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In 2021, the Belle collaboration reported the first observation of a new structure in the ψ(2S)γ final
state produced in the two-photon fusion process. In the hadronic molecule picture, this new structure
can be associated with the shallow isoscalar D∗D̄∗ bound state and as such is an excellent candidate
for the spin-2 partner of the X(3872) with the quantum numbers JPC = 2++ conventionally named
X2. In this work we evaluate the electronic width of this new state and argue that its nature
is sensitive to its total width, the experimental measurement currently available being unable to
distinguish between different options. Our estimates demonstrate that the planned Super τ -Charm
Facility offers a promising opportunity to search for and study this new state in the invariant mass
distributions for the final states J/ψγ and ψ(2S)γ.

I. INTRODUCTION

The last two decades have witnessed the discovery of
a large number of new hadron structures. Some of them
possess the properties, such as the position in the mass
spectrum, quantum numbers, and decay width, inconsis-
tent with the predictions of the traditional quark model
for mesons and baryons composed as quark-antiquark
pairs or three-quark clusters, respectively. These struc-
tures are conventionally referred to as exotic states.
Many experimental and theoretical studies are aimed to
understand their nature — for recent reviews with vary-
ing foci see, for example, Refs. [1–12].

The first exotic candidate in the hidden-charm sector,
theX(3872) (also known as χc1(3872) [13]), was found by
the Belle collaboration in 2003 [14]. Since then, a succes-
sion of hidden-charm structures have been observed in
the collisions with the center-of-mass energy above the
open-charm threshold. In 2021, the Belle collaboration
reported a hint of the existence of an isoscalar structure
with the mass and width

MX2
= (4014.3± 4.0± 1.5) MeV,

ΓX2
= (4± 11± 6) MeV,

(1)

respectively, observed in the two-photon fusion pro-
cess [15]. Although the global significance of the new
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structure is only 2.8σ (so additional experimental stud-
ies would be necessary), the information already collected
and conveyed reveals that the mass of this new structure
perfectly matches the prediction for the spin-2 partner
of the X(3872) based on the heavy quark spin symmetry
(HQSS) [16, 17]. In particular, already its residing within
just a few MeV from the D∗D̄∗ threshold hints towards
its molecular interpretation and makes it more promis-
ing candidate for the X(3872) spin partner than the well
established remote state χc2(3930) [13]. Furthermore,
its measured width has the same order of magnitude as
the prediction in Refs. [18, 19]. Therefore, this narrow
state is a potential candidate for a D∗D̄∗ molecule with
JPC = 2++ and conventionally tagged as X2 (would be
χc2(4014) according to the Particle Data Group naming
scheme; we, however, choose to stick to the name pro-
posed originally, X2, to avoid confusion with the generic
tensor charmonium χc2(2P ) also discussed below). Its
existence was initially predicted in Ref. [20] and then ex-
plored in detail in Refs. [16–36] using various phenomeno-
logical approaches. Alternatively, the new structure re-
ported by the Belle collaboration [15] is considered as a
D∗D̄∗ molecule with JPC = 0++ [37, 38]. However, in
this case, one would expect a strong S-wave coupling to
the DD̄ channel for such a state and, therefore, natu-
rally a large total width, contrary to what is observed
at Belle. The compact tetraquark model [39–42] and the
conventional 2P charmonium picture [43, 44] have been
employed to explore the 2++ states, even though the au-
thors of those works were not primarily focused on the
X2 state.

To distinguish between different interpretations of the
X2, it is essential to obtain exhaustive experimental in-
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formation on it, including the quantum numbers and
branching fractions for its various decay channels. So far,
the Belle collaboration has only reported the observation
of a hint of a new structure near the D∗0D̄∗0 threshold
at Mth = (4013.7 ± 0.1) MeV, however, further prop-
erties of this state still remain unclear. To begin with,
the large uncertainty in its experimental mass does not
allow one to firmly conclude whether the state resides be-
low or above the D∗0D̄∗0 threshold. Also, the quantum
numbers of the new structure are not yet established,
and the uncertainty in its width determination is quite
large. Finally, the branching fractions for its different de-
cay channels, such as DD̄, D∗D̄, DD̄∗γ [18] and the rela-
tion between the decay widths into J/ψγ and ψ(2S)γ [45]
remain unknown.

