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We present a comprehensive study of the radiative decays of fully heavy tetraquarks (74, T4,) and
mixed heavy-flavor tetraquarks (7',,.;:) into charmonium/bottomonium states, within the nonrelativistic
QCD factorization framework. Numerical result indicates that the decay widths of fully charm tetraquark
T4 into yJ/y(n.) are around 1 MeV. Crucially, the yJ/y signal channel receives less experimental
background near the J/yJ /y threshold, providing a compelling way to search for the possible tetraquark
states X(6200). For T, 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 7', .;; — 7T exceed those to yJ/y by 3—4 orders of
magnitude, indicating preferential c¢c-pair annihilation over bb. 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/y 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 J”¢ = 27 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
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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 T.. 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 0™ 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/y production is extremely
strong, causing the resonance information to be obscured
by the background. By contrast, the J/y + y 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/y — J/y thresh-
old, the J/y + y channel becomes one of the few viable
reconstruction modes available. Therefore, investigating

Published by the American Physical Society


https://orcid.org/0000-0002-2609-7432
https://orcid.org/0000-0003-3755-9572
https://orcid.org/0000-0002-5002-9990
https://ror.org/011ashp19
https://ror.org/02kqnpp86
https://ror.org/02kqnpp86
https://ror.org/005ta0471
https://ror.org/03x8rhq63
https://crossmark.crossref.org/dialog/?doi=10.1103/wdvz-sgv5&domain=pdf&date_stamp=2026-08-25
https://doi.org/10.1103/wdvz-sgv5
https://doi.org/10.1103/wdvz-sgv5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

HAO YANG, SONGLIN LYU, and BINGWEI LONG

PHYS. REV. D 114, 034026 (2026)

the radiative decay of fully charmed tetraquarks into
J/w + y is both essential and urgent. Moreover, this decay
channel can proceed through a mechanism in which one c¢
pair undergoes recombination while another c¢¢ pair anni-
hilates into a photon. This yields a significantly larger
branching fraction compared to the diphoton channel,
where both c¢ 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
T4/ and mixed heavy tetraquark 7', ;; 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/y, 7., T and #;) 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 = 3 @ 6, where the antisymmetric part
yields the color antitriplet 3, 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 'S, and the symmetric spin-triplet 3,
leads to four distinct diquark configurations: [3S; — 3],
['Sy — 6], [3S, — 6], ['S, — 3]. 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 [3S; —3] and
['Sy — 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 T4, — J/wy 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 T,. — J/y + .
The left diagram depicts the gluon exchange topology: two
gluons mediate the strong interaction between 7. and J /y,
while the photon is radiated from the intermediate quark

Tie

FIG. 1. Two representative leading-order Feynman diagrams
for the radiative decay T,. — J/w +y of the fully charmed
tetraquark, corresponding to the gluon-exchange (left) and quark-
rearrangement (right) decay topologies respectively.

line. The right diagram corresponds to the quark rearrange-
ment topology: the four quarks (cccc) of the initial Ty,
rearrange their configuration, with a photon emitted
from the intermediate quark line during the process. In
the decay of T4/, there are a total of 220 Feynman
diagrams, including 28 for gluon-exchange and 192 for
quark-rearrangement processes, while for the T, ;- decay,
62 diagrams are involved in total.

Within the NRQCD factorization framework, the radi-
ative decay width of fully charm tetraquark into J/y + y
can be formulated as

DTy = Jfyy) = TToe = Ty (OINONY), (1)

where (OI) are the long-distance matrix elements
(LDMESs) describing the possibility of finding the inter-
mediate state with color-spin configuration n inside the
tetraquark T, (O;/") is the LDME for J /y (here m is 35, [1]
in the leading order of the NRQCD velocity expansion),
[Ty, — J/wy] is the short distance coefficient (SDC), a
quantity that can be evaluated perturbatively. For fully
charm tetraquark, the possible configurations n are

