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We consider how the recent CMS measurements of the masses and quantum numbers of Xð6600Þ,
Xð6900Þ and Xð7100Þ can help to reveal the internal structure of these apparent ccc̄c̄ tetraquarks. The
measured JPC ¼ 2þþ quantum numbers of Xð6600Þ are consistent with our previous prediction, and imply
the inevitable existence of a lighter 0þþ partner Xð6400Þ which also decays to J=ψJ=ψ . There are strong
indications for this scalar partner in the recent CMS data fits, which include a Breit-Wigner peak with mass
around 6400 MeV. We provide predictions for the masses and decay properties of the scalar and other
partner states, which are key experimental tests to discriminate between quark and diquark models.
Dedicated experimental scrutiny of this mass region is therefore required, to establish an S-wave multiplet
of ccc̄c̄ states (the first of its kind for tetraquarks), leading to a breakthrough in exotic hadron research and
our understanding of heavy quark exotics.
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I. INTRODUCTION

The experimental observations of all-charm tetraquarks
have opened new directions for exotic hadron spectroscopy,
partly because the dynamics of exclusively heavy quark
systems are relatively “cleaner” in comparison to systems
with light quarks. The experimental status, summarized in
Ref. [1], is that ccc̄c̄ states have been observed at three
different LHC experiments, initially at LHCb [2], then
ATLAS [3,4], and more recently CMS [5,6].
Particularly significant recent developments have come

from the CMS Collaboration. Amplitude analysis of the
three resonance structures Xð6600Þ, Xð6900Þ and Xð7100Þ
in the J=ψJ=ψ channel, based on Run 2 data, favors all
three states having the same JPC quantum numbers, with
2þþ preferred over other possibilities [7]. Additionally,
with an updated analysis of combined Run 2 and Run 3
data, CMS have given refined measurements of their
masses and decay widths and argued, on the basis of
Regge trajectories, that the higher mass resonances are
likely to be the radial excitations of the lower one [6].
Meanwhile, the ATLAS Collaboration has confirmed
Xð6900Þ decaying into J=ψψð2SÞ and extracted the ratio

of the partial decay widths between the J=ψψð2SÞ and
J=ψJ=ψ channels [4].
An intriguing feature, which may be crucial in devel-

oping a comprehensive theoretical understanding of these
states, is that all three experiments show indications of
another possible structure around 6400 MeV [2,3,5], and
notably this has become even more prominent in the recent
CMS analysis with 3.6 times more data [6]. The exper-
imental properties of this putative state are, however, not
yet established. At ATLAS [3], one of two possible fits to
experimental data includes a Breit-Wigner to describe this
enhancement, with mass m ¼ 6410� 80 MeV. The recent
CMS analysis [6] also includes a Breit-Wigner to describe
the enhancement around 6400MeV, although curiously it is
attributed to experimental background. We will argue
below, on the basis of the experiment data and phenom-
enological considerations, that the enhancement around
6400 MeV is most likely a (genuine) scalar state and
warrants closer experimental scrutiny.
Prior to these experimental developments, we explored

the phenomenology of ccc̄c̄ states in Refs. [8,9]. In the
current paper we will update and extend on this previous
work, taking account of the recent experimental develop-
ments at CMS. One of our key predictions was that
Xð6600Þ and its apparent partner state Xð6400Þ belong
to an S-wave multiplet of ccc̄c̄ tetraquarks, with 2þþ and
0þþ quantum numbers, respectively. Our prediction of 2þþ
assignment for Xð6600Þ has now been confirmed at CMS,
and we therefore urge further experimental study of the
6400 MeV enhancement, to establish whether it corre-
sponds to the Xð6400Þ state whose properties we predicted
in our previous work. Using the refined measurements of
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the Xð6600Þ mass [6], and mass relations we recently
derived in Ref. [10], below we give our predictions for the
masses of partner states, including (but not only) the scalar
Xð6400Þ. In addition we review and update our predictions
for the relative decay branching fractions into different final
states, and highlight how these can discriminate between
quark and diquark models.