To summarize, while some hint for the X2 candidate
has been provided by the Belle collaboration in the two-
photon fusion process [15], the substantial uncertainties
in its mass and width, as well as the limited statistics,
highlight the need for additional theoretical efforts to fa-
cilitate further experimental studies of this state. The
latter ones, like many other possible searches for hidden-
charm exotic states, involve a variety of methods, includ-
ing their production in prompt pp collisions, decays of B
mesons, and the e+e− annihilation. On the one hand,
exotic states production in the prompt pp collisions is
inclusive, and thus its description has to involve simula-
tions with the Monte Carlo event generators [46–48]. On
the other hand, the estimation of the branching fraction
for the process B → DsD̄

∗(D∗
sD̄

∗) → X2K, obtained
in Ref. [35] using the effective Lagrangian technique,
is about 10−5. This is an order of magnitude smaller
than the experimentally measured branching fraction
(2.1± 0.7)× 10−4 for the decay B+ → X(3872)K+ [13].
This difference highlights an additional challenge for the
searches for the X2 in B-meson decays. In this work, we
investigate the direct production of the X2 in the e+e−

annihilation using the vector meson dominance (VMD)
model.

This paper is organized as follows. In Sec. II, we
present the interaction Lagrangians and relevant Feyn-
man diagrams contributing to the decay process X2 →
e+e−. The predicted X2 electronic width and its pos-
sible role in establishing the X2 nature are discussed in
Sec. III. The direct production of the X2 in e+e− colli-
sions at the future high-luminosity Super τ -Charm Fa-
cility (STCF) is addressed in Sec. IV. We provide our
summary and give an outlook in the concluding Sec. V.

To shorten notations, everywhere throughout the pa-
per, the widths of the two-body decays of the form
Γ(a → bc) are denoted as Γbca while the total width of
the hadron a is denoted as Γa.

II. FORMALISM

A. The Lagrangian and vertices

The direct production of the X2 in the e+e− colli-
sions through a single photon is forbidden by conserva-
tion laws but can occur through a two-photon process
e+e− → γ∗γ∗ → X2. The invariance of the transition
amplitude under the time reversal and P -parity trans-
formations, called the principle of detailed balance [49],
implies that the amplitude for the process e+e− → X2

is identical to that of the decay X2 → e+e−, so in what
follows we study the latter process. In the VMD ap-
proach, the mechanism of the decay X2 → e+e− pro-
ceeding via two virtual photons involves the intermediate
states ψγ (with ψ for J/ψ and ψ(2S) in the considered
energy range), as depicted in Fig. 1. Assuming the X2

to be a pure D∗D̄∗ molecule, the decay of X2 → ψγ pro-
ceeds through the charmed-meson loops [45]. Here, with
this microscopic picture in mind and for the sake of sim-
plicity, we introduce an effective vertex X2 → ψγ. To
this end we notice that there are four independent and
gauge-invariant structures describing the ψγ final state,

S(1)
ρσ = gρσ(∂αFµν)(∂

αψµν), (2)

S(2)
ρσ = (∂ρFµν)(∂σψ

µν) + (∂σFµν)(∂ρψ
µν)

−1

2
gρσ(∂αFµν)(∂

αψµν), (3)

S(3)
ρσ = (∂ρ∂σFµν)ψ

µν + Fµν(∂ρ∂σψ
µν), (4)

S(4)
ρσ = Fρβψ

β
σ + Fσβψ

β
ρ − 1

2
gρσFµνψ

µν , (5)

where ψµν ≡ ∂µψν − ∂νψµ and Fµν is the standard
electromagnetic field tensor. The above structures are
supposed to be contracted with the symmetric X2 polar-
ization tensor ερσ that is subject to the standard con-
straints,