046 - "Sp) ® (6—'S)], 07*[(3-75) ® 3-75))].
(3 -8) ®@ 3-78))) 27H[(3-781) ® (3-78))).
The corresponding operators are defined as
0 ab;c
Oég6 [Wa (lO’ )Wb] b(COO- ))(d]cﬁg(;d’
1 . j Tl ab;c
Oras == Wi i)'yl (i0%),)Cog
i [ . i . *71 L1 ab;c
Oy == elilvilio) oyl i)l s’

y 1 0 1 ap;c
Ol = 511 Wilio?)oyy[rle” (io? i ot (2)

with the LDMEs defined as ((’)ggs> |<0|C’)3 ®3|T4C> | and

<(’)t%6> = |<0|(’)6®6|T4C)|2 In this expression, y and y'

correspond to Pauli spinor fields that annihilate heavy
quark and heavy antiquark respectively, while ¢ denotes
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the standard 2-dimensional Pauli matrix. The quantities

¢!/ 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

I" as follows:

Cab cd 6ac5bd - 5ad5bc Cab cd 5ac6bd + 5ad6bc
SV OV
l"l} ke 5lk5]f + 5“,”5/[( 3 51'1'5/“&’ (3)

where a-d are the SU(3) color indices of the constituent
diquarks and the antidiquarks, respectively, and i-¢(=
1,2,3) 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

<

(P)Tu(pe)v(pe )T u(py)
o(pe)Tu(pe)u’ (p) T 0" (por)
= 0(p)lu(p:)u’ (pz)cC'rcC'v" (p.r)
~5(pe)lu(pz)o(p7)"u(pe)

— —Te[Y T, T Cobied, (4)

This manipulation relies on the standard properties of the
Dirac charge conjugation matrix, defined in the conven-
tional Dirac gamma basis as C = —iy?y". For an arbitrary
matrix I', the charge-conjugated is defined as I'® = C~'T7C,
and the charge conjugation matrix satisfies the following
core identities

el =1,
u’(p,o)C = —i(p.o),

C_ljf”TC — _
9" (p.o) =u(p.o). (5)

. 3
F[Tfti-) = J/w(n.)yl = 256m.(2) + )r
3

()
0ry) - =
Ty ()7} 256m,(2J + 1)z

my,(my, + 2m,.)

|\ M(bbbb[H,, ® Hyp) —

The corresponding spin projectors1
1 P
n° = -2
vt (57m)
1 P
I = -2 6
.

To generalize these projection operators for a bb(bc)-
diquark, one simply makes the replacement 2m, —
2my,(my, + m,) 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 / =0, 1 and 2. This spin decom-
position is systematically implemented via a set of orthogo-
nal, properly normalized covariant spin projectors Ji/, ,,
whose explicit forms are

1 i
J = —p, J = - etvbe Pg.
V] 1 V2p? @’
1 1
= €aﬂ{§ rent? + ] = S } (7)

where P* is the total four-momentum of the tetraquark
system. The tensor ¥ = —g"* + % defines the transverse
projector relative to P*. By construction, €, is the polari-
zation vector for the resulting total spin-1 tetraquark, while
€4p 1s the symmetric polarization tensor for the total spin-2
tetraquark, satisfy the standard polarization sum

Ze (P,A)e

> e (P, A)eV (P, 1)
A

“(P,2) =y,

1 / ! )/ J 1 e
— 5 [ﬂaa ’7/3/3 + ]1(1/3 1,,/7’(1 } _ g I’]aﬂﬂaﬂ .

(8)
Finally, the SDC for fully charm tetraquark is formu-
lated as

(M(ccte[Hee & Hee] = ce[1] + 7).

bb[1] +7)P.

