r − 252Þ2
ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ;

jM0þþ
61⊗6̄1

ðJ=ψγÞj2 ¼ 16π5αα4s
19683m10

b

ð48r7 − 496r6 þ 1920r5 − 3911r4 þ 5475r3 − 4712r2 þ 1334rþ 84Þ2
ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ;

jM0þþ
3̄0⊗30

ðJ=ψγÞj2 ¼ 32π5αα4s
6561m10

b

ð48r7 − 384r6 þ 992r5 − 707r4 − 593r3 þ 712r2 þ 270r − 252Þ2
ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ;

jM0þþ
3̄1⊗31

ðJ=ψγÞj2 ¼ 32π5αα4s
19683m10

b

ð48r7 − 400r6 þ 1248r5 − 2231r4 þ 3411r3 − 3464r2 þ 1046rþ 84Þ2
ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ; ðB1Þ

where r ¼ mb
mbþmc

.

HAO YANG, SONGLIN LYU, and BINGWEI LONG PHYS. REV. D 114, 034026 (2026)

034026-8



The squared amplitudes of T1þ−
bcb̄c̄

→ ηcγ

jM1þ−
61⊗6̄1

ðηcγÞj2 ¼
8π5αα4s

2187m10
b ð3 − rÞ2ð1 − rÞ7r2ðr2 − 4rþ 2Þ2ðr2 − 3rþ 1Þ2

× ð−32r9 þ 453r8 − 2674r7 þ 8544r6 − 16257r5 þ 19240r4 − 14268r3 þ 6436r2 − 1604rþ 168Þ2;

jM1þ−
3̄1⊗31

ðηcγÞj2 ¼
16π5αα4s

2187m10
b ð3 − rÞ2ð1 − rÞ7r2ðr2 − 4rþ 2Þ2ðr2 − 3rþ 1Þ2

× ð−32r9 þ 405r8 − 2242r7 þ 7104r6 − 14001r5 þ 17464r4 − 13596r3 þ 6340r2 − 1604rþ 168Þ2;

jM1þ−
61⊗6̄0½S�ðηcγÞj2 ¼

8π5αα4s
2187m10

b ð3 − rÞ2ð1 − rÞ7r2ðr2 − 4rþ 2Þ2ðr2 − 3rþ 1Þ2
× ð−32r9 þ 95r8 þ 1322r7 − 9124r6 þ 23305r5 − 28120r4 þ 14556r3 − 340r2 − 2172rþ 504Þ2;

jM1þ−
3̄1⊗30½S�ðηcγÞj2 ¼

16π5αα4s
2187m10

b ð3 − rÞ2ð1 − rÞ7r2ðr2 − 4rþ 2Þ2ðr2 − 3rþ 1Þ2
× ð−32r9 þ 239r8 − 166r7 − 3268r6 þ 12313r5 − 17992r4 þ 10236r3 þ 332r2 − 2172rþ 504Þ2:

ðB2Þ

The squared amplitudes of T1þþ
bcb̄c̄

→ J=ψγ

jM1þþ
61⊗6̄0½A�ðJ=ψγÞj2 ¼

512π5αα4s
6561m10

b ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ð169r
12 − 2444r11 þ 14755r10 − 49502r9

þ 107850r8 − 178666r7 þ 248618r6 − 276692r5 þ 229705r4 − 140004r3

þ 64916r2 − 21504rþ 3528Þ

jM1þþ
3̄1⊗30½A�ðJ=ψγÞj2 ¼

1024π5αα4s
6561m10

b ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ðr
12 þ 4r11 − 53r10 − 182r9 þ 2370r8

− 6454r7 þ 3182r6 þ 13660r5 − 22007r4 þ 1788r3 þ 19844r2 − 15456rþ 3528Þ: ðB3Þ

Here “A” and “S” denote the antisymmetric and symmetric organizations of the color-spin structures,
e.g., 1ffiffi

2
p ½jðbcÞ16 − ðb̄c̄Þ0

6̄
i ∓ jðbcÞ06 − ðb̄c̄Þ1

6̄
i�.

The squared amplitudes of T2þþ
bcb̄c̄

→ J=ψγ

jM2þþ
61⊗6̄1

ðJ=ψγÞj2 ¼ 512π5αα4s
19683m10

b ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ð676r
12 − 11856r11 þ 91984r10 − 415008r9

þ 1201580r8 − 2315464r7 þ 2947340r6 − 2289776r5 þ 767335r4 þ 216004r3

− 196724r2 − 6720rþ 17640Þ

jM2þþ
3̄1⊗31

ðJ=ψγÞj2 ¼ 1024π5αα4s
19683m10

b ð3 − rÞ2ð1 − rÞ5r2ðr2 − 4rþ 2Þ2 ð196r
12 − 3024r11 þ 20812r10 − 84336r9

þ 222176r8 − 393724r7 þ 456392r6 − 270320r5 − 82985r4 þ 240580r3

− 80228r2 − 36960rþ 17640Þ: ðB4Þ
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The analytical squared amplitudes of T0þþ
bcb̄c̄