P ρερσ(P ) = 0, Pσερσ(P ) = 0, gρσερσ(P ) = 0, (6)

with P for the X2 4-momentum. Explicit expression for
the polarization tensor of a massive spin-2 particle can
be found in Refs. [50, 51]. Then, since the tensor ερσ is

traceless, the whole structure S(1)
ρσ and the last terms in

S(2)
ρσ and S(4)

ρσ do not contribute to the decay amplitude.
Furthermore, sinceMX2

−Mψ ≪Mψ, we retain only the
structures that survive in the nonrelativistic limit for the
vector ψ (the X2 is at rest, so it is always nonrelativis-
tic). This allows us to neglect the remaining parts of the

structures S(2)
ρσ and S(3)

ρσ since they are proportional to
the third power of the final-state 3-momentum. Indeed,
due to the condition P ρερσ(P ) = 0 taken in the X2 rest
frame one concludes that only the spatial components
εij of the X2 polarization tensor survive and, therefore,
so do only the spatial components of the 4-derivatives in
Eqs. (3) and (4). Such contributions are suppressed, and
we disregard them. Therefore, only the first two terms
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Figure 1. Different contributions to the amplitude of the decay X2 → e+e−: the first diagram [diagram (a)] represents short-
range contributions and the other two [diagrams (b) and (c)] are for the transition X2 → ψγ → e+e−, with ψ = J/ψ, ψ′.

in the structure S(4)
ρσ should be retained, and the corre-

sponding effective interaction Lagrangian reads

LX2ψγ = gX2ψγX
ρσ
2 Fσβψ

β
ρ , (7)

where the relativistic coupling gX2ψγ has the dimension
m−1. The vertex X2σρ(P ) → γα(k1)ψβ(k2) derived from
the Lagrangian (7) is

Γψγσραβ(k1, k2) =− igX2ψγ

[
k1σk2αgβρ − k1σk2ρgαβ

+ k1βk2ρgσα − (k1 · k2)gασgβρ
]
. (8)

The subsequent transition ψ → γ∗ → e+e− is de-
scribed by the VMD Lagrangian [52–54]

Lψγ = −e
2

fψQc
Mψ

Fµνψµν , (9)

where Qc = 3/2 is the electric charge of the charm quark
and fψ represents the corresponding decay constant of
ψ.1

The process γ∗ → e+e− is described by the standard
Lagrangian of quantum electrodynamics, which yields
the vertex ψµ(k) → e+(p1)e

−(p2) in the form

Γe
+e−

µ (k) = −ie2 fψQc
Mψ

(
gµν −

kµkν
M2
ψ

)
γν . (10)

B. The electronic X2 width

With the explicit form of the vertices derived in the
above section, we are in a position to derive the con-
tribution to the decay amplitude X2 → e+e− from the
triangle loop diagrams (b) and (c) depicted in Fig. 1,

iMloop
X2→e+e− ≡ ϵ∗σρMloop

σρ
(11)

= ϵ∗σρ
∑

ψ=J/ψ,ψ(2S)

(
J (b)ψ
σρ + J (c)ψ

σρ

)
,

1 This so-called second representation of VMD [55] employed here
arises from the resonance chiral theory [56] and is U(1) gauge
invariant unlike the first representation of VMD [52, 57, 58].

where

J (b)ψ
σρ =

ˆ
d4q

(2π)4
Sµνψ (p+ + q)Sαβγ (p− − q)

× Γψγσρβν(p− − q, p+ + q)

× ū(p−)γαSF (q)Γ
e+e−

µ (p+ + q)v(p+),
(12)

J (c)ψ
σρ =

ˆ
d4q

(2π)4
Sµνψ (p− − q)Sαβγ (p+ + q)

