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We generalize our recent analysis of hidden-strangeness tetraquarks within the dynamical diquark model
from its adiabatic form (in which each state is described solely by a diquark-antidiquark potential) to its
diabatic form (which incorporates effects of dihadron thresholds upon the states). We tabulate all relevant
thresholds and compute the dihadron content of each predicted state. Our results produce no particular
hidden-strange tetraquark candidate whose structure is dominated by dihadron structure, in contrast to the
charm sector, where many exotic states are strongly associated with such thresholds: The hidden-strange
states tend to remain compact and less influenced by dihadron thresholds. Multiple states above 2 GeV with
peculiar decay properties, including ϕð2170Þ, f2ð2340Þ, and ηð2370Þ, continue to serve as excellent
hidden-strange tetraquark candidates.
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I. INTRODUCTION

In the past two decades, the spectrum of known hadrons
has expanded beyond conventional qq̄ mesons and qqq
baryons through the observation of numerous exotic
hadrons. These novel states include tetraquark and penta-
quark candidates in the heavy-quark sector, and have been
reported by multiple experimental collaborations. To note a
few specific milestones, Belle discovered Xð3872Þ [now
χc1ð3872Þ] in B-meson decays [1], BESIII observed the
charged Zcð3900Þ [now Tcc̄1ð3900Þ] in eþe− collisions [2],
and LHCb identified hidden-charm pentaquarks such as
Pcð4457Þþ in Λb decays [3].
Theoretical interpretations for the structure of these had-

rons include compact multiquark states, hadronic mole-
cules, hadroquarkonium, hybrids, and kinematic effects
such as those arising from triangle singularities [4]. The
paradigm to be used in this work, the dynamical di-
quark model [5,6] describes exotic hadrons as diquark-
antidiquark systems bound by Born-Oppenheimer (BO)
potentials, and provides a natural accounting of the
spectroscopy and decay patterns of multiquark exotic
hadrons.
A central element of the model is its analogy with the BO

treatment of heavy-quark hybrids in lattice quantum
chromodynamics (QCD). But rather than a heavy-quark

pair QQ̄, the heavy diquark δ and antidiquark δ̄ pair now
serve as static color sources, while the lighter, more rapidly
changing gluonic field connecting them generates effective
adiabatic potentials in which the δδ̄ pair interact. These BO
potentials, which may be computed on the lattice, then
govern the dynamics of the heavy δδ̄ pair. The separation of
scales between the heavy diquarks and the fast light fields
(mδ ≫ ΛQCD) provides a natural dynamical foundation for
the spectroscopic study of exotics.
The model was first applied to hidden-charm exotics in

Ref. [7], successfully reproducing the observed χc1ð3872Þ
and Tcc̄1 spectrum and predicting additional states.
Refinements incorporating spin-dependent interactions
and finite-size effects [8] explained fine-structure splittings
and the peculiar nature of χc1ð3872Þ. The model was sub-
sequently extended to P-wave excitations [9], hidden-
bottom and hidden-charm/strange systems [10], all-charm
tetraquarks [11], open-strangeness candidates [12], and the
open-heavy-flavor state Tcc [13]. Beyond tetraquarks, the
same framework has been generalized (by introducing
color-triplet triquarks) to pentaquarks [14] and their
fine-structure spectrum [15], consistently demonstrating
that the interplay of color-triplet diquark/triquark dynamics
and light gluonic fields allows the model to capture
essential features of the exotic-hadron spectrum.
The expansion of this framework to include the close

association of multiple exotic candidates with specific
dihadron thresholds (such as χc1ð3872Þ with D0-D̄�0,
which differ in mass by only a fraction of an MeV [16])
mandates the generalization of the original dynamical
diquark model—which may be described as adiabatic
because it makes use of only single BO potentials—to
the diabatic formalism, which provides a systematic,
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rigorous treatment of threshold dynamics and channel
mixing. This approach generalizes the BO approximation
to describe heavy-quark systems that lie near open-
heavy-flavor thresholds, accounting nonperturbatively for
the mixing of such states with dimeson components.
Originally developed in atomic physics in a specific form
derived in Ref. [17], the method was first introduced in
hadronic physics to study heavy quarkonium, thus allowing
a complete description of near-threshold charmoniumlike
[18,19] and bottomoniumlike [20] states, as well as their
scattering behavior [21]. More recently, the diabatic for-
malism has been applied to the dynamical diquark model,
where it allows for an explicit treatment of coupled-channel
effects and strong mixing between δδ̄ and dimeson com-
ponents [22–24].
While the applications described above refer to heavy-