BT — 1/wny) =

f[T( ST ()] = m.(m, + 2my,)

32(my, +m.)*(2J + 1)z

(M (bebe[Hye ® Hye] — ce[l] +7)I,

[M(bebe[Hye ® Hye] — bb[1] + 7). ©)

bebe

32(my +m)3(2J + 1)z

"We project u(p,)7(p.) into spin singlet (s = 0) or spin triplet (s = 1), for u(p.)d(p.) projection, an extra (—1)**! factor is needed,
see [13] for details. The projectors for the production of J/y and 5, are similar to those after complex conjugation and including the

color factor 5% /\/N..
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where H, 55 denote the color-spin configurations for
heavy diquark, e.g., spin-triplet and color-antitriplet cc
[3S, —3]. In the calculations, we generate the Feynman
diagrams and corresponding amplitudes using FeynArts [26],
and perform subsequent algebraic manipulations with
FeynCale [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-
0/2++

nium, including 7., — vJ/y/Y, Ti:ﬁ;, = e/ M
T2 = yJ /y(Y) and TV — yn.(y,) within the fol-

lowing parameters:

a=1/137.065, m. = 1.5 GeV, my, =4.9 GeV,
ag(2m.) = 0.249, ag(my, +m.) =0.199, ag(2my) = 0.179,
(O'v3S)]) = 1.32 GeV, (OTPS]) = 9.28 GeV. (10)

Here the value of the strong coupling constant is obtained
from the software RUNDEC. [28] with three typical con-
ventions u = 2m,, m;, + m,, and 2m,, for Ty, T} 5z and
Ty, states, respectively. The LDMEs for the production of
J/w and T are taken from Refs. [29,30], the LDMEs for 7,
and 7, are 1/3 of J/y and Y according to heavy quark spin
symmetry. The LDMEs for 7,. 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 Schrodinger
equation, the LDMEs are listed in Table 1.

To estimate the LDMEs for T4, and T,;;, 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],

(Oge,) ¥ 16027 + D, (0w, (0. (1)

where Cy/, is the color configuration (3 or 6) for the
diquark. The exact value for y - 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

TABLE 1. Numerical values of the LDMEs for T,. in

model I-I1, in units of GeV?.

JPC o0tt+ 1t= 2++
(0) 0) (0) (1) (2)

LDMEs <03®3> <0mix> <O6®6> <03®3> <03®3>

Model I ~ 0.0347  0.0211 0.0128  0.0260  0.0144

Model I 0.0187 —-0.0161 0.0139  0.0160  0.0126

I

two composite color sources. Under this approximation, the
wave function at the origin y(0) can be factorized as the
product of individual components: ¥ ooy oW pp, Where
wpp describes the diquark-antidiquark relative motion.
And the LDME:s can be related to radical wave functions
at the origin

_2J+1

J
(Octoc,) = =7 IRGo (O IRG (O)PIRGZ(0)2

(12)

where the wave functions evaluated by solving the
Schrodinger 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

VOGE(r) = i, % + br,
r

8rk,a; [ ©
3m1 my \/E

In this expression, k, 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. a, is the QCD strong coupling, b is the
parameter that quantifies the strength of the color confining
interaction between the two colored constituents, and o 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 RY,,(0) following the NRQCD scaling rule
given in Ref. [33]: |RE, (0)] = 112|RQ5(0)|2 where
we take v2 = 0.3, 0.2, and 0.1 for the c¢, be, and bb
systems, respectively. For our input parameters, we adopt

3 2
Vss(r) = ) CXp_o-zr-Sl . SZ (13)
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TABLE II. The squared radial wave function at origin |[R(0)|?
(GeV?) for fully heavy tetraquark.