× Γψγσρβν(p+ + q, p− − q)

ū(p−)Γ
e+e−

µ (p− − q)SF (q)γαv(p+),

and

Sαβγ (k) =
−igαβ
k2 + iϵ

,

Sµνψ (k) =
i

k2 −mψ + iϵ

(
−gµν +

kµkν
m2
ψ

)
, (13)

SF (q) =
i/q

q2 + iϵ

for the photon, charmonium, and fermion propagator,
respectively; the electron mass is neglected.
Since the loop integrals in the amplitude (11) are ultra-

violet (UV) divergent, we introduce a counterterm (the
diagram (a) in Fig. 1) that, in the covariant orbital-spin
scheme [59], takes the form

iMcont ≡ ϵ∗σρMcont
σρ

= iλP ϵ
∗σρ [rσū(p−)γρv(p+) + rρū(p−)γσv(p+)]

+ iλF ϵ
∗σρ
[
rσrρrαū(p−)γ

αv(p+) (14)

+
1

5
MX2

(gραrσ + gσαrρ) ū(p−)γ
αv(p+)

]
,

where rµ = pµ+ − pµ−, and λP and λF are the low-energy
constants (LECs) parameterizing the P - and F -wave con-
tributions, respectively.
In addition to the contributions from the intermedi-

ate states ψγ (ψ = J/ψ, ψ(2S)), the decay X2 → e+e−

can also proceed as X2 → ψV → e+e−, with V = ρ, ω.
Meanwhile, in the decay X(3872) → e+e− the contribu-
tions from ψV in the intermediate state were found to be
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significantly smaller than those from ψγ [60]. The same
hierarchy of the contributions from ψγ and ψV is also
expected for the X2 regarded as the X(3872) spin part-
ner. We, therefore, neglect the contributions from the ψρ
and ψω intermediate states to the total amplitude of the
decay X2 → e+e−.

Then we finally arrive at the electronic decay width of
the X2 in the form

ΓeeX2
=

|p−|
40πM2

X2

MσρP
σρσ′ρ′(P,MX2

)M∗
σ′ρ′ , (15)

where, in neglect of the electron mass, the momenta of
the electron and positron in the center-of-mass frame are
|p−| = |p+| = MX2

/2, Mσρ = Mloop
σρ + Mcont

σρ , and

Pσρσ
′ρ′(P,MX2) is the X2 density tensor,

Pσρσ
′ρ′(P,MX2

) =
1

2
ḡσσ′(P,MX2

)ḡρρ′(P,MX2
)

+
1

2
ḡσρ′(P,MX2

)ḡρσ′(P,MX2
) (16)

− 1

3
ḡσρ(P,MX2

)ḡσ′ρ′(P,MX2
),

with

ḡµν(P,MX2
) ≡ −gµν +

PµPα
M2
X2

. (17)

C. Comment on the two-photon decay of X2

Under the hypothesis of the quantum numbers 2++ of
the resonance observed by Belle in the two-photon fusion
process, its partial decay width was measured to be [15]

ΓγγX2
Br(X2 → ψ(2S)γ) = (1.2± 0.4± 0.2) eV, (18)

where ΓγγX2
is the two-photon decay width of the X2.

Therefore, in order to extract Br(X2 → ψ(2S)γ) sep-
arately, one needs a theoretical estimate for ΓγγX2

. In
Ref. [29], an order-of-magnitude estimate for the decay
of the X(3915) was made under the assumption for this
state to be a tensor D∗D̄∗ molecule—a spin-2 partner of
the X(3872)

Γ(X2 → γγ) ≃ 0.1 keV. (19)

We note that the actual assignment for the state previ-
ously known as the X(3915) is still obscure: although the
Particle Data Group tends to assign it to a scalar state
χc0 [13], its spin-2 interpretation is advocated, for exam-
ple, in Ref. [61]. Thus, as a benchmark, we mention here
a generic c̄c spin-2 charmonium χc2 lying in the studied
energy range and stick to the quark model estimate for
it provided in Ref. [62],

Γ(χc2 → γγ) ≃ 1 keV (20)

which exceeds the result (19) obtained for the molecule
by an order of magnitude.