quark systems (cc̄, bb̄, cc) for which the heavy-light scale
separations are clear, it is natural to investigate the
relevance of the approach for the much more marginal
case of exotic hadrons containing hidden strangeness (ss̄),
where the scale-separation parameter ΛQCD=ms cannot be
considered especially small. In Ref. [25], we applied the
dynamical diquark model to hidden-strange tetraquarks.
There, we identified P-wave ss̄qq̄ states with JPC ¼ 1−−,
0−þ, etc., near 2.3 GeV, S-wave ss̄ss̄ states with
JPC ¼ 0þþ, 1þ−, 2þþ near 2.2 GeV, and P-wave ss̄ss̄
states near 2.7 GeV. Since many of these masses lie in
the vicinity of dimeson and baryon-antibaryon thresholds,
it is natural to further investigate their properties within
the diabatic formalism, especially to uncover whether
any known states in this region appear to be heavily
influenced by nearby thresholds: Are there ss̄ analogs
to, e.g., χc1ð3872Þ-D0D̄�0?
In fact, experimental evidence for unconventional iso-

scalar resonances in the 1.8–2.6 GeV region already exists
and continues to accumulate. Within this mass interval,
several well-established 0þþ and 2þþ states are reported by
the Particle Data Group (PDG) [16], including f0ð1810Þ,
f0ð2020Þ, f0ð2100Þ, f0ð2200Þ, f2ð2010Þ, f2ð2150Þ,
f2ð2300Þ, and f2ð2340Þ [16]—likely more than simple
qq̄ models can accommodate. Among these resonances,
f0ð2020Þ and f2ð2340Þ states exhibit the largest decay
widths, Γ ¼ 440� 50 MeV and 331þ27

−18 MeV, respectively
[16]. They have been prominently observed in radiative
J=ψ decays such as J=ψ → γη0η0, where partial-wave
analyses by the BESIII Collaboration have established
clear scalar and tensor contributions [26]. f0ð2100Þ,
f2ð2010Þ, f2ð2300Þ, and f2ð2340Þ were also observed
by BESIII in the channel J=ψ → γϕϕ [27]. In addition, the
PDG lists two isoscalar 0−þ [ηð2225Þ, confirmed by BESIII
to appear in J=ψ → γϕϕ [27], and ηð2370Þ (modes dis-
cussed below)] and two 1−− [ϕð2170Þ and ωð2200Þ]
resonances.

The resonance ϕð2170Þ [formerly Yð2175Þ] has been
reported by three independent experiments. It was first
observed by the BABAR Collaboration in the process
eþe− → ϕf0ð980Þ [28], and was later confirmed by the
BES [29] and Belle [30] collaborations. Its mass and decay
width are summarized in the PDG as 2164� 5 MeV and
88þ26

−21 MeV, respectively. Its nature has been discussed in a
variety of theoretical frameworks. One possibility is that it
represents a hidden-strangeness tetraquark of the type ss̄qq̄
[31], or even a fully strange sss̄ s̄ state [32]. It has also been
proposed as a ΛΛ̄ baryonium bound state [33]. In alter-
native scenarios based on hadronic molecules, ϕð2170Þ
may be dynamically generated as a ϕKK̄ system, where the
KK̄ pair arises from a f0ð980Þ resonance [34]. Another
recent proposal [35] identifies the peak as arising from a
triangle singularity mechanism: In eþe− → ϕπþπ−, the
intermediate process K1K̄ with K1 → ϕK, followed by
KK̄ → πþπ−, develops a kinematical singularity that
mimics a resonance structure around 2.17 GeV.
In the light-hadron sector, BESIII has revealed a series of

unconventional resonances in radiative and hadronic J=ψ
and ψð3686Þ decays. One of the first such states was
Xð1835Þ [36], confirmed in J=ψ → γπþπ−η0 with m ¼
1831.8þ4.0