II. MASS SPLITTINGS AND MULTIPLETS

Quark and diquark models predict a rich spectrum of
ccc̄c̄ states, organized into multiplets whose states have the
same radial and orbital quantum numbers n and L, but
different spin S or total angular momentum J. The
composition of these multiplets varies depending on the
assumed degrees of freedom: constituent quark models
have a richer spectrum than diquark models, due to addi-
tional color configurations and a larger number of internal
coordinates subject to radial or orbital excitation.
Models vary considerably in their predicted masses, as

summarized for example in Ref. [8]. But a feature common
to all models is that the splittings within a multiplet are
considerably smaller than the mass range spanned by the
established experimental states Xð6600Þ, Xð6900Þ and
Xð7100Þ. Consequently, there is no plausible scenario in
which all these states belong to a single multiplet.
In their analysis of the J=ψJ=ψ spectrum in the region of

Xð6600Þ, Xð6900Þ and Xð7100Þ, CMS find that incoherent
Breit-Wigner distributions cannot adequately fit the data,
whereas allowing for interference yields a much-improved
fit. On this basis they conclude that the three states have
the same JPC quantum numbers [5,6], and with this
assumption, their analysis of angular distributions strongly
prefers 2þþ over other possibilities [7]. The states could
have different n and/or L quantum numbers, and the
particular scenario advocated by CMS is that all three
are n5S2 states, with radial quantum numbers n ¼ 1, 2, 3 or
n ¼ 2, 3, 4.
Another possibility, which deserves a little more atten-

tion and careful consideration in the experimental analysis,
is that the states could have a different J quantum number.
A particularly interesting possibility is that one or more of
the states (including the possible structure around
6400 MeV) could be 0þþ; in all models, radial excitations
n5S2 (as advocated by CMS) are accompanied by n1S0
partners. These 0þþ states can also decay into J=ψJ=ψ ,
albeit with a relatively smaller decay rate in comparison to a
2þþ state [8,11,12] (we discuss this further below). Hence,
relaxing the assumption of interfering states and allowing
different J values in the fits would be insightful for
spectroscopy and understanding their quark structure.

III. TENSOR STATE Xð6600Þ
In our previous work [8,9] we concentrated on Xð6600Þ,

and its possible partner state “Xð6400Þ,” for which there

was some evidence at ATLAS. On the basis of their masses
and relative prominence in J=ψJ=ψ decays, we argued that
these are 15S2 and 11S0 states, respectively, leading to
predictions 2þþ and 0þþ for their quantum numbers. Our
2þþ prediction for Xð6600Þ has now been confirmed by
CMS [7], in the analysis described above. As for Xð6400Þ,
our 0þþ prediction remains to be tested experimentally,
since this state was not studied explicitly in the CMS
analysis; we comment further on this point below.
The rationale for assigning Xð6400Þ and Xð6600Þ to a 1S

multiplet is partly because their masses are consistent with
a naive estimate derived from the Ξþþ

cc mass 3621.40�
0.78 MeV [13], and broadly in agreement with the pre-
dictions of a range of quark and diquark models; see for
example Refs. [14–20], a recent lattice QCD result [21] and
our summary of predictions in [8].
Within the 1S multiplet, the specific assignment of 0þþ

and 2þþ quantum numbers to Xð6400Þ and Xð6600Þ,
respectively, is due to the mass ordering and splitting
[8,10]. In diquark models there are three states in the 1 S
multiplet, with quantum numbers 0þþ, 1þ− and 2þþ, in
increasing order of mass. Only those with C ¼ þ1 can
decay to J=ψJ=ψ so, on the basis of the mass ordering,
we assigned 0þþ and 2þþ quantum numbers to Xð6400Þ
and Xð6600Þ. In quark models an additional 0þþ0

state is
predicted, higher in mass than the others. In this case there
are three states which could decay into J=ψJ=ψ , so the
assignment of 0þþ and 2þþ quantum numbers to Xð6400Þ
and Xð6600Þ is not automatic, but is based on the mass
splittings: quark models predict ∼150� 15 MeV separa-
tion between the ground state 0þþ and the 2þþ [8],
comparable to the spacing between the CMS peaks [6];
the splitting between 2þþ and the higher-lying 0þþ0 is
predicted to be considerably smaller.
As well as spectroscopy, our quantum number assign-

ment is also supported by decays. We previously found that
in both quark and diquark models the decay 2þþ →
J=ψJ=ψ is enhanced in comparison to 0þþ → J=ψJ=ψ
[8,9], a result also found in other approaches [11,12,22–
25]. This is consistent with the 2þþ assignment for
Xð6600Þ, noting the prominence of the corresponding peak
in J=ψJ=ψ data. Related to this, a recent analysis of
J=ψJ=ψ scattering in lattice QCD also prefers 2þþ quan-
tum numbers for Xð6600Þ [21,26].
As mentioned above, CMS has proposed that Xð6600Þ,

