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In a recent paper [Phys. Rev. Lett. 126, 132001 (2021)], the LHCb data on the di-J=ψ production in
proton-proton collisions were analyzed in a coupled-channel framework based on double-vector-
charmonium channels. This investigation identified a robust pole near the J=ψJ=ψ threshold, tagged
Xð6200Þ, suggesting it as a new state. The present work extends that investigation by incorporating recent
di-J=ψ production data from the CMS and ATLAS Collaborations and performing a combined analysis of
all three datasets. This study confirms the existence of the Xð6200Þ, and its pole position is now determined
with a higher precision than in the previous study, where only a single dataset was employed. The pole
corresponding to the Xð6900Þ is also extracted, though its actual position and residue depend on a particular
coupled-channel model employed and deviate from values reported in the experimental investigations.
Moreover, we demonstrate that the currently available data do not allow one to determine whether there is
an additional pole in the studied mass range. The dielectron width of the Xð6200Þ is estimated under
different conjectures on its quantum numbers, and the number of such states that can be annually produced
at the future Super τ-Charm Facility is estimated. The line shape in the complimentary J=ψψð2SÞ channel
is discussed, and a good agreement with the ATLAS data is found.
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I. INTRODUCTION

The last two decades are marked with considerable
progress in experimental studies of the spectrum of
hadrons containing heavy quarks. The properties of many

discovered states cannot be understood in the framework of
the most simple quark model that had previously been
regarded as a single unified classification scheme for all
hadrons. For recent reviews of such unconventional, or
exotic, states and various approaches suggested for their
interpretation, see Refs. [1–14].
While most of experimental information arrives for

hadrons containing two heavy constituents, the LHCb
measurements of the di-J=ψ production in proton-proton
collisions at the center-of-mass (c.m.) energies 7, 8, and
13 TeV revealed a new potentially rich class of exotic states
with four charmed (anti)quarks [15]. Indeed, the measured
line shape has a nontrivial form, departing significantly
from the phase space distribution as well as the exponential
behavior from single- and double-parton scatterings.
Attention of both experimental and theoretical commun-
ities was mainly attracted to the statistically significant
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peaking structures in the signal observed in the energy
range from the double-J=ψ threshold at 6.2 GeV to
approximately 7.2 GeV and, in particular, the most pro-
nounced structure was named Tccc̄ c̄ð6900Þ [also known as
Xð6900Þ] [13]. However, when the data are analyzed using
a coupled-channel scattering formalism with vector-char-
monium pairs [16], the number and locations of poles in the
6900 MeV mass region appear rather badly determined.
Nonetheless, if this approach indeed captures the relevant
dynamics, the data suggest the existence of a pole near the
di-J=ψ threshold in the double-J=ψ production amplitude.
This state was named Xð6200Þ [or Tccc̄ c̄ð6200Þ according
to the new naming scheme for exotica promoted by the
Particle Data Group [13]]. The finding was confirmed by
the calculation in Ref. [17] and more recently also in
Ref. [18]. Given the suppression of the signal near the
threshold caused by the phase space factor, this pole
cannot reveal itself as a pronounced peaking structure above
the threshold in the double-J=ψ line shape. Instead, it can
only be unambiguously identified through a comprehensive
pole search in coupled-channel scattering amplitudes.
Meanwhile, a steep rise of the line shape just above the
threshold provides evidence for the existence of such a near-
threshold pole [19]. As follows from the analysis inRef. [16],
the behavior of the signal just above the di-J=ψ threshold
indeed calls for the existence of the Xð6200Þ pole.
Recently, the data on the double-J=ψ production in pp

collisions also arrived from two other LHC collaborations,
namely, CMS [20] and ATLAS [21]. Remarkably, in both
cases, the data description improved after the inclusion of
an auxiliary Breit-Wigner resonance centered just above the
production threshold. The necessity of its inclusion to the
fitting function supports the existence of the Xð6200Þ pole
in the amplitude. Thus, in this paper, we employ the models
previously developed in Ref. [16] to perform a combined
analysis of all datasets from LHCb, CMS, and ATLAS, to
check whether the same near-threshold pole is consistent
with all three datasets. As a result of this analysis, we
confirm the existence of the Xð6200Þ pole and more
precisely extract its position on the energy complex plane,
while putting further doubts to the resonance parameters
extracted in the well-above-threshold regime.

II. THE COUPLED-CHANNEL MODELS

In this section, we briefly introduce the minimal
coupled-channel models suggested in Ref. [16] and discuss

their modifications necessary to adapt them to analyze the
datasets from different experimental collaborations. Since
thresholds strongly affect line shapes, it is crucial to employ
in the data analysis a coupled-channel approach that
incorporates all relevant channels with the thresholds
residing within the studied energy range (we choose it
to be 6.2–7.1 GeV). On the other hand, to reduce the
number of fitting parameters and in this way fit them
reliably, only the most relevant channels need to be
retained. We first enumerate all channels with the thresh-
olds lying in the appropriate energy range and collect them
in Table I. Then we disregard unimportant channels [16],
namely, those that involve hc as suppressed in the heavy
quark limit by heavy quark spin symmetry and χcJχcJ0 ones,
with J; J0 ¼ 0, 1, 2, as suppressed by exchanging heavier
light mesons (with the ω exchange being the lightest
allowed one) than that between two ψ states (two pions
can be exchanged as hadronization of the soft gluons [22]).
We, therefore, arrive at two coupled-channel models with
the following sets of the included channels:

(i) fJ=ψJ=ψ ; J=ψψð2SÞg referred to as the two-channel
model;

(ii) fJ=ψJ=ψ ; J=ψψð2SÞ; J=ψψð3770Þg referred to as
the three-channel model.