RO)? 00'3] 0Q'l6] 00'3]® 00'3] 2Q'6] ® 0Q0'(6]

cecce 0315 0272 8.95 71.13
bche 0549  0.328 22.69 284.4
bbbb 1226 0.748 26.38 327.3
TABLE III.  Numerical values of the LDMEs (GeV?) for T,
JPC o+t 1+ 2++

0 0 0 1 2
LDMEs < Oégg > <Ox<ni)x > < Oégé > <Oge;3 > < Ogc;s >
(Or,) 000716 0.0174  0.0424  0.0215  0.0358
(Or,,) 0.319 0.686 1.476 0.959 1.599

IR.z(0)]> = 0.907 GeV3, |R,:(0)|*> = 1.642 GeV?, and
|R,;(0)|> = 7.48 GeV>. 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 LDME:s for the tetraquark are listed
in Tables III-V. As can be seen, the roughly estimated
LDME:s for the T4, state are several times larger or smaller
than the corresponding results from models I and II.

A. T, decays into charmonium plus photon

We present the calculation of the squared amplitudes for
the fully charm tetraquark decay T4 — yJ/w(n.) 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 ¢¢ pairs must annihilate at a short

distance, subsequently producing a new c¢c¢ 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 c¢c¢ pairs
directly combine into two charmonia, charmonium +
DD or 4D-mesons; single-rearrangement, where one c¢
pair forms a charmonium or two D-meson; gluon
exchange, involving the annihilation of both c¢ 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, (cc)% ®

(¢e)3 and (cc)g ® (¢c), share the exact same quantum

numbers for the ng* state. Consequently, the physical
states must be two orthogonal mixtures of these configu-
rations, which can be parametrized as

++
<|Ofr+>> B (cosﬁc sin@, ) |0(cc)%®(52‘);> (14
01) sinf, —cosé, |02;j)g®(55)2> ,

where the mixture angle 6, ~ 52° (0, ~ 66° for T}, * states)
[6,31]. Hence the measured decay width should be written
as

0+t 3<Ol/y/>
T /1 _
Tae” = v 256m.x

.2 0+ 12/ )0+
+sin®0 | Med [ (Oggg)
+ 25in 6, cos .| MO 2(O0 ).

(15)

(cos?6, |Mg;§ |? <0(3);;>

TABLE IV. The estimated LDMEs (in unit GeV?) for (0,1,2)** T, ;..

o+t

1+t 2+t+

e (be)g = (be)g (be)g = (be)g (be)§ = (b2)3 (be)y = (be)y (be)g = (bT)" (be)y = (bE)3* (be)g — (bE)g (be)y = (b);

0.246 0.246 0.0551 0.0551

<OT,,(,,;Z,>

0.738 0.165 1.23 0.275

TABLE V. The estimated LDMEs (in unit GeV?) for 17~ T, j..

1+

JPC (be) — (be)} (be)y — (bT)3

6

(be)g — (bT)g? (be)y — (o)

(Or,.) 0.738 0.165

0.738 0.165
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TABLE VI. Various decay widths of 7. in Refs: dicharmonium decay [31,34,35], hadronic decay [13] (We take model-I LDMEs for
numerical results), diphoton decay [15,36,37].
I'(MeV) NN ned /w Jwlw ct 99 qq 4
ot 1.45 [31] 0.7 [31] 0.001 [13] 0.033 [13] 6 x 107 [15]
4.53 [35]
o4t 0.12 [31] 1.78 [31] 0.208 [13] 0.363 [13] 6 x 107 [15]
6.95 [35] 4.14 [35]
1 0.45 [31] -
4.31 [35]
AR 0.36 [31] 1.57 [13] 0.097 [13] 0.286 [13] 6.7 x 1072 [36]
10-80 [34] 1 x 1072 [37]
3.14 [35] 1x 107 [15]

While the tensor (27 1) and axial-vector (177) states exhibit
simpler decay patterns:

24+ 3<OJ/W> 24412/ (2++
LT3 = T /yy] = 1280mcﬂ'| 3®3 <O3®3 ). (16)
- (O0") - -
F[T}l: - '767] = 256m .7 ‘M;XSS 2<O;6;3> (17)