Xð6900Þ and Xð7100Þ are n5S2 states, with radial quantum
numbers n ¼ 1, 2, 3 or n ¼ 2, 3, 4, respectively [6]. Our
15S2 assignment for Xð6600Þ agrees with the first of these
scenarios. We did not consider the higher states Xð6900Þ
and Xð7100Þ in our previous work, because of the difficulty
in establishing model-independent results in multiplets of
radial excitations. (Note that the ATLAS did not observe
Xð7100Þ in the J=ψψð2SÞ channel [4] where CMS has
claimed its evidence [6,27].) It is worth emphasizing that
classifying radial excitations with a single quantum
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number, as proposed by CMS, is only legitimate where
there is a single radial coordinate, namely in the diquark
model (see for example Refs. [17,20,28]). The situation is
more complicated in quark models, for which tetraquarks
have three internal coordinates, meaning the spectrum of
excited states is richer (and denser) than that of the ground
state multiplet, presenting a challenge both for theory and
experiment; see Refs. [14,29,30] for examples of quark
model spectra with excited states. For this reason in Ref. [8]
we did not generalize our results for the ground state
multiplet (in the quark model) to higher-lying multiplets.

IV. PREDICTED SCALAR STATE Xð6400Þ
Although the CMS analyses [5–7] do not extract the

properties of the Xð6400Þ structure observed at ATLAS [3],
there is apparent structure around this mass in the CMS
data, which has become more prominent in the new
combined Runs 2 plus 3 data [6] (the only analysis of
all-charm resonances with combined data). The enhance-
ment is sufficiently prominent that in order to describe data
in this mass region, the CMS fits include a Breit-Wigner
amplitude (referred to as BW0) characterized by a mass
around 6400 MeV. Curiously, however, despite having
similar prominence and a comparable width to the ampli-
tudes describing Xð6600Þ, Xð6900Þ and Xð7100Þ, this
feature is attributed to experimental background, rather
than a genuine state. It is striking to notice that the resulting
background is unusually sharply peaked.
For the sake of argument, let us assume that the Breit-

Wigner around 6400 MeV describes a ccc̄c̄ state, Xð6400Þ.
Although we have no direct experimental information on its
quantum numbers, we can still infer something useful from
the CMS analysis. As mentioned above, a good description
of the invariant mass distributions requires interference
between the amplitudes for Xð6600Þ, Xð6900Þ and
Xð7100Þ, indicating these three states have the same
quantum numbers, with 2þþ strongly preferred. In these
fits, the Breit-Wigner describing Xð6400Þ is added inco-
herently, indicating that the data do not require interference
with the other states. On this basis we can infer that the
quantum numbers of Xð6400Þ are likely to be distinct from
those of the other states, which is consistent with our
prediction of 0þþ for this state.
In any case, a generic feature of quark and diquark

models is that a 2þþ state should be accompanied by a 0þþ
partner, with lower mass. Since CMS has confirmed the
2þþ quantum numbers for Xð6600Þ, it is very natural to
expect a 0þþ partner nearby, and in this context the
apparent structure around 6400 MeV is tantalizing and
warrants closer scrutiny. This peaking structure emerges
exactly at the location where the 0þþ state is expected from
the quark models and QCD sum rules [14–16,18,19,31–34],
approximately ∼150� 15 MeV below the tensor state [8].
As mentioned above, the decay 0þþ → J=ψJ=ψ is expected
to be suppressed relative to 2þþ → J=ψJ=ψ , which is

qualitatively consistent with the CMS data, where the
peak associated with Xð6400Þ is less prominent compared
to Xð6600Þ.
As in our previous work [8,9], we suggest further

experimental study of the enhancement around Xð6400Þ.
Measurements of its mass and width can be confronted with
those obtained at ATLAS [3], and compared to theoretical
predictions including those in our previous work [8],
updated below. It would be particularly insightful to
include the Breit-Wigner associated with the structure
around 6400 MeV in an angular analysis together
with Xð6600Þ, Xð6900Þ and Xð7100Þ, and relaxing the
assumption of the same quantum numbers for all these
states, to determine their quantum numbers. In particular it
would be useful to include the lowest peak (referred to as
BW0 in the CMS analyses) incoherently with the higher
three coherent BWs and extract the parameters of BW0
to confront with ATLAS and theoretical predictions.
Experimental observation of several states in the S-wave
multiplet would be very insightful to constrain theoretical
models, in particular to discriminate between competing
theoretical models, as discussed later.
There may also be hints in the data of multiple, narrower

peaks around 6400 MeV, an intriguing possibility which
could be resolved in future analyses with higher statistics.
This is reminiscent of other examples in exotic hadron
spectroscopy, where high resolution studies of nearby peaks
reveals two resonances (possibly with different quantum
numbers), for example the hidden-charm pentaquarks
[35–41], and the so-called Y states with JPC ¼ 1−− [42–44].