Since the result (19) depends on the mass of the de-
caying state, we repeated the calculations of Ref. [29] for
the mass MX2 = 4014 MeV to find for the finite and
scheme-independent helicity-0 contribution to the two-
photon decay width of the X2(4014),

ΓγγX2
[hel-0] = 0.15

(
gX2D∗D̄∗ [GeV]

)2
eV, (21)

where the X2 coupling to the constituents can be calcu-
lated as [63, 64]

g2
X2D∗D̄∗

4π
= 32mD∗

√
mD∗EB , (22)

with

EB = 2mD∗ −MX2
, (23)

and mD∗ for the D∗ mass. Although the existing mea-
surement (1) is rather uncertain and does not allow one
to precisely fix the binding energy of the X2, using EB
around 5 MeV as an upper bound, one can find

ΓγγX2
[hel-0] ≲ 12 eV, (24)

that complies very well with the results of Ref. [29].
It is therefore expected that also for the X2(4014) the
helicity-2 component would prevail in the two photon
decays and the numerical result (19) is valid as an order-
of-magnitude estimate also for the X2(4014). Then, in
the absence of any information on the X2(4014) decays,
in what follows, we resort to Eq. (19) for the two-photon
decay width of the X2(4014) under the assumption of its
molecular nature.

D. Parameters estimation

The electronic decay width of the X2 from Eq. (15)
depends on several unknown parameters, namely (i) the
two LECs λP and λF , (ii) the effective coupling constant
gX2ψγ [see Eq. (8)], and (iii) the decay constants fψ [see
Eq. (10)] for ψ = J/ψ and ψ(2S). The LECs will be
discussed in Sec III while here we focus on the extraction
of the couplings from the data.
The results reported in Ref. [45] imply that, as an

order-of-magnitude estimate, one has

Γ
J/ψγ
X2

≃ Γ
ψ(2S)γ
X2

. (25)

The latter width (hereinafter tagged as ΓψγX2
) can be ex-

tracted from the measurement (18) as

Br(X2 → ψγ) =
ΓψγX2

ΓX2

≃ 10−2, (26)

where we used the estimate (19) and took the right-hand
side of Eq. (18) as ≃ 1 eV.
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On the other hand, the vertex defined in Eq. (8) gives

ΓψγX2
=

g2X2ψγ

960πM7
X2

(
6M4

X2
+ 3M2

ψM
2
X2

+M4
ψ

)
×
(
M2
X2

−M2
ψ

)3
(27)

and, therefore, we can find the values of the couplings,

gX2J/ψγ ≃ 3.6 GeV−3/2
√
ΓX2

,

gX2ψ(2S)γ ≃ 0.9 GeV−3/2
√
ΓX2

.
(28)

Finally, the decay constants fJ/ψ and fψ(2S) can be
extracted directly from the electronic widths of the J/ψ
and ψ(2S). To this end we employ the effective ver-
tex from Eq. (10) to write the amplitude of the decay
ψµ(p) → e−(k1)e

+(k2),

Mψ = −ie2 fψQc
Mψ

(
gµν −

pµpν
M2
ψ

)
ū(k1)γ

νv(k2)ϵ
µ(p),

(29)
and arrive at the electronic width

Γeeψ =
4πα2

3Mψ
f2ψQ

2
c . (30)

Then for the measured electronic widths [13],

Γeeψ(2S) = 2.44 keV, ΓeeJ/ψ = 5.53 keV, (31)

one readily finds

fJ/ψ = 415.49 MeV, fψ(2S) = 294.35 MeV. (32)

III. NUMERICAL RESULTS

We use the dimensional regularization scheme to treat
the UV divergent integrals in Eq. (12). In particular,
we adopt the MS subtraction scheme and employ the
Wolfram Mathematica packages FeynCalc [65] and Feyn-
Helpers [66].