−2.6 MeV and Γ ¼ 120� 70 MeV [37]. More
recently, BESIII has expanded this spectrum: The afore-
mentioned ηð2370Þ has been observed in J=ψ → γπþπ−η0

[38], γKþK−η0, and γK0
sK̄0

sη
0 [39], and has JPC ¼ 0−þ,

m ¼ 2377� 9 MeV, and Γ ¼ 148þ80
−28 MeV. It has been

discussed as a potential glueball candidate, although lattice
simulations predict the lightest 0−þ glueball state to occur
near 2.6 GeV [40–42]. A state Xð2500Þ, observed in
J=ψ → γϕϕ with JPC ¼ 0−þ, has m ¼ 2470þ15

−19 MeV and
Γ ¼ 230þ64

−35 MeV [27]; Xð2600Þ, seen in J=ψ → γπþπ−η0,
was measured to have m ¼ 2618� 2 MeV and Γ ¼
200� 8 MeV, and JPC ¼ 0−þ; 2−þ are favored [43]; and
most recently, Xð2300Þ was reported in ψð3686Þ → ϕηη0

with JPC ¼ 1þ−, m ¼ 2316� 31 MeV, and Γ ¼
89� 30 MeV [44]. Together, these results reveal a remark-
ably rich spectrum of potential hidden-strangeness reso-
nances in the region 1.8–2.6 GeV (see Fig. 1 at the
beginning of Sec. V), providing an important testing
ground for nonperturbative QCD dynamics.
The structure of this paper is as follows. In Sec. II, we

enumerate the relevant tetraquark states within the dynami-
cal diquark model. Section III presents the list of ss̄-
containing dihadron thresholds in the range 1.8–2.6 GeV
and their corresponding quantum numbers. In Sec. IV, we
review the diabatic formalism and construct the potential
matrix for the hidden-strangeness sector. Section V
presents our numerical results, analyzes the dominant
dihadron components, and compares with experimental
candidates. Finally, Sec. VI summarizes our conclusions
and outlines directions for future study.
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II. TETRAQUARK STATES WITHIN THE
DYNAMICAL DIQUARK MODEL

In light of the quantum numbers of the candidates we
have discussed in the Introduction, our focus is on tetra-
quark states with quantum numbers JPC ¼ 0þþ, 1þ�, 2þþ,
0−þ, and 1−−. In this section, we briefly identify their origin
within the dynamical diquark model. We consider two
types of diquarks (and their antiparticles): mixed-flavor
δ ¼ sq (where q ¼ u, d) and fully strange δ ¼ ss. Both are
assumed to transform under the antisymmetric color-3̄
representation (being the unique attractive combination
at small separations), and therefore the spin-space-flavor
wave function of each diquark is completely symmetric.
The constituent quarks in each of δ; δ̄ are assumed to be in
an S-wave, and so the structure of each tetraquark is
determined by the spin coupling within each of δ and δ̄,
the total spin of the δδ̄ pair, and the orbital angular
momentum L between δ and δ̄.
For δ ¼ sq, the spectrum to be considered here includes

both S-wave (L ¼ 0) and P-wave (L ¼ 1) states, although,
of course, arbitrary orbital excitations are possible [6].
Labeling states by the total diquark spins sδ, sδ̄ and total
quark spin S as jsδ; sδ̄iS, then in the S-wave sector where
J ¼ S, one obtains two scalar configurations with
JPC ¼ 0þþ, namely,

X0 ¼ j0δ; 0δ̄i0; X0
0 ¼ j1δ; 1δ̄i0; ð1Þ

one axial vector with JPC ¼ 1þþ, two with JPC ¼ 1þ−,

JPC ¼ 1þþ∶ X1 ¼
1ffiffiffi
2

p ðj1δ; 0δ̄i1 þ j0δ; 1δ̄i1Þ;

JPC ¼ 1þ−∶ Z ¼ 1ffiffiffi
2

p ðj1δ; 0δ̄i1 − j0δ; 1δ̄i1Þ;