V. PARTNER STATES

As well as the 0þþ partner discussed in the previous
section, the 2þþ state Xð6600Þ should be accompanied by
an axial state 1þ−, and possibly also a heavier scalar state
0þþ0, depending on the model ansatz. Here we give
predictions for the masses of these partners.
In Ref. [10], we derived mass formulas, in quark and

diquark models, for S-wave tetraquarks having either one
or two quark flavors. Specializing to ccc̄c̄ tetraquarks [8],
the formulas are expressed in terms of the multiplet center-
of-mass M̄ (which is either fit to data or derived from a
model) and the quark-quark and quark-antiquark couplings
Ccc and Ccc̄ (fit to the spectra of baryons and mesons). The
formulas can also be conveniently expressed in terms of the
ratio of couplings R ¼ Ccc̄=Ccc, with the symmetry limit
R ¼ 1 often assumed in quark model calculations [10].
In both quark and diquark models, the masses of the

axial ð1þ−Þ and tensor (2þþ) are

M1 ¼ M þ 16

3
Cccð1 − RÞ; ð1Þ

M2 ¼ M þ 16

3
Cccð1þ RÞ: ð2Þ
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In diquark models, a single scalar ð0þþÞ state with mass

M0 ¼ M þ 16

3
Cccð1 − 2RÞ ð3Þ

exists, whereas in quark models there are two scalars (0þþ

and 0þþ0) with masses

M0 ¼ M þ 4

3
Cccð5 − 4R − ΔÞ; ð4Þ

M0
0 ¼ M þ 4

3
Cccð5 − 4Rþ ΔÞ; ð5Þ

where Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
232R2 þ 8Rþ 1

p
.

In order to update our previous predictions for tetraquark
masses, we fix M2 to the Xð6600Þ mass measured at CMS
[6], and compute the masses of axial vector and scalar states
in the quark and diquark models. Working first in the
symmetry limit R ¼ 1 (i.e., Ccc ¼ Ccc̄), we adopt
Ccc ¼ 5.0� 0.5 MeV, on the basis of various quark model

extractions [19,45,46]. The masses obtained in this way are
summarized in Table I.
The predicted spectra can be confronted with future

experimental data as a test of theoretical models. In
particular for the light scalar (0þþ) there is a significant
difference (around 70 MeV) between the predictions of
diquark and quark models (around the symmetry limit).
Measuring the scalar mass would therefore help to resolve
the internal structure of ccc̄c̄ systems, discriminating
between quarks and diquarks as the relevant degrees of
freedom. Similarly the discovery of an additional, heavier
scalar (0þþ0) would indicate quark (rather than diquark)
degrees of freedom. The mass of the axial (1þ−) is the same
in both models, and is a direct test of model parameters.
To establish the R-dependence of our predictions, we fix

Ccc ¼ 5.0� 0.5 MeV but allow Ccc̄ (hence R) to vary. The
results are shown in Fig 1. Having the 2þþ mass fixed,
the partner masses have mild R dependence, and notably
the predictions for the scalar massM0 in quark and diquark
models are well separated away from the R → 0 limit.
Figure 1 also reveals other interesting features which result
from the mass formulas above [8,10]. The ordering of
masses is necessarily M0 < M1 < M2 in diquark models,
and M0 < M1 < M2 < M0

0 in quark models. (Note how-
ever that quark models with different assumptions from
those of our previous work can yield different mass
orderings, as mentioned in Ref. [8].)
Another interesting feature to note from Fig. 1 is that in

the R → 0 limit, the masses M0, M1 and M2 become
degenerate, which is a known feature of the diquark model
[28,47]. Notice also that the quark and diquark model
predictions for the scalar M0, which are distinct for R ≠ 0,
converge as R → 0; this is physically reasonable, since the
concept of effective diquark degrees of freedom makes

TABLE I. Predicted masses of S-wave ccc̄ c̄ states in the quark
and diquark models using our formalism [8,10], having fixed the
tensor (2þþ) mass to the CMS value [6] (uncertainties are
statistical), with Ccc ¼ 5.0� 0.5 MeV and R ¼ 1. The ✗ in-
dicates that the state does not exist in the diquark model.