After renormalization of the theory, the dependence
of the loop amplitudes on the renormalization scale µ
should be compensated by the µ-dependence of the short-
range constants λP and λF from Eq. (14). Lacking an
experimental observable that could be used to fix the
finite part of the renormalized amplitude, we resort to
the method from Ref. [67]. Namely, we set λP = λF =
0 and estimate the size of the short-range contribution
by varying the scale µ in a large range from 2.0 to 6.0
GeV, that is, by MX2

/2 ≈ 2 GeV around the central
value of µ = MX2

≈ 4 GeV. The obtained values of the
loop contribution [diagrams (b) and (c) in Fig. 1] to the
branching fraction of the X2 → e+e− decay are listed
in Table I. From these results one can conclude that the
µ-dependence of Brloop[X2 → e+e−] is relatively mild
and so must be the µ-dependence of the contact term.
Conjecturing that the contact term may be of the same

order as the variation observed in Table I, we stick to
few units times 10−9 as on order-of-magnitude estimate
for Br[X2 → e+e−]. For convenience, in the first row of
Table II we summarize the order-of-magnitude estimates
for the branching fractions of various decays of the X2,
treated as spin-2 molecule, that were obtained and used
in this work.
It is instructive to compare the result obtained above

for the molecular X2 with the estimates found in the
literature for the generic charmonium with the quantum
numbers JPC = 2++. In particular,

Γeeχc2(1P ) = 0.014 eV (VMD) [68],
(33)

Γeeχc2(1P ) = 0.07 eV (NRQCD) [69],

where in parentheses we quote the method used in the
calculations, with NRQCD for nonrelativistic quantum
chromodynamics. The quark model predicts the wave
function at the origin to take similar numerical values for
both χc2(1P ) and its first radial excitation χc2(2P ) [70],
so we expect Γeeχc2(2P ) to be close to the values quoted

in Eq. (33). Since the total width Γχc2(2P ) is expected
to be of the order of several dozen MeV [13], from
Eq. (33) we conclude that Br[χc2(2P ) → e+e−] also con-
stitutes a few units times 10−9, like for the X2 as a
2++ molecule. Meanwhile, we notice an important differ-
ence between these two results: while the above estimate
for the χc2(2P ) relies on the natural expectation that
Γχc2(2P ) ∼ 10 MeV, the result for the X2 as a molecule is
valid for any ΓX2

compatible with the measurements (1)

and (18) — see the scaling gX2ψγ ∝
√
ΓX2

in Eq. (28).
This might bring important insights on the nature of the
X2 state. Indeed, according to the measurement (1), the
width ΓX2

cannot be much bigger than 10 MeV. If the to-
tal width ΓX2

is small (of the order 1 MeV or less), then
the X2 is only consistent with a predominantly D∗D̄∗

molecular structure. Notice that the rate of the decay of
a molecular state is proportional to g2

X2D∗D̄∗ , and thus

proportional to the square root of the binding energy; see
Eq.(22). Therefore, the electronic width of the X2 in the
molecular picture probes both the mass of the X2 and
its width. Furthermore, in this case, not only the total
width looks abnormally small for a generic charmonium,
but also the di-electron width of the molecular X2 would
be ΓX2 · Br[X2 → e+e−] ∼ 1 MeV · 10−9 ∼ 10−3 eV,
which is one to two orders of magnitude smaller than the
estimates from Eq. (33) for the generic 2++ charmonium.
On the contrary, as the width ΓX2

∼ 10 MeV would be
consistent with both scenarios, no definite conclusions are
possible. On the one hand, the wave function of the X2 is
likely to possess a sizable (that we are unable to quantify
at the present level of accuracy) short-range component.
In particular, it could be related with ordinary charmo-
nia, since quark models predict the generic charmonium
state χc2(2P ) at approximately 3.93...3.95 GeV [71–73],
that is, within the same energy range from the X2(4014)
as the χ′

c1 generic charmonium resides from the X(3872).
On the other hand, a sizable width of a near-threshold
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Table I. The contribution of the loop amplitudes (diagrams
(b) and (c) in Fig. 1) to the branching fraction of the X2 →
e+e− decay evaluated in the MS subtraction scheme for dif-
ferent values of the scale µ.