Z0 ¼ j1δ; 1δ̄i1; ð2Þ

and a tensor state JPC ¼ 2þþ,

X2 ¼ j1δ; 1δ̄i2: ð3Þ

for a total of 6 states. If both I ¼ 0 and 1 are counted, then
the total becomes 12, although we are only interested in
isoscalar states in this work. Note that all such states have
positive parity because they contain equal numbers of
quarks and antiquarks.
In the P-wave ss̄qq̄ sector (again assuming the compo-

nents quarks in each of δ; δ̄ to be in an S-wave), the coup-
ling of δ; δ̄ spins to relative orbital angular momentum
L¼ 1 produces only negative-parity states. For JPC ¼ 0−þ,
one obtains the states

Y0 ¼
1ffiffiffi
2

p ðj0δ;1δ̄iL¼1
1 − j1δ;0δ̄iL¼1

1 Þ; Y 0
0 ¼ j1δ;1δ̄iL¼1

1 ;

ð4Þ

FIG. 1. Spectrum of ss̄ss̄ and ss̄qq̄ states of given quantum numbers within the dynamical diquark model, expressed such that the
differing dihadron threshold effects for each state (but not yet including fine-structure effects in the underlying states) produce a spread
for each multiplet indicated by a shaded band. These results are compared to the measured values of the isoscalar, light-unflavored
meson resonances (masses and decay widths) tabulated by the PDG and by BESIII.
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while the vector channel with JPC ¼ 1−− contains a richer
set of possibilities, namely,

Z1 ¼ j0δ;0δ̄iL¼1
0 ; Z0

1 ¼
1ffiffiffi
2

p ðj0δ;1δ̄iL¼1
1 þ j1δ;0δ̄iL¼1

1 Þ;

Z00
1 ¼ j1δ;1δ̄iL¼1

0 ; Z000
1 ¼ j1δ;1δ̄iL¼1

2 : ð5Þ

The L ¼ 1 ss̄qq̄ multiplet also contains states such as
JPC ¼ 0−−, 2−þ, etc. (for a total of 14 states [6]), which we
do not consider here.
The multiplets simplify considerably for δ ¼ ss. Here,

the Pauli principle forbids sδ ¼ 0, so that only sδ ¼ 1
configurations are admissible. As a result, the number of
independent states is reduced compared to the δ ¼ sq case.
In the S-wave, the scalar and axial-vector channels are each
restricted to a single state,

X0
0 ¼ j1δ; 1δ̄i0; JPC ¼ 0þþ;

Z0 ¼ j1δ; 1δ̄i1; JPC ¼ 1þ−; ð6Þ

and the tensor channel remains,

X2 ¼ j1δ; 1δ̄i2; JPC ¼ 2þþ: ð7Þ

For the P-wave excitations, the pseudoscalar channel
reduces from two to one configuration,

Y 0
0 ¼ j1δ; 1δ̄iL¼1

1 ; JPC ¼ 0−þ; ð8Þ

while the vector channel contains only two remaining
states,

Z00
1 ¼ j1δ; 1δ̄iL¼1

0 ; Z000
1 ¼ j1δ; 1δ̄iL¼1

2 ; JPC ¼ 1−−:

ð9Þ

The multiplet is completed by including states with
JPC ¼ 1−þ; 2−−, 2−þ, and 3−−, for a total of 7 [11].
In summary, the restriction imposed by Fermi statistics

reduces the multiplicity of states for the δ ¼ ss sector
compared to the δ ¼ sq sector: the 0þþ, 0−þ, and 1þ−

channels each decrease from 2 to 1 independent states, and
the 1−− channel decreases from 4 to 2. This systematic
reduction reflects the fundamental role of Fermi statistics in
shaping the exotic spectrum.

III. HADRONIC THRESHOLDS

In this section, we tabulate the thresholds relevant for
hidden-strange tetraquarks by identifying mesons (isoscalar
and open-strange) and strange baryons that have well-
defined quantum numbers in pairs. We limit the list to
hadrons that contain, or potentially can contain, valence s
and/or s̄ quarks (thus removing isovector meson pairs from
consideration), and thereby in dihadron pairs can contribute

to ss̄qq̄ or ss̄ss̄ states. We furthermore limit the list to
include only those hadrons with Γ≲ 100 MeV, since
identifying a dihadron component within a tetraquark
requires each constituent to be at least as stable as the
overall state to which it contributes. A tetraquark with two
Γ ¼ 100 MeV constituents that can decay independently
would thus have Γ≳ 200 MeV and might be difficult to
discern in the data. Additionally, the precise threshold for
such broad constituent states becomes a rather ill-defined
concept.
Each hadron is specified by its total spin J, parity P,

charge-conjugation parity C (if applicable), and internal
orbital angular momentum L. For neutral qq̄ mesons, these
quantum numbers satisfy the relations