In Fig. 1, we show all three analyzed datasets together and
conclude that they demonstrate very similar peaking struc-
tures in the energy range of interest 6.2–7.1 GeV. One can see
that the positions of the sharpest structures in the measured
line shapes indeed coincide with the thresholds of the
channels selected above, so the choice of these two
coupled-channel schemes is justified. It is worthwhile notic-
ing that both peak or dip can appear near threshold in the line
shape, depending on the interference pattern [23,24].
The interaction potentials for the two- and three-channel

model are taken in the form

V2chðEÞ ¼
�
a1 þ b1k21 c

c a2 þ b2k22

�
; ð1Þ

and

V3chðEÞ ¼

0
B@

a11 a12 a13
a12 a22 a23
a13 a23 a33

1
CA; ð2Þ

respectively, where fa1; a2; b1; b2; cg and faijg (i, j ¼ 1,
2, 3) are real free parameters, E is the c.m. energy, and

TABLE I. Channels with the thresholds lying within the energy range 6.2–7.1 GeV. The tags “2 ch.” and “3 ch.” indicate the models
that include the tagged channel; all disregarded channels are marked with “� � �” (see the main text for details).

Channel J=ψJ=ψ J=ψhc J=ψψð2SÞ χc0χc0 χc0χc1 J=ψψð3770Þ χc1χc1 hchc χc2χc2

Threshold 6.194 6.622 6.783 6.830 6.925 6.870 7.021 7.051 7.132
Model 2 and 3 ch. � � � 2 and 3 ch. � � � � � � 3 ch. � � � � � � � � �
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ki ¼ λ1=2ðE2; m2
i1; m

2
i2Þ=ð2EÞ is the magnitude of the cor-

responding three-momentum in the ith channel with
λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy− 2yz− 2xz for the Källén
triangle function. In principle, we could also allow for
energy dependencies in terms other than the diagonals of
the two-channel model, however, the parametrizations
shown above already lead to a satisfactory description of
the data such that additional parameters could not be
constrained empirically.
Since the T matrix entering the final-state interaction is

universal, the T-matrix parameters in Eqs. (1) and (2) for
the two different models should not depend on the details of
the experiment and as such can be fixed from a combined fit
to all the data in Fig. 1. To stick to the same notation as in
Ref. [16], we also define nonrelativistic parameters of the
potentials (tagged with bars) defined through the relation

VijðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mi 2mj

p
V̄ijðEÞ; ð3Þ

with mi for the mass of the corresponding charmonium
state, mJ=ψ , mψð2SÞ, or mψð3770Þ. That is, we fit the data with
the parameters fā1; ā2; b̄1; b̄2; c̄g for the two-channel
model and fāijg for the three-channel model, with the
parameters in Eqs. (1) and (2) obtained from the barred
ones through multiplying them by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mi 2mj

p
.

In our notation, the S-wave S and T matrices are
related as

SijðEÞ¼ 1−2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρiðEÞρjðEÞ

q
TijðEÞ; ρiðEÞ¼

ki
8πE

; ð4Þ

where the scattering T matrix comes as a solution to the
Lippmann-Schwinger equation,

TðEÞ ¼ VðEÞ · ½1 −GðEÞ · VðEÞ�−1; ð5Þ

with VðEÞ for the relevant potential matrix in Eq. (1) or (2)
above and GðEÞ ¼ diagðG1; G2;…Þ for the diagonal
matrix composed of the propagators in the corresponding
two-body channels,

GiðEÞ¼ i
Z

d4q
ð2πÞ4

1

ðq2−m2
i1þ iϵÞ½ðP−qÞ2−m2

i2þ iϵ�

¼ 1

16π2

�
aðμÞþ log

m2
i1

μ2
þm2

i2−m2
i1þ s

2s
log

m2
i2

m2
i1

þki
E

h
logð2kiEþ sþΔiÞþ logð2kiEþ s−ΔiÞ

− logð2kiE− sþΔiÞ− logð2kiE− s−ΔiÞ
i�

; ð6Þ

where s ¼ P2 ¼ E2, mi1 and mi2 are the particle masses in
the ith channel, and Δi ¼ m2

i1 −m2
i2. The parameter μ

denotes the dimensional regularization scale, and aðμÞ is
a subtraction constant. We set μ ¼ 1 GeV, and aðμ ¼
1 GeVÞ ¼ −3 as in Ref. [16]; its variation in Eq. (5) can
be absorbed into a change of the contact term parameters in
the potential. We emphasize that the T matrix in Eq. (5) is
fully fixed, once the parameters are fitted to the data.
The production amplitude in the channel J=ψJ=ψ is

built as

M1 ¼ PðEÞ
�
bþ G1T11 þ

X
i¼2;3

riGiT1i

�
; ð7Þ

where PðEÞ ¼ αe−βE
2

is the short-distance source function
producing the double-J=ψ system from parton-level scat-
tering that can be fixed from the large-energy tail of the
experimental line shape. It is clearly seen from Fig. 1 that
the three datasets demonstrate different patterns above
approximately 7.1 GeV that must be attributed to different,
experiment-specific production mechanisms. To account
for this fact, we employ three different sets of the back-
ground parameters, fαi; βig with i ¼ 1, 2, 3 for LHCb,
CMS, and ATLAS, respectively, and use them accordingly
when building the individual contributions from different
datasets to the overall χ2 in the combined fits. Then the βi
parameters (in GeV−2),

β1 ¼ 0.012; β2 ¼ 0.020; β3 ¼ 0.056; ð8Þ

are fixed by fitting the high-energy tails of the correspond-
ing line shapes, which should be due to parton-level
scattering, while the normalization parameters αi are
treated as free ones in the fit. The ratios r2 and r3 mimic
potentially different production mechanisms for dif-
ferent channels. They are set to 1 as the fits do not call
for different values (r3 ¼ 0 for the two-channel fit).