JPC Quark model (MeV) Diquark model (MeV)

0þþ 6443� 19 6513� 16
1þ− 6540� 16 6540� 16

2þþ (Input [6]) 6593� 15 6593� 15

0þþ0 6650� 19 ✗

FIG. 1. Mass predictions of S-wave ccc̄ c̄ states in the quark and diquark models as a function of R, with Ccc ¼ 5.0� 0.5 MeV.
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sense if cc̄ interactions are negligible in comparison to cc
and c̄c̄ interactions [10]. However the heavier scalar M0

0 in
the quark model remains somewhat higher than the other
three masses even as R → 0.
It is interesting to consider how the mass predictions

in different models relate to our proposal, discussed
above, that the enhancement in the J=ψJ=ψ data around
6400 MeV corresponds to the scalar 0þþ. Although both
ATLAS and CMS include a Breit-Wigner in their fits to
describe this structure, only ATLAS quotes the correspond-
ing mass (6410� 80 MeV) [3]. With reference to Fig. 1,
for “natural” values of R near the symmetry limit (i.e.
R ¼ 1), the ATLAS measurement is consistent with the
quark model, but not the diquark model. While clearly
this supports the quark model description, a more
precise experimental measurement would strengthen this
conclusion.
Of course this analysis assumes that the couplings in

tetraquark systems can be fixed by comparison to the
corresponding couplings in mesons and baryons, which
may not be valid. An alternative approach is to treat the
couplings Ccc and Ccc̄ (or Ccc and R ¼ Ccc̄=Ccc) as free
parameters, which can be fit to reproduce experimental
tetraquark mass splittings. A convenient implementation of
this approach is to examine linear relations among the
masses of tetraquarks, derived from linear combinations of
the mass formulas above in which Ccc (and M) drop out
[8,10]. If the masses of any two states in the multiplet are
measured in experiment, using these relations we can
predict the masses of the other state (in diquark models),
or the other two states (in quark models). With M2 already
known from CMS, how this plays out depends on which of
the remaining states is identified next in the experiment.
We argued above that there may already be indications in

experiment for the light scalar 0þþ. Once its mass M0 is
measured, then together withM2 we can predict the mass of
the axial in the diquark model,

M1 ¼
1

3
ð2M0 þM2Þ; ð6Þ

and the masses of both the axial and the heavier scalar in
the quark model,

M1 ¼
1

8Rþ Δ − 1

�
8RM0 þ ðΔ − 1ÞM2

�
; ð7Þ

M0
0 ¼

1

8Rþ Δ − 1

�
ð8R − Δ − 1ÞM0 þ 2ΔM2

�
: ð8Þ

The diquark model prediction is independent of model
parameters, while the quark model prediction depends only
very weakly on R in a reasonable range [8]. The relations
give a useful experimental test of models, since in this
approach the predicted mass of the axial is very different
for quark and diquark models; see for example Fig. 2 of

Ref. [8]. (Note the distinction with the approach outlined
above, where we found that with the same couplings, the
models yield the same prediction for M1; here instead we
are fixing the massesM0 andM2, which effectively implies
different couplings in the two models, hence distinct
predictions for M1.)
Another possibility is that, following M2, the next mass

to be discovered is that of the axial M1. (We discuss the
experimental prospects in the next section.) In this case the
relations can be used to predict the masses of the scalar
states. In diquark models there is one scalar, with mass

M0 ¼
1

2
ð3M1 −M2Þ; ð9Þ

whereas in quark models there are two scalars, with masses

M0 ¼
1

8R

�
ð8Rþ Δ − 1ÞM1 − ðΔ − 1ÞM2

�
; ð10Þ

M0
0 ¼

1

8R

�
ð8R − Δ − 1ÞM1 þ ðΔþ 1ÞM2

�
: ð11Þ

These mass relations have almost no model dependence, as
tested for the several different variants of quark and diquark
models [10]. The scalar 0þþ state is well separated in both
models.
Finally, note that for the diquark model, the mass

relations above apply not only to the ground state 1S
multiplet, but also the higher multiplets (radial excitations)
such as 2S and 3S; hence they may be applied in the future
as tests of the CMS assignment that Xð6600Þ, Xð6900Þ and
Xð7100Þ are n5S2 states, with n ¼ 1, 2, 3 or n ¼ 2, 3, 4.
The situation is not so simple in quark models for which, as
mentioned above, there is a richer spectrum of states in
radially excited multiplets due to additional internal
coordinates.