P ¼ ð−1ÞLþ1; C ¼ ð−1ÞLþS: ð10Þ

Here, S is the total spin of the qq̄ pair, and L is their relative
orbital angular momentum, which also give rise to the usual
spectroscopic notation n2Sþ1LJ.
The list of these mesons, including JPC quantum

numbers, masses, decay widths, and n2Sþ1LJ values
inferred by the PDG [16], is presented in Table I. As noted
above, we restrict component hadrons to relatively narrow
states in order to ensure that they produce well-defined
thresholds in the coupled-channel framework. In particular,
broad isoscalar resonances such as f2ð1270Þ and h1ð1170Þ
are excluded from our list because their decay widths
exceed several hundred MeV, making them unsuitable for
our purpose. In Table I we also include the strange mesons
K�ð892Þ and K1ð1270Þ, together with the baryons Λð1116Þ

TABLE I. Masses, widths (central values, in MeV), and
quantum numbers JPC of the hadrons used in this work, and
spectroscopic assignments n2Sþ1LJ as inferred by the PDG [16].
For states with nonzero isospin, measured values refer to the
lighter isobar.

Hadron Mass Width JPC n2sþ1LJ

ηð548Þ 547.9 1.31 × 10−3 0−þ 11S0
ηð958Þ 957.8 0.188 0−þ 11S0
ηð1295Þ 1294 55 0−þ 21S0
ηð1475Þ 1476 96 0−þ 21S0
ωð782Þ 782.7 8.49 1−− 13S1
ϕð1020Þ 1019.5 4.25 1−− 13S1
h1ð1415Þ 1409 78 1þ− 11P1

f1ð1285Þ 1281.8 23.0 1þþ 13P1

f1ð1420Þ 1428.4 56.7 1þþ 13P1

f2ð1525Þ 1517.3 72 2þþ 13P2

K�ð892Þ 890 51.4 1− 13S1
K1ð1270Þ 1253 101 1þ 1P1-3P1

Λ 1115.7 ∼0 1
2
þ 11S0

Ξ 1314.8 ∼0 1
2
þ 11S0
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and Ξð1315Þ. Unlike the isoscalar mesons, these hadrons
are not individually C eigenstates, but when combined into
particle-antiparticle pairs (corresponding to the threshold
states), they may be expressed as states of definite C
eigenvalue.
To classify the quantum numbers of the dihadron thresh-

olds, we follow the formalism of Ref. [18]. Consider two
hadrons with intrinsic spins S1 and S2. Their total spin is
obtained by coupling S ¼ S1 þ S2, while the eigenvalue of
the relative orbital angular momentum L between the two
hadrons (the partial wave) is l. The total angular momen-
tum of the two-hadron system is then J ¼ Lþ S. The
parity of the two-hadron state is P ¼ P1P2ð−1Þl, where
P1, P2 are the intrinsic parities of the individual hadrons. A
baryon-antibaryon pair has P1P2 ¼ −1. For C-parity, one
must distinguish two cases:

(i) For either identical mesons (M1 ¼ M2) or baryons
(B1 ¼ B2) [generically, hadrons H1 ¼ H2], the
C-parity of the H1H̄2 dihadron component is
well-defined:

C ¼ ð−1ÞlþS: ð11Þ

(ii) For nonidentical isoscalar mesons (M1 ≠ M2), or for
open-strange mesons such as kaons, or for non-
identical baryons (not used in this work), states with
either C ¼ þ1 or −1 can be constructed.

All relevant quantum numbers for the meson (baryon)
thresholds are listed in Tables II–IV.