µ [GeV] 2.0 4.0 6.0

Brloop[X2 → e+e−]× 109 2 7 11

state extracted using the Breit-Wigner parameterization
is also not in contradiction with a molecule. For example,
the Zb(10610) and Zb(10650) discovered by the Belle col-
laboration [74] have the Breit-Wigner widths of about 18
MeV and 12 MeV, respectively. Nevertheless, their pole
positions extracted in a way consistent with unitarity and
analyticity are located near the open-bottom thresholds
and are fully in line with the molecular nature of the Zb’s
[75, 76].

To assess the uncertainties of the result just obtained
we check their dependence on the values of the most es-
sential parameters they depend on. The experimental
uncertainty in the X2 mass determination mainly affects
the results through the binding energy (see, in partic-
ular, Eqs. (21)-(23)), for which the experiment fails to
establish a sizeable lower bound. Then, treating the
binding energy in a broad sense as the distance from
the resonance pole to the threshold, we estimate the
lower bound of the binding energy by the width ΓX2

.
Since, as a conservative estimate for the molecule, we
take ΓX2

≃ 1 MeV (c.f. EB = 5 MeV used to reach
the estimate in Eq. (24)), the absolute value of the X2

dielectron width may decrease by a factor 2 or so. How-
ever, by virtue of the relations from Eq. (28), the branch-
ing fractions Br[X2 → e+e−] quoted in Tables I and II
will remain intact. The largest uncertainty of the ob-
tained results is expected to come from the variation of
the renormalization scale µ as given in Table I. In ad-

dition, according to Ref. [45], the ratio Γ
ψ(2S)γ
X2

/Γ
J/ψγ
X2

can deviate from unity within approximately 20%, which
would propagate to the same uncertainty in the coupling
g2X2ψ(2s)γ

. This variation of the coupling constant has

however a much smaller impact on the results than the µ
dependence discussed above. In what follows, to estimate
the production cross section of the X2 in e+e− collisions,
we employ the lower value of Br[X2 → e+e−] contained
in Table I.

Finally, for the sake of comparison, in the last row
of Table II, we summarize the order-of-magnitude esti-
mates for the branching fractions of a generic χ2c(2P )
charmonium following from Eqs. (18), (20), (33) and the
assumption that relation (25) approximately holds for
generic tensor charmonia, too.

Table II. The order-of-magnitude estimates for the branching
fractions of various decays of the X2, as a D∗D̄∗ molecule
(first row) and generic c̄c quarkonium (second row), obtained
and employed in this work. The two values quoted for the two-
photon decay of the molecule correspond to ΓX2 = 1 MeV and
ΓX2 = 10 MeV, respectively.

Channel J/ψγ ψ(2S)γ γγ e+e−

(D∗D̄∗)J=2 10−2 10−2 10−4/10−5 10−9

χc2(2P ) 10−3 10−3 10−4 10−9

IV. PRODUCTION OF X2 AT STCF

In this section we provide estimates for the direct pro-
duction of the X2 in the e+e− collisions. The obtained
results should facilitate further searches and studies of
the X2 in the experiments at the planned STCF [77].
Employing the principle of detailed balance discussed

above, the difference between the production and decay
processes for the X2 lies in the phase space. Conse-
quently, the production of the X2 can be expressed as
the partial width for X2 → γ∗γ∗ → e+e− multiplied by
the appropriate phase-space factor. Then the cross sec-
tion of the X2 direct production in e+e− annihilation can
be estimated as (see Appendix A of Ref. [48] for further
details)