FIG. 1. The data on di-J=ψ production in proton-proton colli-
sions from the LHCb [15], CMS [20], and ATLAS [21] Collab-
orations. For presentation purposes, the CMS and ATLAS data
have been rescaled by factors of 25=28 and 40=28, respectively,
to normalize them to the LHCb data. The J=ψψð2SÞ and
J=ψψð3770Þ thresholds are shown as vertical dashed lines.
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Following the logic of Ref. [16], we introduce the param-
eter b ≠ 1 that accounts for a possible violation of unitarity
in the inclusive production amplitude, which may be
present in a two-body treatment given the complexity of
the inclusive reaction from which the data were extracted
(for example, from rescattering of J=ψ with spectator
particles that are not detected).

III. RESULTS AND DISCUSSION

In Fig. 2, we show the results for the combined fits to the
data in Fig. 1 performed using the two-channel (left panel)

and three-channel (right panel) models. The fitted values of
all the parameters are listed in Tables II and III. Both
models provide a decent description of the data of a similar
quality, so they both can be employed for a study of the
pole content underlying the data. The extracted poles
enumerated in Table IV (see also Fig. 3) confirm the
pattern previously deduced from the analysis performed in
Ref. [16] for the LHCb data alone, with much smaller
uncertainties propagated from the data. Namely, all fits
obtained using both models predict the existence of a pole
near the double-J=ψ threshold named the Xð6200Þ.
Depending on the parameters, it can reveal itself either

FIG. 2. Combined fits to the LHCb (first row), CMS (second row), and ATLAS (third row) data. The results for the two-channel (1 fit)
and three-channel (2 fits of similar quality) models are shown in the left and right panels, respectively. The dashed vertical lines indicate
the position of the relevant thresholds taken into account in addition to the production channel J=ψJ=ψ , that is, J=ψψð2SÞ and
J=ψψð3770Þ; see Table I and the discussion in the main text. The fitted energy range is shaded with light green.
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as a bound-state pole on RSþþðþÞ or as a near-threshold
pole on RS−þðþÞ.

1 We note that the appearance of “or” in
both the pole location (see Table IV) and the results for the
scattering length (see Table V) does not imply fits with
nonoverlapping parameter regions. Instead, it is driven by
the underlying physics since the attraction strength in the
double-J=ψ system depends on the parameters that con-
tinuously change in the parameter space of the two-channel
fit. If the attraction is strong enough, we have a bound-state
pole on the Riemann sheet RSþþ. Then, for a decreased
interaction strength, the bound-state pole approaches the
double-J=ψ threshold to move to RS−þ and thus turn to a
virtual state (the scattering length changes its sign passing
through �∞). Decreasing the interaction strength even
further, the pole travels across RS−þ to leave the real energy
axis below the threshold, acquire an imaginary part, and
eventually move above the threshold. A thorough discus-
sion of the pole trajectories for a two-channel system can be
found in Ref. [24].
In addition, we extracted the pole position that can be

associated with the fully charmed tetraquark Xð6900Þ.
Its mass (the real part of the pole position) from the
two-channel fit lies sizably lower than the value averaged

by the Particle Data Group, (6899� 12) MeV [13].
We note that the CMS Collaboration reported also a
third structure at 7134þ48

−25ðstatÞþ41
−15ðsystÞ MeV [20] that,

however, lies beyond the energy range analyzed in this
work. Since the values reported by the experimental groups
were obtained using the Breit-Wigner parametrization, the
pinpointed difference indicates the importance of account-
ing for nearby threshold [J=ψψð2SÞ here] effects in the
analysis of the line shape. For the three-channel fits,
analogous to Ref. [16], the pole close to 6.9 GeV, that is
near the third [J=ψψð3770Þ] threshold, is located on a
remote RS, RS−þþ, whose path to the physical one needs to
circle around the J=ψψð2SÞ threshold. Then the pole shows
up as a threshold cusp [24] and its position does not
correspond to a peak or dip location.
Finally, a comment on the other poles is in order here. As

follows from Table IV, there is an additional pole with a real
part around 6564 MeVon RS−þ found in the two-channel
fit. One may be tempted to assign this pole to the CMS and
ATLAS Xð6600Þ state, which was introduced via a Breit-
Wigner parametrization. We notice, however, that this pole
does not appear in our three-channel fits. The difference
between the two- and three-channel models stems from
different sources of the energy dependence in the potential
necessary to produce a peak around 6.9 GeV. Indeed, in the
former case, this energy dependence is explicitly provided
by the k21 and k

2
2 terms in Eq. (1) while, in the latter case, it

implicitly comes from the coupling to the J=ψψð3770Þ
channel. Consequently, the resulting T matrices do not have

TABLE II. Parameters of the combined two-channel fit. Parameters with bars quoted here differ from the parameters without bars
introduced in Eq. (1) as explained in Eq. (3).

ā1 (GeV−2) ā2 (GeV−2) b̄1 (GeV−4) b̄2 (GeV−4) c̄ (GeV−2) α1 α2 α3 b χ2=d:o:f:

0.32þ0.31
−0.29 −4.11þ0.34

−0.33 −1.74þ0.22
−0.25 −6.50þ0.40

−0.40 3.03þ0.23
−0.26 79þ6

−5 108þ9
−8 560þ40

−40 2.89þ0.23
−0.22 1.32

TABLE III. The same as in Table II but for the three-channel fit. All parameters āij are given in the units of GeV−2.