IV. DIABATIC DESCRIPTION OF THE
DYNAMICAL DIQUARK MODEL

The original dynamical diquark model for exotic
hadrons describes tetraquarks as bound states of a diquark–
antidiquark pair δδ̄ interacting through gluonic field

configurations [7] (and pentaquarks as analogous
diquark-triquark bound states [14]). The natural framework
for this configuration is the Born-Oppenheimer (BO)
approximation: The heavy δ and δ̄ move slowly compared
to the light fields, which adjust instantaneously (“adiabati-
cally”) to the motion of δ and δ̄. The δδ̄ system with

TABLE II. Dimeson pairs M1M̄2 (threshold energy T in GeV)
and relative orbital angular momentum values l that allow
S-wave ss̄qq̄ candidates for the given JPC quantum numbers.

M1M̄2 TM1M̄2

l for JPC

0þþ 1þþ 2þþ

ηηð1295Þ 1.842 0 � � � 2
ηð958Þηð958Þ 1.916 0 � � � 2
ηh1ð1415Þ 1.957 1 1 1,3
ηf1ð1420Þ 1.976 1 1 1,3
ηð958Þϕ 1.977 � � � 0,2 2
ηηð1475Þ 2.024 0 � � � 2
ϕϕ 2.039 0,2 2 0,2,4
ηf2ð1525Þ 2.065 � � � 1,3 1,3
ωηð1295Þ 2.077 � � � 0,2 2
K�K̄1ð1270Þ 2.143 1 1,3 1,3

TABLE III. Dihadron pairs H1H̄2 (threshold energy T in GeV)
and relative orbital angular momentum values l that allow
P-wave ss̄qq̄ and S-wave ss̄ss̄ candidates for the given JPC

quantum numbers.

H1H̄2 TH1H̄2

l for JPC

0þþ 1þ− 2þþ 0−þ 1−−

ΛΛ̄ 2.231 1 1 1,3 0 0,2
ηð958Þf1ð1285Þ 2.240 1 1 1,3 � � � 0,2
ηð958Þηð1295Þ 2.252 0 � � � 2 � � � 1
ωηð1475Þ 2.259 � � � 0,2 2 1 1
ωf2ð1525Þ 2.300 1,3 1,3 1,3,5 2 0,2,4
ϕf1ð1285Þ 2.301 1 1,3 1,3 0,2 0,2
ηð1295Þϕ 2.313 � � � 0,2 2 1 1
ηð958Þh1ð1415Þ 2.367 1 1 1,3 � � � 0,2
ηð958Þf1ð1420Þ 2.386 1 1 1,3 � � � 0,2
ϕh1ð1415Þ 2.428 1 1,3 1,3 0,2 0,2
ηð958Þηð1475Þ 2.434 0 � � � 2 � � � 1
ϕf1ð1420Þ 2.448 1 1,3 1,3 0,2 0,2
ηð958Þf2ð1525Þ 2.475 � � � 1,3 1,3 2 2
ηð1475Þϕ 2.495 � � � 0,2 2 1 1
K1ð1270ÞK̄1ð1270Þ 2.506 0,2 2 0,2,4 1 1,3
f1ð1285Þf1ð1285Þ 2.564 0,2 2 0,2,4 1 1,3
f1ð1285Þηð1295Þ 2.576 1 1 1,3 � � � 0,2
ηð1295Þηð1295Þ 2.588 0 � � � 2 � � � 1

TABLE IV. Dihadron pairs H1H̄2 (threshold energy T in GeV)
and relative orbital angular momentum values l that allow
P-wave ss̄ss̄ candidates for the given JPC quantum numbers.

H1H̄2 TH1H̄2
[GeV]

l for JPC

0−þ 1−−

ΞΞ̄ 2.630 0 0,2
f1ð1285Þh1ð1415Þ 2.691 1 1,3
ηð1295Þh1ð1415Þ 2.703 � � � 0,2
f1ð1285Þf1ð1420Þ 2.710 1 1,3
ηð1295Þf1ð1420Þ 2.722 � � � 0,2
ηð1295Þf2ð1525Þ 2.811 2 2
h1ð1415Þh1ð1415Þ 2.818 1 1,3
h1ð1415Þf1ð1420Þ 2.837 1 1,3
f1ð1420Þf1ð1420Þ 2.857 1 1,3
ηð1475Þh1ð1415Þ 2.885 � � � 0,2
ηð1475Þf1ð1420Þ 2.904 � � � 0,2
f2ð1525Þh1ð1415Þ 2.926 1,3 1,3
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reduced mass μδδ̄ then satisfies