After considering the interference, and takes the
LDMEs provided above, we estimate the decay widths
in Table VII. The decay widths for the two 0" tetraquark
are around 1 MeV. The mass of 07" ground state varies
from 5966 MeV [38] to 7016 MeV [39] (see [7] for review),
from below 7.7, (5968 MeV) threshold to y,. . threshold
(7020 MeV). If the mass lies below dicharmonium thresh-
old, the dicharmonium decay channel is forbidden, two
dominant decay channels remain: J/yw + X or DD. Under
the parameter set of this work, We estimate the width of
T,. — cc asreported in Ref. [13]. We find that the c¢ width
is slightly smaller than yJ/y width, not to mention the
much lower reconstruction efficiency of D-meson. Hence
the only possible reconstruct channel is J/y + X, of which
J/w + 7 is the best one. If the T3/ mass lies above 7.1,
but below J/yJ [y threshold (T3 = n.n. ~0.1-7 MeV
[31,35]), the yJ/w mode is still the best channel in
experiment due to the lower fraction and reconstruction
efficiency of 7. (e.g., Br[y. » KKz| = 7.1% and the 7, is
more difficult to trig than J/y). 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/wJ/y invariant-mass spectrum. The

TABLE VII. The decay widths (in unit MeV) of Ty, — y +
J/w(n.) with the model T and model I LDMEs (in brackets).

I MeV) 0" 05 1+ 2+

vJ/w  1.06 (0.885) 1.53 (0.523) 0.132 (0.116)

first bump may caused by J/wJ /y background, the second
bump may be attributed to a resonance as predicted by
Ref. [41]. We note that if there is indeed a T4, state around
the J/wJ /y threshold, distinguishing such a state from the
dominant background in this mass region remains chal-
lenging. Hence a detailed search using yJ /y invariant-mass
spectrum may helpful to clarify this concern.

For 27+ tetraquark, the dominant decay mode is dichar-
monium, the J/yJ /y 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 2 + + tetraquark state. Although its
quantum numbers have been experimentally confirmed,
further exploration of its decay channels—such as the yJ /y
mode discussed in this work—is essential for a more
comprehensive picture. In this paper, the yJ/y width is
calculated to be 0.132 MeV. Although this is significantly
smaller than the J/yJ/y width, the branching ratio for the
vJ /w channel remains phenomenologically substantial due
to the experimental advantage of requiring one less J/y to
reconstruct. Several theoretical models predict a T3 "
ground state with a mass below the J/wJ/y threshold.
A search for the yJ/y decay mode could therefore help
determine whether X(6500) is the 27" ground state.

Currently, there has been no direct experimental search
for the vector fully charm tetraquark state T}~ at the LHC.
In 2023, the Belle Collaboration reported evidence (3.30)
of a near-threshold enhancement in the J/w#, invariant
mass spectrum [42]. In contrast to the J/yJ /y background
at the LHC, no significant peaking background is expected
in this Belle search. In our calculation, the y#,. channel for
T, has a width of 1.02 MeV, while the J/y#, width lies
between 0.45 and 4.31 MeV [31,35]. The y5,. channel is
expected to be more experimentally efficient, as it does not
require the reconstruction of a J/y.

In the above analysis, we take the LDMESs derived from
the potential model. However, as pointed by Ref. [25],
these LDMEs may be overestimated; instead, they extract
the LDME for 24 + state from the measured ratio
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TABLE VI The decay widths (in unit eV) of Ty, — 7 +
Y (n;,) in this work.