ā11 ā12 ā13 ā22 ā23 ā33 α1 α2 α3 b χ2=d:o:f:

Fit 1 6.5þ1.4
−1.4 10.4þ2.5

−2.3 −0.8þ1.7
−1.0 12þ4

−4 −3.0þ2.0
−0.9 −1.7þ1.0

−1.0 308þ84
−91 425þ116

−126 2185þ596
−421 0.09þ0.15

−0.21 1.32
Fit 2 8.9þ2.1

−1.5 17.8þ3.3
−2.4 2.8þ1.7

−1.7 29þ5
−4 0.5þ3.1

−3.1 −2.5þ0.5
−0.4 164þ21

−16 226þ29
−23 1161þ151

−116 −0.50þ0.17
−0.16 1.40

TABLE IV. Pole positions (in MeV) for the models employed in the analysis. The Riemann sheets (RSs) quoted in
parentheses are tagged with the signs of the imaginary parts of the momenta in all channels relevant for the particular
model.

Model Two-channel fit Three-channel fit 1 Three-channel fit 2

Xð6200Þ [6171, 6194] (RSþþ) or
½6124; 6202� − i½0; 12� (RS−þ)

6151þ12
−16 (RSþþþ) 6189þ3

−6 (RS−þþ)

Xð6900Þ 6831þ15
−17 − i162þ8

−12 (RS−−) 7071þ107
−101 − i147þ81

−55 (RS−þþ) 6872þ77
−45 − i148þ37

−43 (RS−þþ)
Other poles 6564þ13

−14 − i282þ27
−27 (RS−þ) � � � � � �

1The subscripts � correspond to the signs of the imaginary
parts of the respective coupled-channel momenta in the two-
(three-) channel case. In particular, bound or virtual state poles
are located on the real axis of the RSþþðþÞ and RS−þðþÞ sheet,
respectively.

TOWARD A PRECISION DETERMINATION OF THE Xð6200Þ … PHYS. REV. D 111, 034038 (2025)

034038-5



the same pole contents. Therefore, our findings imply that
the inference of the pole around 6.6 GeV from the available
data is model dependent and not strictly necessary to
reproduce the current data. This issue deserves a further
investigation for an updated experimental input in the
future.
Finally, we employ the effective range expansion of the

scattering amplitude in the J=ψJ=ψ channel,

TðkÞ ¼ −8π
ffiffiffi
s

p �
1

a0
þ 1

2
r0k2 − ikþOðk4Þ

�
−1
; ð9Þ

to extract the S-wave scattering length a0 and the effective
range r0. These parameters allow us to estimate the
compositeness of the Xð6200Þ [25],

X̄A ¼ ð1þ 2jr0=a0jÞ−1=2: ð10Þ

The results are presented in Table V, where only statistical
uncertainties propagated from the data are provided. Notice
that a large positive uncertainty þ0.62 found for X̄A in the
two-channel fit is due to the fact that the parameter space
covers a region for a−10 very close to zero, cf. Eq. (10). An
X̄A value close to unity means a rather large double-J=ψ

composite component in the Xð6200Þwave function. Thus,
our present results confirm the conclusions previously
made in Ref. [23] that the molecular interpretation of the
Xð6200Þ is preferred; however, the two-channel model is
also consistent with a sizable admixture of the compact
component in the wave function [see, for example,
Ref. [26] for the discussion of a possible interplay between
the quark and meson degrees of freedom (d.o.f.) in the
Xð6200Þ]. Studies of the final state consisting of two
lepton pairs from the decays of the two J=ψ particles with
Q2 ≠ m2

J=ψ should allow for a more direct observation of
the Xð6200Þ and also shed further light on its quantum
numbers and nature. In particular, for a sufficiently fine
resolution, a distinction between a bound state, virtual state,
and resonance should be straightforward.

IV. DIELECTRON WIDTH OF Xð6200Þ AND ITS
DIRECT PRODUCTION IN e+ e − ANNIHILATION

In this section, we provide an estimate for the dielectron
width of the Xð6200Þ and discuss its possible direct
production in eþe− annihilation. The corresponding dia-
grams are depicted in Fig. 4, where the employed J=ψ →
eþe− vertex is defined to effectively describe the transition
J=ψ → γ� → eþe−. Since the J=ψ ’s originating from the X
are highly nonrelativistic, we disregard their longitudinal
components and arrive at convergent loop integrals.
Then, assuming the quantum numbers of the X to be
JPC ¼ 2þþ, after a straightforward calculation2 we arrive at
the amplitude,

A ¼ 2ð2egJ=ψÞ2gXϵjkūðp−ÞγjIγkuð−pþÞ; ð11Þ

FIG. 3. Pole positions for the two-channel (left) and three-channel (right) models. The color indicates the value of the residue at the
corresponding pole. In the inset subplot in the left panel, the pole trajectory is in fact continuous; the discontinuity therein is because
the parameter region, where the conjugate pair of RS−− poles approach the real axis, is very small and thus not covered completely by
the random sampling of the 1σ parameter sets.

TABLE V. The effective range parameters in the J=ψJ=ψ
channel and the compositeness X̄A of Xð6200Þ. The sign of
the scattering length by convention is negative (positive) if
Xð6200Þ is a bound (virtual) state.

Two-channel
fit

Three-channel
fit 1

Three-channel
fit 2

a0 (fm) ≤−0.31 or ≥0.78 −0.52þ0.07
−0.08 1.63þ0.75

−0.38
r0 (fm) −1.75þ0.16

−0.48 −0.05þ0.01
−0.01 −0.08þ0.02

−0.02
X̄A 0.37þ0.62

−0.09 0.92þ0.02
−0.02 0.95þ0.02

−0.02

2We employed the FeynCalc 10.1.0 package [27,28] to simplify
the analytical calculations and LoopTools [29] for a numerical
evaluation of the scalar loop.
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where u’s stand for the electron and positron spinors and I
is the triangle loop integral,

I ¼ 1

i

Z
d4p
ð2πÞ4GeðpÞGJ=ψðp − p−ÞGJ=ψðpþ þ pÞ; ð12Þ

with the propagators

GeðpÞ ¼
=pþme

p2 −m2
e þ iϵ

≈
1

=pþ iϵ
;