�
p2

2μδδ̄
þHlightðrÞ − E

�
jψi ¼ 0; ð12Þ

where HlightðrÞ encodes the Hamiltonian of the light-field
degrees of freedom (d.o.f.) at a particular diquark separa-
tion r. Solving

HlightðrÞjξiðrÞi ¼ ViðrÞjξiðrÞi; ð13Þ

defines the adiabatic potentials ViðrÞ, which have been
calculated in lattice-QCD simulations [45–47] as the
potential-energy functions obtained between any two static
color-triplet sources at separation r. Expanding the full
wave function within this basis gives

jψi ¼
X
i

Z
drψ̃ iðrÞjrijξiðrÞi; ð14Þ

where jr > denotes the state corresponding to the two
heavy sources with separation vector r. This expression is
called the adiabatic expansion, because it suggests that the
light d.o.f. remain in particular states jξiðrÞ > that respond
only to the heavy-source separation r. In general, however,
different light-d.o.f. states can develop coupled-channel
mixing when r changes

hξjðrÞj∇ξiðrÞi ≠ 0: ð15Þ

These overlaps are called nonadiabatic couplings. If they
can be neglected, then one obtains the single-channel
BO-approximation Schrödinger equation:

�
−

ℏ2

2μδδ̄
∇2 þ ViðrÞ − E

�
ψ̃ iðrÞ ¼ 0: ð16Þ

Near dimeson thresholds, however, mixing between δδ̄
and dimeson M1M̄2 configurations becomes essential,
invalidating this approximation. A more general treatment
employs the diabatic expansion, in which the basis states
are defined at a fiducial separation r0, whose value ensures
that Viðr0Þ lies far from thresholds. r0 is chosen so that
the states jξiðr0Þi can reliably be expressed in terms of
unmixed configurations. The wave function is then
expanded as

jψi ¼
X
i

Z
dr0 ψ̃ iðr0; r0Þjr0ijξiðr0Þi; ð17Þ

leading to the coupled-channel Schrödinger equation

X
i

�
−

ℏ2

2μi
δij∇2 þ Vjiðr; r0Þ − Eδji

�
ψ iðr; r0Þ ¼ 0; ð18Þ

where the diabatic potential matrix is defined by

Vjiðr; r0Þ≡ hξjðr0ÞjHlightðrÞjξiðr0Þi: ð19Þ
With the argument r0 suppressed from this point on, the

diagonal elements ViiðrÞ describe uncoupled-channel
potentials, while the off-diagonal terms VjiðrÞ represent
physical mixing between configurations. Threshold effects
are naturally included: Closed-channel (below-threshold)
wave functions decay exponentially, while open-channel
(above-threshold) wave functions support oscillatory
asymptotics and resonance behaviors [19]. The diabatic
formalism thereby provides a systematic description of
strongly coupled multichannel systems, and thus is well
suited to studies of exotic hadrons [23].
The coupled equations can be written compactly as

½Kþ VðrÞ − E�ΨðrÞ ¼ 0; ð20Þ
where the kinetic-energy operator is

K ¼

0
BBBBBBBB@

− ℏ2
2μδδ̄

∇2

− ℏ2

2μð1Þ
M1M̄2

∇2

. .
.

− ℏ2

2μðNÞ
M1M̄2

∇2

1
CCCCCCCCA
; ð21Þ

and the coupled wave function is

ΨðrÞ ¼

0
BBBBBB@

ψδδ̄ðrÞ
ψ ð1Þ
M1M̄2

ðrÞ
..
.

ψ ðNÞ
M1M̄2

ðrÞ

1
CCCCCCA
: ð22Þ

The specific phenomenological form that we assume for
the diabatic potential matrix, which has been used since its
first hadronic applications [18,22], is

VðrÞ ¼

0
BBBBBBB@

Vδδ̄ðrÞ Vð1Þ
mixðrÞ � � � VðNÞ

mixðrÞ
Vð1Þ
mixðrÞ Vð1Þ

M1M̄2
ðrÞ

..

. . .
.