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

++ ++ +- ++

eV O On ! 2 readily derived from the corresponding 7. result by
yY 0.975 13.3 - 15.2 substituting m. — m,, and e. — ¢,. Using the estimated
Y1y 39.1 LDMEs for Ty, provided above, we then compute the

ol )Br(Tac>I/yI/v) 1] Assuming Br(Ty, — J/yJ/y) =

o(T/wily)
10%, the obtained (04 ) =22 x 10~> GeV’. Further-
more, using heavy-quark spin Symmetry, one obtains
(O‘%s) ~ ((9%5) ~ (0%) =44 x 107 GeV°. 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. T4, decays into bottomonium plus photon

In 2018, the LHCb Collaboration performed a search for
the Ty, state using the Yutpu~ invariant-mass spectrum
[43]. The analysis utilized data collected by the LHCb
detector at center-of-mass energies of /s =7, 8 and
13 TeV, corresponding to an integrated luminosity of
6.3 fb~'. No significant excess was observed. Subse-
quently, the CMS Collaboration conducted a search using
their detector at /s = 13 TeV, with an integrated lumi-
nosity of 35.9 fb~! [44]. This analysis found only a slight
indication of a potential resonance around 19 GeV, with a
local significance of approximately lo, far below the 5o
threshold required for discovery. The T, states share the
same quantum numbers as their charm counterparts 7.
The S-wave ground states are 07,17, and 27, with
masses estimated to lie between 18 and 20 GeV. The decay

numerical widths for T, — yY (1), which are presented in
Table VIII. These widths are approximately 4—6 orders of
magnitude smaller than those for 7., 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-Y channel. However, it
is crucial to note that our current estimates of the LDMEs
are based on rather rough approximations. If the actual
LDME:s 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. T, ;: decays into quarkonium plus photon

Beyond 74, and Ty, only the T; state is capable of
undergoing radiative decay into quarkonium. In contrast,
other tetraquarks containing both » and ¢ quarks exhibit
different decay patterns: the 7',z cannot decay radiatively
to a quarkonium state, while the 7', and T .;; configu-
rations can only radiate a photon and produce a B, meson.
Here, we calculate the radiative decay widths for the
processes Tp.;z = v +J/y, T, and 5,/,. The analytical
expressions are provided in the Appendix B, for a given
quantum number, e.g., 01", 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 IX. The widths of T, decay into vector quarkonium plus a photon. Here “A” denotes antisymmetric organization of the

color-spin configurations: % [[(be)g — (b2)2) = |(be)g — (bE)})]-

0+t 1++ 2++
r (be)g — (be)} (be)g — (be)y (be)§ = (b)§ (be)} — (be)y (be)g — (bE)y, (be)}— (b)3, (be)g — (bE)y (be)y — (bT)y
yJ/y (eV) 1.26 6.20 1.42 2.59 3.56 1.03 40.5 15.2
7Y (keV) 28.2 148 28.7 52.3 8.54 5.13 82.0 14.5

TABLE X. The widths of T, decay into pseudoscalar quarkonium plus a photon. Here “S” denotes the
symmetric organization of the color-spin configurations: % [[(be)g — (b2)) + (be)g = (bT)§)].

1=
r (be)l — (be)} (be)! — (be)] (be)l — (be)? (be)! — (bE)?
6 6 3 3 6 65 3 35
yn. (€V) 0.127 0.036 6.05 6.90
yn, (keV) 47.7 194 133.6 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 T .;; to
y + bottomonium is large that to y + charmonium by 3-4
orders of magnitude. This significant disparity suggests that
the T, 5z prefers to annihilate its cc-pair rather than its
bb-pair during the radiative decay process. Nevertheless,
we find that the width for yY is much smaller than that for
J/wX. For comparison, the decay width of the tensor 7', ;-
state to J/wY 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 T, . tetraquark.

We also emphasize the crucial role of the LDMEs for
T, ;z» 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 T4, T4, and T,z radiatively decay into
quarkonium using the NRQCD factorization framework.
The analytic squared amplitudes are provided and the
LDME:s for Ty, and T, 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/wy 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 T4, — J/wy can be used to determine the
LDMEs for T,., which are then widely applicable to its
production and decay.
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APPENDIX A: Ty, > H,;+7y
The analytical squared amplitudes of Ty. — J/w(n.)y

MO (T, — T fyry)|? = 4620800e27° aat}

626 29m®
My (T sy p = 22T 0,
MO (T = T Jwy) > = 47676792295:151 - \/%
M35 (T = sy P = A0,
M (T = np)fp = 28I Recrias -y

where e, is the charge of charm quark. The squared
amplitudes of T4, — Y(1,)y can be easily obtained by
replacing e. — e, and m. — my,.