GJ=ψðpÞ ¼
1

p2 −m2
J=ψ þ iϵ

; ð13Þ

ϵjk ¼ ϵkj for the symmetric polarization tensor of the
X2ð6200Þ, and the overall factor 2 in the amplitude (11)
accounts for the equivalent contributions from the two
diagrams in Fig. 4. Setting mX ≈ 2mJ=ψ , it is easy to
calculate that

Iμ ¼ −
1

64π2m2
J=ψ

	
1 −m2

J=ψC0



ðp− − pþÞμ; ð14Þ

with

C0 ≡ C0ð0; 0; 4m2
J=ψ ; m

2
J=ψ ; 0; m

2
J=ψ Þ ≈ −

2.47
m2

J=ψ

ð15Þ

for a standard scalar three-point loop function.
The effective coupling constant 2egJ=ψ for the decay

J=ψ → eþe− can be determined from the dielectron width
Γee
J=ψ ¼ 4

3
αg2J=ψmJ=ψ . Then the dielectron width of the

tensor state X2ð6200Þ reads

Γee
X2

¼ 9g2X
80π3mJ=ψ

�Γee
J=ψ

mJ=ψ

�
2	
1 −m2

J=ψC0



2
; ð16Þ

where the subscript J ¼ 2 is used to pinpoint the employed
assumption on the spin of the Xð6200Þ. The coupling gX
can be found from the residue at the X pole. To this end, we
use that, near the X pole, the J=ψ-J=ψ scattering amplitude
in Eq. (5) can be represented in the form

Tðs ≃m2
XÞ ≈

g2X
s −m2

X
: ð17Þ

In Table VI, we collect the numerical values of gX
evaluated for different combined fits to the data obtained
above as well as the corresponding estimates for the
dielectron width of the Xð6200Þ treated as a 2þþ tensor.
From this table, one can deduce an order-of-magnitude
estimate,

Γee
X2

≃ 0.01 eV; ð18Þ

which appears somewhat smaller but may still be of the
same order of magnitude typical for tensor charmonia. For
example, the results for the generic ground-state tensor
charmonium reported in Refs. [30,31] read, respectively,

Γee
χc2ð1PÞ ¼ 0.014 eV ðVMDÞ; 0.07 eV ðNRQCDÞ; ð19Þ

where in parentheses we quote the method used in the
calculations, with VMD for vector meson dominance and
NRQCD for nonrelativistic quantum chromodynamics. A
similar numerical result was also obtained in Ref. [32]
for the dielectron width of the X2ð4014Þ as a molecular

FIG. 4. The diagrams for the Xð6200Þ dielectron decay [see estimates for the corresponding widths in Eqs. (16), (18), and (21)].

TABLE VI. Estimates for the X2ð6200Þ coupling to a J=ψ-J=ψ pair (see also the color coding in Fig. 3) and its
dielectron width.

Two-channel bound
state

Two-channel virtual
state or resonance

Three-channel,
fit 1

Three-channel,
fit 2

jgXj (GeV) [7.04, 9.87] [10.64, 15.25] [19.05, 21.92] [10.36, 14.79]
Γee
X2ð6200Þ (eV) [0.002, 0.004] [0.005, 0.010] [0.016, 0.022] [0.005, 0.010]
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spin-two partner of the Xð3872Þ.3 Then, further following
the logic of Ref. [32], we can estimate the number of
directly produced X2ð6200Þ states at the planned Super
τ-Charm Facility [34] at the level of 106–108 per year,
where we multiplied the expected 1-yr integrated luminos-
ity around 1 ab−1 by the X2 production cross section
evaluated as

σC ¼ 20πΓee
X2

ΓXm2
X

∼ 100–102 pb; ð20Þ

for ΓX ¼ 0.1–10 MeV. The Xð6200Þ may also be detected
in various open-charm final states such as DD̄ or ΛcΛ̄c. In
this case, one cc̄ pair annihilates into a gluon which then
creates light quark-antiquark pairs, so the corresponding
inclusivewidth could be roughly estimated as Γηc=αsðmcÞ∼
100 MeV, with Γηc for the ηc total width [35]. Considering
also the detection efficiency for each charmed hadron
approximately at the level from a few percent to about
10% [13], the number of the events of the Xð6200Þ open-
charm decays (such asDD̄, ΛcΛ̄c, and so on) anticipated to
be collected annually can be estimated as 103–105.
On the other hand, in agreement with general expect-

ations (see, for example, Ref. [36]), the leading contribu-
tion to the eþe− decay amplitude of a scalar state X0ð6200Þ
with JPC ¼ 0þþ scales as me, as it originates from the
numerator of the electron propagator GeðpÞ in Eq. (13).
Consequently, the dielectron width Γee

X0
of a scalar state

X0ð6200Þ vanishes in the limit of a strictly massless lepton

and remains strongly suppressed when the lepton mass
is finite,

Γee
X0

∼
�

me

mJ=ψ

�
2

Γee
X2
; ð21Þ

where we used that the only typical mass scale in the loop is
mJ=ψ . As a result, this scalar state is not observable in direct
production in eþe− collisions even at the Super τ-Charm
Facility. Therefore, a potential direct production of the
Xð6200Þ in the electron-positron annihilation can indirectly
indicate its quantum numbers to be 2þþ. Similar arguments
also apply to higher fully charm tetraquarks that couple to
di-J=ψ under the molecular assumption.