σC ≃
MσρP

(2)σρσ′ρ′(P,MX2
)M∗

σ′ρ′

4ΓX2

√
sλ(s,m2

e+ ,m
2
e−)

, (34)

where the factor 1/4 stems from averaging over the spins
of the initial fermions, s = (Ee+ + Ee−)

2 = M2
X2

, and

λ(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2yz − 2zx is the stan-
dard Källén triangle function. This formula is derived
in the narrow-width approximation consistent with the
measured X2 width quoted in Eq. (1) above. Then, with
the help of Eq. (15), one arrives at the estimate

σC ≃ 20πΓeeX2

ΓX2M
2
X2

=
20π

M2
X2

Br[X2 → e+e−]≃ 7 pb, (35)

where we used the value of Br[X2 → e+e−] from Ta-
ble II.2

During the period from 2011 to 2014, the BESIII
experiment accumulated an integrated luminosity of
around 53 pb−1 at the center-of-mass energy

√
s =

4.090 GeV [78, 79]. Then, using the known values of
the branching fractions [13]

Br[ψ(2S) → π+π−J/ψ] ≃ (34.68± 0.30)%,

Br[J/ψ → ℓ+ℓ−] ≃ (11.93± 0.07)% (ℓ = e, µ),
(36)

2 For the branching fractions from Table II, σC ≃ 3, 7, 10 pb,
respectively, with the mean value around 7 pb.
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one anticipates that BESIII, working at the center-
of-mass energy around 4.014 GeV, can hardly de-
tect directly produced X2 events in the J/ψγ and
ψ(2S)γ invariant mass distributions with the J/ψ’s re-
constructed from lepton pairs. In the meantime, given
the expected integrated luminosity of the STCF around
1 ab−1/year [77], one can expect a considerable amount
of approximately 7 pb × 1 ab−1 = 7 × 106 directly pro-
duced X2 and, depending on its nature, from O(102) to
O(103) reconstructed events in the J/ψγ or ψ(2S)γ in-
variant mass distributions annually, estimated using the
values of the branching fraction Br[X2 → ψγ] from Ta-
ble II) and those in Eq. (36).3 Therefore, possible future
studies of the X2 through its direct production at the
STCF look promising.4

V. SUMMARY

In 2021, the Belle collaboration reported an evidence
of the presence of an isoscalar structure in the ψ(2S)γ
invariant mass distribution produced in the two-photon
fusion process near the D∗D̄∗ threshold [15]. This struc-
ture is an excellent candidate for the D∗D̄∗ molecule con-
ventionally referred to as X2 and predicted using HQSS
as the tensor spin partner of the X(3872) [16, 17]. How-
ever, due to the present limited statistics and significant
uncertainty in the X2 pole position, further experimental
efforts are required to confirm the existence of this state
and reliably investigate its properties.

In this work, we study the direct production of the X2

in e+e− collisions and demonstrate that a self-consistent
description of the X2 as a tensor D∗D̄∗ molecule is
achieved if its total width is of the order ΓX2

≃ 1 MeV.
On the contrary, a clear-cut conclusion about the struc-

ture of the ΓX2
is not possible if the width ΓX2

≃
10 MeV. The full wave function of a state in this case
can include both a molecular and substantial short-range
non-molecular component. Since both scenarios with a
small and a sizable width are consistent with the only cur-
rently available Belle measurement (1), we argue that fur-
ther experimental investigations of this state are impor-
tant and timely. To facilitate the corresponding exper-
imental efforts we provide relevant order-of-magnitude
estimates for the expected number of the X2 events to
be collected in electron-positron collisions in the present
experiment BESIII and at the future STCF. We conclude
that, while searches for the X2 candidates at BESIII is
challenging, the STCF will offer a new and unique oppor-
tunity for its discovery and studies. Finally, we propose
that the J/ψγ final state is used in the future studies for
the X2.
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