APPENDIX B: T, ;. — Hj): +7

The analytical squared amplitudes of T' g*; - J/yy

MO (T )P = 167°aa (48r — 2887% + 3207° + 685r* — 121713 + 232r% + 558r — 252)?
oee VT = 656 1m G- rP(1= )PP —4r+2) ’
O+ ,  16maald (48r7 —496r° 4 1920r° — 39111 + 54751 — 471217 + 1334r + 84)?
|M61®61 (J/l;/}/)| - 10 2 5 2 )
19683m, (3=r)2 (1 =r)°r*(r* —4r +2)?
2raat (48r — 38415 49927 — 707r* — 59313 + 71272 + 2707 — 252)?
M(_)++ J 2 _ )
| 3o®3o( Jwr)l” = 6561m (3= r)2(1 = r)52( = 4r + 2)?
32maat (48r7 —400r° + 12487 — 223174 + 34117° — 3464r> + 10467 + 84)?
M0++ J 2 , B1
Maon V) = 1565310 B2 —rf PP —4r+2)? (B1)
where r = L=
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The squared amplitudes of T})g@ = .y

8 aart

I+— 2 _
Megsr 1) = 315700 = 2 (1 = 722 —4r + 2022 —3r + 1)
X (=327° + 45375 — 267477 + 854475 — 1625775 + 19240/* — 142687 + 64367% — 1604r + 168)2,

_ l6maat
|Mél+®3l(’707>|2 = 10 2 722 2,2 2
218Tm,) (3 —r)*(1 = r)'r*(r> —4r+2)*(r* = 3r+1)
x (=321 4+ 40578 — 224277 + 71047° — 140017° + 17464r* — 135967° + 6340r> — 1604r + 168)2,
8raat
MH—_* . 2 s
Migiis (1:7)] 2187m* (3 = r)* (1 = r)7r(r? —dr +2)*(r* = 3r + 1)?

x (=32r° +95r% + 132217 — 912475 4 233057° — 281207* + 1455613 — 340r* — 2172r + 504)2,

167 aat

M= (ny)? =
Margwis1e!) = S g7 G = P = 7R (P —dr 2P = 3r + 1)
X (=327 +239/% — 166/7 — 326876 + 1231315 — 179927 + 102367 + 33212 — 21727 + 504)2.

(B2)
The squared amplitudes of sz]; - J/yy
ML (T )2 = 512mady (16912 — 2444711 + 14755710 — 49502/
6'®6°(] 6561mio(3 =)} (1 =r)’r?(r? —4r +2)?
+ 10785078 — 1786667 + 248618r° — 2766921 + 229705r* — 14000473
+ 6491672 — 215047 + 3528)
10247° aat

MEE (T wy) P = : 12 4710~ 53,10 _ 18279 4+ 237078
| 3®3°[A]( /l[/]/)| 6561m}70(3—r)2(1 _r)5r2(r2_4r+2)2 (r + 4r r r’+ r

— 645477 +3182r° 4+ 13660r° — 22007r* 4+ 17887 + 1984472 — 154567 + 3528). (B3)

Here “A” and “S” denote the antisymmetric and symmetric organizations of the color-spin structures,
e.g. o5 [|(bc)g — (b)) F [(be)g — (bT)g)]-

The squared amplitudes of 75" — J /yry

51275 aa
M ()2 = o (67612 — 11856711 + 91984710 — 415008/°

66! 19683m)0(3 — r)2(1 = r)>r(r? — 4r +2)°
+ 120158078 — 231546477 + 2947340r° — 2289776r° + 767335r* + 21600473
—196724r% — 67207 + 17640)

102470 aa?