VI. DECAYS

As well as the masses, the decay patterns also provide a
direct and crucial test of the substructure of these states. In
our previous paper [8], we derived relations among partial
decay widths for the S-wave decays of ccc̄c̄ tetraquarks
into charmonium pairs, specifically J=ψJ=ψf2þþ; 0þþð0Þg,
ηcηcf0þþð0Þg and J=ψηcf1þ−g. These assume the same
spatial wave functions for the tetraquarks (and, where
applicable, the same spatial wave functions for J=ψ and
ηc), such that the relative amplitudes are determined by the
overlap of spin and color wave functions of the initial and
final states. The dependence on hadron masses (via phase
space factors) is insignificant, so in this paper we quote
predictions using the masses assigned in our previous
paper; these predictions can be updated once the masses
of additional partner states are known. For the quark model
the results depend on the mixing angle, for which we adopt
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the value (θ ¼ 35.6°) derived assuming R ¼ 1; sensitivity
to the mixing angle is discussed in Ref. [8].
As discussed, the quantum number assignment n5S2 to

the states at CMS implies spin-singlet partner states n1S0
somewhat lower in mass, and these are likewise expected
to decay into J=ψJ=ψ . However we find the decay
0þþ → J=ψJ=ψ is suppressed relative to the observed
2þþ → J=ψJ=ψ mode, which may explain the apparent
suppression of the scalar partner states in the J=ψJ=ψ data.
For the ground state multiplet we predict the ratio Γð0þþ →
J=ψJ=ψÞ=Γð2þþ → J=ψJ=ψÞ is 0.19 in the diquark model
(1=5 before phase space factors), versus 0.073 in the quark
model. The suppression of the scalar decay in comparison
to the tensor is also found in QCD sum rules [12,23] and
non-relativistic QCD [24,25,48], as well as other quark
model calculations which, additionally, identify some other
intriguing features distinguishing the scalar and tensor
modes [49].
Models agree that although the light scalar is suppressed

in J=ψJ=ψ , it decays prominently in ηcηc [8,11,12]. We
find the ratio of partial widths Γð0þþ → ηcηcÞ=Γð0þþ →
J=ψJ=ψÞ is 4.3 in the diquark model, versus 19 in the
quark model [8]. The ηcηc channel is a particularly “clean”
channel for the discovery of 0þþ since for other states this
mode is suppressed: for 2þþ the decay is D-wave (sup-
pressed), and for the heavier scalar 0þþ0 (in the quark
model) the decay is suppressed by spin and color overlaps.
These results offer another solid test that the enhancement
around 6400 is the light scalar 0þþ; the prediction that it
decays more prominently into ηcηc than J=ψJ=ψ applies to
both diquark and quark models, although the enhancement
of ηcηc is significantly stronger in the latter case.
Finally we remark that the axial-vector 1þ− is expected

to leave prominent signatures in the ηcJ=ψ final state.
Comparing to the observed decay for Xð6600Þ we find
Γð1þ− → ηcJ=ψÞ=Γð2þþ → J=ψJ=ψÞ ¼ 1.08 in both
quark and diquark models. An initial search by Belle
found evidence for eþe− → ηcJ=ψ near the threshold

[50], and we urge further study in this channel with more
data particularly because, as discussed above, the mass of
the 1þ− is a useful test of models.

VII. CONCLUSIONS

Recent results from CMS [5,6] are consistent with the
scenario we proposed in our previous work [8], in which
Xð6600Þ and a partner state Xð6400Þ belong to an S-wave
multiplet of ccc̄c̄ tetraquarks. The CMS analysis confirms
our prediction of 2þþ quantum numbers for Xð6600Þ,
which also applies in lattice QCD and other theoretical
approaches. The CMS data also show evidence for a Breit-
Wigner structure around 6400 MeV, with different quantum
numbers from other states; we suggest this is the 0þþ

partner Xð6400Þ. Our predictions for the masses and decays
of the scalar and other partner states can be confronted with
future experimental data, as a test of theoretical models,
in particular to discriminate between quark and effective
diquark degrees of freedom.
Our prediction of a scalar state around 6400 MeV stands

as the key conclusion of this paper. Establishing an S-wave
multiplet of ccc̄c̄ states, either by reanalyzing the J=ψJ=ψ
data or searching 0þþ in the ηcηc channel, would be a
breakthrough in exotic hadron spectroscopy research and
our understanding of heavy quark exotics.
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