V. LINE SHAPES IN COMPLIMENTARY
CHANNELS

Parameters of the scattering matrix TðEÞ determined
from the combined fits to the data, as explained in Sec. II
and collected in Tables II and III, can further be used to
study the line shapes in complimentary channels. In
particular, in Fig. 5, we plot the line shapes in the channel
J=ψψð2SÞ and compare the result with the data provided by
the ATLAS Collaboration in Ref. [21]. All the parameters
of the scattering matrix are previously fully fixed as
explained above, while the parameters α and b are fitted
to the ATLAS data to take into account the differences
in the production mechanisms in the studied channels
J=ψJ=ψ and J=ψψð2SÞ. A detailed description of the
visible structures in the experimental signal would require
an appropriate extension of the model validity range by
including additional coupled channels, which lies beyond
the scope of the present research. Meanwhile, we conclude
on a decent overall description of the data with our
theoretical curves even beyond the energy range of the
formal validity of the employed coupled-channel models,ffiffiffi
s

p ≲ 7.1 GeV.

VI. CONCLUSIONS

In this paper, we extend the approach of Ref. [16],
initially applied to the LHCb data on double-J=ψ produc-
tion in proton-proton collisions, to include recent data from
the CMS and ATLAS Collaborations. A combined analysis
of all three datasets is performed and the existence of
the near-threshold state Xð6200Þ predicted in Ref. [16] is

FIG. 5. The J=ψψð2SÞ invariant mass distribution obtained for
the two- and three-channel models. The parameters of the
scattering amplitude in Eq. (5) are fixed from the combined
analysis of the data in the di-J=ψ channel, while the production-
channel-related parameters α3 and b are fitted to the ATLAS data
from Ref. [21] at

ffiffiffi
s

p
< 7.1 GeV (see Table VII for the parameter

values). The dash-dotted vertical line indicates the position of the
J=ψψð3770Þ threshold.

TABLE VII. The parameters in the J=ψψð2SÞ channel for the
three-channel fit with the other parameters fixed to the central
values in Table III.

Three-channel fit α3 b χ2=d:o:f:

Fit 1 2441þ657
−720 1.71þ0.30

−0.16 0.08
Fit 2 2072þ597

−646 2.04þ0.38
−0.19 0.29

3Remarkably, a dielectron width of a similar magnitude was
also found in Ref. [33] for the 1þþ exotic state Xð3872Þ.
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confirmed. We improve on the extraction of the parameters
of this new state employing the combined fits to the data
built for the two- and three-channel models and confirm
that for most of the parameter space it has a molecular
nature. The dielectron width of the Xð6200Þ evaluated
under its plausible assignment as a 2þþ di-J=ψ molecule
takes a reasonable value comparable with a similar esti-
mate for Xð4014Þ, also performed under the molecular
assumption. Then, the corresponding estimates predict
possible copious direct production of the tensor Xð6200Þ
in eþe− collisions at the planned Super τ-Charm Facility.
On the contrary, a scalar molecular Xð6200Þ has a tiny
dielectron width and cannot be observed this way.
We further studied the complimentary J=ψψð2SÞ chan-

nel and analyzed the ATLAS data in this final state. We
concluded that, with the parameters of the multichannel
scattering amplitude fully fixed from the combined analysis
of the data in the di-J=ψ channel, the ATLAS data could be
well reproduced by fitting only two parameters specific for
a particular production channel. Similar data from the
LHCb and CMS Collaborations and, possibly, data for
the J=ψψð3770Þ final state would potentially allow one to
better fix the position of the pole describing the Xð6900Þ
state. However, it may require an extension of the employed
model to a larger number of coupled channels with the
thresholds lying above 7.1 GeV. Meanwhile, the number of
parameters of such an extended model would considerably
increase, and it remains to be seen whether or not the
additional parameters can be reliably fixed from the data.
Some extra light on the existence and quantum numbers

of the Xð6200Þ can be shed by employing complimentary
theoretical and numerical approaches. In particular, in a
recent paper [37] using methods of lattice QCD, the
interaction in the channels ηcηc and J=ψJ=ψ with the
quantum numbers JPC ¼ 0þþ and 2þþ, respectively, was
found to be slightly repulsive, which is not consistent with
the existence of near-threshold poles in these systems. To
further investigate the case, the second version of Ref. [37]
disentangles individual contributions from different Wick
contractions. In particular, the authors find that both soft-
gluon exchanges (denoted as contraction type “D” therein)
that hadronize in the form of light-meson (pion and kaon)
exchanges and the exchanges through heavy cc̄ pairs
(denoted as contraction type “C” therein) treated in a
single-channel approximation individually lead to an

attraction in the double-J=ψ system. However, their com-
bined effect, including interference, was surprisingly found
to produce a weak repulsion. It therefore remains to be seen
what mechanisms could allow one to override the 1=m2

cc̄
suppression of the contribution from the cc̄ exchanges
(type C) compared with the soft gluons exchanges (type D).
One might argue in favor of some OðNcÞ enhancement
(withNc for the number of colors) of the C-type contraction
compared to the D-type one (see, for example, the analysis
in Ref. [38]). However, this enhancement is unlikely to
overcome the aforementioned suppression factor.
It should also be noted that the interaction potential

between two heavy quarkonia driven by the soft-gluon
exchange mechanism strongly depends on the pion
mass [22] (see also Refs. [39,40] for the pion mass
dependence of the pole position in the systems with charm).
Thus, it remains to be seen whether or not the findings of
Ref. [37] stand a chiral extrapolation from the unphysically
large pion mass employed in the calculations (from 300 to
365 MeV) to the physical point.
On the other hand, a support of the possible existence of

a fully charm tetraquark with the mass around 6.2 GeV was
provided in Ref. [41] using the QCD sum rules method.
The 0þþ state is predicted to be slightly lighter than the
2þþ one.

ACKNOWLEDGMENTS

We would like to thank Yu Meng for helpful discussions
regarding the lattice QCD results. This work is supported in
part by the National Key R&D Program of China under
Grant No. 2023YFA1606703; by the Chinese Academy of
Sciences (CAS) under Grants No. YSBR-101 and
No. XDB34030000; and by the National Natural Science
Foundation of China (NSFC) under Grants No. 12125507,
No. 12361141819, and No. 12047503. Work of A. N. was
supported by Deutsche Forschungsgemeinschaft (Project
No. 525056915). A. N. and C. H. also acknowledge
the support from the CAS President’s International
Fellowship Initiative (PIFI) (Grants No. 2024PVA0004
and No. 2025PD0087).