→ ϒγ

jM0þþ
60⊗6̄0

ðϒγÞj2 ¼ 64π5αα4s
6561m10

b

r5ð12r7 − 51r6 − 166r5 þ 259r4 þ 250r3 − 414r2 þ 322r − 86Þ2
ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 ;

jM0þþ
61⊗6̄1

ðϒγÞj2 ¼ 64π5αα4s
19683m10

b

r5ð12r7 þ r6 þ 30r5 þ 599r4 þ 398r3 − 1318r2 − 190rþ 258Þ2
ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 ;

jM0þþ
3̄0⊗30

ðϒγÞj2 ¼ 128π5αα4s
6561m10

b

r5ð12r7 þ 9r6 − 106r5 − 125r4 þ 106r3 þ 198r2 þ 118r − 86Þ2
ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 ;

jM0þþ
3̄1⊗31

ðϒγÞj2 ¼ 128π5αα4s
19683m10

b

r5ð12r7 þ 13r6 þ 42r5 þ 407r4 þ 254r3 − 850r2 − 346rþ 258Þ2
ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 : ðB5Þ

The squared amplitudes of T1þ−
bcb̄c̄

→ ηbγ

jM1þ−
61⊗6̄1

ðηbγÞj2 ¼
8π5αα4sr3ð16r9 þ 117r8 þ 404r7 þ 559r6 − 468r5 − 1709r4 þ 32r3 þ 1325r2 − 456rþ 12Þ2

2187m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ r − 1Þ2ðr2 þ 2r − 1Þ2

jM1þ−
3̄1⊗31

ðηbγÞj2 ¼
16π5αα4sr3ð16r9 þ 165r8 þ 596r7 þ 463r6 − 1188r5 − 1373r4 þ 800r3 þ 653r2 − 312rþ 12Þ2

2187m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ r − 1Þ2ðr2 þ 2r − 1Þ2

jM1þ−
61⊗6̄0

ðηbγÞj2 ¼
8π5αα4sr3ð16r9 − 287r8 − 1236r7 − 129r6 þ 3128r5 þ 935r4 − 2256r3 þ 133r2 þ 212r − 12Þ2

2187m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ r − 1Þ2ðr2 þ 2r − 1Þ2

jM1þ−
3̄1⊗30

ðηbγÞj2 ¼
16π5αα4sr3ð16r9 − 143r8 − 852r7 − 609r6 þ 1928r5 þ 1943r4 − 1296r3 − 932r2 þ 452r − 12Þ2

2187m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ r − 1Þ2ðr2 þ 2r − 1Þ2 :

ðB6Þ

The squared amplitudes of T1þþ
bcb̄c̄

→ ϒγ

jM1þþ
61⊗6̄0

ðϒγÞj2 ¼ 32π5αα4sr5

6561m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 ð10816r

12 þ 39104r11 − 31239r10 − 112744r9 þ 287484r8

þ 109864r7 − 886058r6 þ 491792r5 þ 729916r4 − 1074104r3 þ 591049r2 − 159192rþ 17424Þ

jM1þþ
3̄1⊗30

ðϒγÞj2 ¼ 64π5αα4sr5

6561m10
b ð1 − rÞ12ðrþ 2Þ2ðr2 þ 2r − 1Þ2 ð64r

12 − 64r11 − 615r10 þ 1304r9 þ 2940r8

− 6296r7 − 4202r6 þ 18128r5 þ 7612r4 − 6392r3 þ 5737r2 − 5400rþ 1296Þ: ðB7Þ

The squared amplitudes of T2þþ
bcb̄c̄

→ ϒγ

jM2þþ
61⊗6̄1

ðϒγÞj2 ¼ 32π5αα4sr5

19683m10
b ð1− rÞ12ðrþ 2Þ2ðr2 þ 2r− 1Þ2 ð16900r

12 þ 118560r11 þ 263923r10 þ 62128r9 − 518380r8

− 599736r7 − 100758r6 þ 240064r5 þ 550752r4 þ 369608r3 − 239285r2 − 155424rþ 62208Þ

jM2þþ
3̄1⊗31

ðϒγÞj2 ¼ 64π5αα4sr5

19683m10
b ð1− rÞ12ðrþ 2Þ2ðr2 þ 2r− 1Þ2 ð1156r

12 þ 4896r11 þ 5395r10 − 4304r9 − 18796r8

− 20472r7 − 39126r6 − 60416r5 þ 123744r4 þ 189704r3 − 62357r2 − 74208rþ 25344Þ: ðB8Þ
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