ME (T 2= °
Miiaa V101 = {o6e3mI0G — (1 = 9P (7 —ar 1 27
+ 22217618 — 393724r7 + 456392+° — 2703207° — 82985+* + 240580#°

— 8022872 — 369607 + 17640). (B4)

(196r'2 — 3024 4 20812r'0 — 84336r°
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The analytical squared amplitudes of T79°-" — Ty

|M2;rg60( P = 6471'50(0]5% P (12r" = 517° = 166r° + 259r* + 250r° — 414r> + 322r — 86)? ’
6561m,) (1=r)2(r+2)2(r*+2r-1)>*
|/\/l2,+®6,(T}/)| 647° aalvo (127 4 1% + 307 + 5997 + 398r° — 131872 — 190r + 258)° ’
19683m, (1=r)2(r+2)2(r*+2r-1)>
MY () = 128715(1%? P (12r7 +9r% — 106r° — 125r* 4 106> + 1987% + 118r — 86)2’
6561m, (1=r)2(r+2)>(r* +2r—1)>
|Mgl+®+31( )|2 _ 12871'5(1(}](% r5(12r7 + 137° + 42/ + 407+* 4+ 25413 — 850r% — 3461 + 258)2 ' (BS)
19683m,, (I=n20r+22~P+2r—1)?
The squared amplitudes of Tb be — MbY
|M61+8?61 (no7) > = 8roaaltr’(16r° + 11718 + lét)04r7 + 55978 — 46815 — 1709r* + 327 + 132512 — 456r + 12)?
2187Tm)°(1 = r)2(r+2)*(r + r=1)2(r* +2r—1)?
MY ()P = 167°aair® (16r° 4+ 165r% + 15096r7 +463r° — 1188r° — 1373r* + 8007 + 653r% — 312r + 12)?
2187m,°(1 — N2(r+2)2(r* +r=1)>2(r? +2r—1)?
|M61+@760('lb}’)|2 8roaatr’(16r° —287r8 — 112036}’7 — 1297° + 31287 + 935r* — 22567° + 1337> + 212r — 12)?
2187Tm)° (1 —r)2(r+2)*(r* +r = 1)*(P +2r—1)?
|M%1+8?3o<’1b7)|2 l6maatr 3(16?’ 14378 — %ng —6097% + 19287 + 19437* — 12961° — 9327% + 452r — 12)
2187Tm°(1 = r)2(r+2)*(r* + r=1)2(r* +2r—1)?
(B6)
The squared amplitudes of 7}"f — Yy
M (0 = S r?i’;iﬁ"i’;(ﬂ oy (1081677 43910471 - 3123070 — 1127441° - 287484/°
+ 10986417 — 8860587° + 491792r° + 729916r* — 10741047 + 59104972 — 1591927 + 17424)
ML ()P = e (64712 — 64711 — 61510 + 13047 + 2940/8

6561m°(1 — r)2(r +2)>(r* + 2r — 1)

— 629677 — 4202° + 1812875 + 7612r* — 639273 + 573712 — 54007 + 1296). (B7)

The squared amplitudes of T2+ — YTy

|M2++ ( )‘2:

6'®6!

|j»424~+ ( )‘2 —

3'®3!

bcebe

2 S 4
Somaasr (16900r'2 + 118560r'! +263923r'° 4 621287° — 5183807

19683m0 (1= r)2(r+2)*(r* +2r—1)>?
—599736r7 — 1007587° + 2400647 + 550752r* 4 3696081 — 239285r% — 155424 r + 62208)
64 aat

—43047° — 1879678

—20472r" — 3912675 — 604167 + 123744r* + 18970413 — 62357r> — 742081 + 25344).

5 (1156712 4 48967 + 5395,

19683m0 (1= r)2(r+2)*(r* +2r-1)

(B8)
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