DATA AVAILABILITY

The data supporting this study’s findings are available
within the article.

[1] A. Hosaka, T. Iijima, K. Miyabayashi, Y. Sakai, and S.
Yasui, Exotic hadrons with heavy flavors: X, Y, Z, and
related states, Prog. Theor. Exp. Phys. 2016, 062C01
(2016).

[2] R. F. Lebed, R. E. Mitchell, and E. S. Swanson, Heavy-
quark QCD exotica, Prog. Part. Nucl. Phys. 93, 143 (2017).

[3] A. Esposito, A. Pilloni, and A. D. Polosa, Multiquark
resonances, Phys. Rep. 668, 1 (2017).

TOWARD A PRECISION DETERMINATION OF THE Xð6200Þ … PHYS. REV. D 111, 034038 (2025)

034038-9

https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.physrep.2016.11.002


[4] F.-K. Guo, C. Hanhart, U.-G. Meißner, Q. Wang, Q. Zhao,
and B.-S. Zou, Hadronic molecules, Rev. Mod. Phys. 90,
015004 (2018); 94, 029901(E) (2022).

[5] S. L. Olsen, T. Skwarnicki, and D. Zieminska, Nonstandard
heavy mesons and baryons: Experimental evidence, Rev.
Mod. Phys. 90, 015003 (2018).

[6] Y.-R. Liu, H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu,
Pentaquark and Tetraquark states, Prog. Part. Nucl. Phys.
107, 237 (2019).

[7] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.-P.
Shen, C. E. Thomas, A. Vairo, and C.-Z. Yuan, The XYZ
states: Experimental and theoretical status and perspectives,
Phys. Rep. 873, 1 (2020).

[8] F.-K. Guo, X.-H. Liu, and S. Sakai, Threshold cusps and
triangle singularities in hadronic reactions, Prog. Part. Nucl.
Phys. 112, 103757 (2020).

[9] G. Yang, J. Ping, and J. Segovia, Tetra- and penta-quark
structures in the constituent quark model, Symmetry 12,
1869 (2020).

[10] M.-Z. Liu, Y.-W. Pan, Z.-W. Liu, T.-W. Wu, J.-X. Lu, and
L.-S. Geng, Three ways to decipher the nature of exotic
hadrons: Multiplets, three-body hadronic molecules, and
correlation functions, Phys. Rep. 1108, 1 (2025).

[11] N. Hüsken, E. S. Norella, and I. Polyakov, A brief guide to
exotic hadrons, arXiv:2410.06923.

[12] F. Zhu, G. Bauer, and K. Yi, Experimental road to a
charming family of tetraquarks and beyond, Chin. Phys.
Lett. 41, 111201 (2024).

[13] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[14] J. Chen, F.-K. Guo, Y.-G. Ma, C.-P. Shen, Q. Shou, Q.
Wang, J.-J. Wu, and B.-S. Zou, Production of exotic hadrons
in pp and nuclear collisions, arXiv:2411.18257 [Nucl. Sci.
Tech. (to be published)].

[15] LHCb Collaboration, Observation of structure in the
J=ψ -pair mass spectrum, Sci. Bull. 65, 1983 (2020).

[16] X.-K. Dong, V. Baru, F.-K. Guo, C. Hanhart, and A.
Nefediev, Coupled-channel interpretation of the LHCb
double-J=ψ spectrum and hints of a new state near the
J=ψJ=ψ threshold, Phys. Rev. Lett. 126, 132001 (2021);
127, 119901(E) (2021).

[17] Z.-R. Liang, X.-Y. Wu, and D.-L. Yao, Hunting for states in
the recent LHCb di-J=ψ invariant mass spectrum, Phys. Rev.
D 104, 034034 (2021).

[18] Q. Huang, R. Chen, J. He, and X. Liu, Discovering a novel
dynamics mechanism for charmonium scattering, arXiv:
2407.16316.

[19] F.-K. Guo, C. Hanhart, Q. Wang, and Q. Zhao, Could the
near-threshold XYZ states be simply kinematic effects?,
Phys. Rev. D 91, 051504 (2015).

[20] A. Hayrapetyan et al. (CMS Collaboration), New structures
in the J=ψJ=ψ mass spectrum in proton-proton collisions atffiffi
s

p ¼ 13 TeV, Phys. Rev. Lett. 132, 111901 (2024).
[21] G. Aad et al. (ATLAS Collaboration), Observation of an

excess of dicharmonium events in the four-muon final state
with the ATLAS detector, Phys. Rev. Lett. 131, 151902
(2023).

[22] X.-K. Dong, V. Baru, F.-K. Guo, C. Hanhart, A. Nefediev,
and B.-S. Zou, Is the existence of a J=ψJ=ψ bound state
plausible?, Sci. Bull. 66, 2462 (2021).

[23] X.-K. Dong, F.-K. Guo, and B.-S. Zou, Explaining the many
threshold structures in the heavy-quark hadron spectrum,
Phys. Rev. Lett. 126, 152001 (2021).

[24] Z.-H. Zhang and F.-K. Guo, Classification of coupled-
channel near-threshold structures, arXiv:2407.10620.

[25] I. Matuschek, V. Baru, F.-K. Guo, and C. Hanhart, On the
nature of near-threshold bound and virtual states, Eur. Phys.
J. A 57, 101 (2021).

[26] A. V. Nefediev, X(6200) as a compact tetraquark in the QCD
string model, Eur. Phys. J. C 81, 692 (2021).

[27] R. Mertig, M. Bohm, and A. Denner, Feyn Calc: Computer
algebraic calculation of Feynman amplitudes, Comput.
Phys. Commun. 64, 345 (1991).

[28] V. Shtabovenko, R. Mertig, and F. Orellana, FeynCalc 10: Do
multiloop integrals dream of computer codes?, Comput.
Phys. Commun. 306, 109357 (2025).

[29] G. J. van Oldenborgh and J. A. M. Vermaseren, New algo-
rithms for one loop integrals, Z. Phys. C 46, 425 (1990).

[30] J. H. Kuhn, J. Kaplan, and E. G. O. Safiani, Electromagnetic
annihilation of eþe− into quarkonium states with even
charge conjugation, Nucl. Phys. B157, 125 (1979).

[31] N. Kivel and M. Vanderhaeghen, χcJ → eþe− decays
revisited, J. High Energy Phys. 02 (2016) 032.

[32] P.-P. Shi, V. Baru, F.-K. Guo, C. Hanhart, and A. Nefediev,
Production of the X(4014) as the spin-2 partner of X(3872)
in eþe− collisions, Chin. Phys. Lett. 41, 031301 (2024).

[33] A. Denig, F.-K. Guo, C. Hanhart, and A. V. Nefediev, Direct
X(3872) production in eþe− collisions, Phys. Lett. B 736,
221 (2014).

[34] M. Achasov et al., STCF conceptual design report
(Volume 1): Physics & detector, Front. Phys. (Beijing)
19, 14701 (2024).

[35] M. N. Anwar, J. Ferretti, F.-K. Guo, E. Santopinto, and B.-S.
Zou, Spectroscopy and decays of the fully-heavy tetra-
quarks, Eur. Phys. J. C 78, 647 (2018).

[36] M. Chanowitz, Chiral suppression of scalar glueball decay,
Phys. Rev. Lett. 95, 172001 (2005).

[37] Y. Meng, C. Liu, X.-Y. Tuo, H. Yan, and Z. Zhang, Lattice
calculation of the ηcηc and J=ψJ=ψ s-wave scattering
length, arXiv:2411.11533.

[38] F.-K. Guo, L. Liu, U.-G. Meißner, and P. Wang, Tetra-
quarks, hadronic molecules, meson-meson scattering and
disconnected contributions in lattice QCD, Phys. Rev. D 88,
074506 (2013).

[39] S. Collins, A. Nefediev, M. Padmanath, and S. Prelovsek,
Toward the quark mass dependence of Tþ

cc from lattice
QCD, Phys. Rev. D 109, 094509 (2024).

[40] M. Abolnikov, V. Baru, E. Epelbaum, A. A. Filin, C.
Hanhart, and L. Meng, Internal structure of the
Tccð3875Þþ from its light-quark mass dependence, Phys.
Lett. B 860, 139188 (2025).

[41] Z.-G. Wang, Analysis of the X(6600), X(6900), X(7300)
and related tetraquark states with the QCD sum rules, Nucl.
Phys. B985, 115983 (2022).

YI-LIN SONG et al. PHYS. REV. D 111, 034038 (2025)

034038-10

https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.94.029901
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2020.103757
https://doi.org/10.1016/j.ppnp.2020.103757
https://doi.org/10.3390/sym12111869
https://doi.org/10.3390/sym12111869
https://doi.org/10.1016/j.physrep.2024.12.001
https://arXiv.org/abs/2410.06923
https://doi.org/10.1088/0256-307X/41/11/111201
https://doi.org/10.1088/0256-307X/41/11/111201
https://doi.org/10.1103/PhysRevD.110.030001
https://arXiv.org/abs/2411.18257
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevLett.126.132001
https://doi.org/10.1103/PhysRevLett.127.119901
https://doi.org/10.1103/PhysRevD.104.034034
https://doi.org/10.1103/PhysRevD.104.034034
https://arXiv.org/abs/2407.16316
https://arXiv.org/abs/2407.16316
https://doi.org/10.1103/PhysRevD.91.051504
https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1016/j.scib.2021.09.009
https://doi.org/10.1103/PhysRevLett.126.152001
https://arXiv.org/abs/2407.10620
https://doi.org/10.1140/epja/s10050-021-00413-y
https://doi.org/10.1140/epja/s10050-021-00413-y
https://doi.org/10.1140/epjc/s10052-021-09511-z
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2024.109357
https://doi.org/10.1016/j.cpc.2024.109357
https://doi.org/10.1007/BF01621031
https://doi.org/10.1016/0550-3213(79)90055-5
https://doi.org/10.1007/JHEP02(2016)032
https://doi.org/10.1088/0256-307X/41/3/031301
https://doi.org/10.1016/j.physletb.2014.07.027
https://doi.org/10.1016/j.physletb.2014.07.027
https://doi.org/10.1007/s11467-023-1333-z
https://doi.org/10.1007/s11467-023-1333-z
https://doi.org/10.1140/epjc/s10052-018-6073-9
https://doi.org/10.1103/PhysRevLett.95.172001
https://arXiv.org/abs/2411.11533
https://doi.org/10.1103/PhysRevD.88.074506
https://doi.org/10.1103/PhysRevD.88.074506
https://doi.org/10.1103/PhysRevD.109.094509
https://doi.org/10.1016/j.physletb.2024.139188
https://doi.org/10.1016/j.physletb.2024.139188
https://doi.org/10.1016/j.nuclphysb.2022.115983
https://doi.org/10.1016/j.nuclphysb.2022.115983

	Toward a precision determination of the X(6200) parameters from data
	I. INTRODUCTION
	II. THE COUPLED-CHANNEL MODELS
	III. RESULTS AND DISCUSSION
	IV. DIELECTRON WIDTH OF X(6200) AND ITS DIRECT PRODUCTION IN e+e- ANNIHILATION
	V. LINE SHAPES IN COMPLIMENTARY CHANNELS
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