VðNÞ
mixðrÞ VðNÞ

M1M̄2
ðrÞ

1
CCCCCCCA
; ð23Þ

where blank elements are taken to be zero, and

Vδδ̄ðrÞ ¼ −
α

r
þ σrþ V0; ð24Þ

ViiðrÞ ¼ VðiÞ
M1M̄2

ðrÞ ¼ Mi
1 þMi

2 ≡ TðiÞ
M1M̄2

; ð25Þ
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V0iðrÞ ¼
Δ
2
exp

8<
:−

1

2

½Vδδ̄ðrÞ − TðiÞ
M1M̄2

�2

ðσρÞ2

9=
;; ð26Þ

where α ¼ 0.053 GeV · fm, σ ¼ 1.097 GeV=fm, V0 ¼
−0.380 GeV is taken from [45], ρ ¼ 0.3 fm, and Δ ¼
0.130 GeV [18]. Note also the disappearance of any
direction dependence from this application (r → r).
The use of a uniform mixing potential V0iðrÞ for all

dimeson states i (as well as the specific Gaussian func-
tional form) is of course a substantial phenomenological
assumption. In the heavy-quark case at least, one can make
headway by comparing the differing effects of thresholds in
which the component hadrons are related by heavy-quark
symmetry, such as D and D� [48,49].

V. RESULTS

The inclusion of hadronic thresholds in the diabatic
dynamical diquark model for hidden-strangeness tetra-
quarks typically leads to a reduction of the mass eigen-
values by a few tens of MeV compared to those in the
adiabatic case [25]. In general, these effects become
negligible once the difference between the adiabatic tetra-
quark mass eigenvalue and the nearest meson threshold
exceeds about 200 MeV. In the following subsections we
present results for S- and P-wave states, and for ss̄qq̄ and
ss̄ss̄ quark contents, and compare these results to the spec-
trum of observed resonances discussed in the Introduction
and displayed in Fig 1.
Across all states listed in the following subsections, the

compact δδ̄ configuration is seen to be the main compo-
nent; despite some mixing with nearby dimeson thresholds,
no state is threshold-dominated. Threshold effects are
slightly more pronounced for P-wave than for S-wave
states, producing somewhat larger dihadron admixtures and
mass shifts, but the δδ̄ component continues to dominate
the overall wave function.

A. S-wave ss̄qq̄ states

For the S-wave ss̄qq̄ system, we consider thresholds
starting at 1840 MeV, as motivated by our previous
predictions from the dynamical diquark model [25]. As
seen in Table V, the δδ̄ configuration dominates the 1þþ and
2þþ states, each with contributions above 90%. For the
0þþ state, the δδ̄ structure remains the primary component
(≈87%), while the ηηð1295Þ channel provides the second-
largest contribution (≈8%). Note that, according to Table II,
thresholds with JPC ¼ 2þþ occur for every listed dimeson
threshold; however, the contribution from each of them is
found to be <1%.
The calculated sizes hri of these states are all signifi-

cantly smaller that 1 fm, suggesting a compact tetraquark
structure rather than that of a loosely bound dimeson

molecule. These results reinforce the interpretation that
the states are dominated by a genuine δδ̄ configuration.
The only observed light, unflavored meson states listed

by the PDG found to be compatible with the mass
eigenvalues of Table II are f2ð1810Þ (2þþ) and Xð1835Þ
(0−þ). Due to its P ¼ − eigenvalue, Xð1835Þ is incom-
patible with an S-wave tetraquark configuration. f2ð1810Þ,
however, serves as a potential 1S ss̄qq̄ candidate (Indeed, it
possessesKK̄ and ηη decay modes); and if so, then 0þþ and
1þþ partners should be observable nearby.
Results for the 0þþ and 2þþ states (with mδ ¼

0.710 MeV) lie well below the experimental masses of
f2ð2010Þ and f0ð2020Þ (see Fig. 1). However, both of these
states have been interpreted as tetraquark candidates in
various theoretical works. In particular, QCD sum-
rule analyses of fully strange configurations (ss̄ss̄) assign
f2ð2010Þ to a JPC ¼ 2þþ tetraquark state [50,51], while
constituent-quark-model studies of light-tetraquark spec-
troscopy suggest that f0ð2020Þ may correspond to a radial
excitation within a scalar tetraquark nonet [52].

B. P-wave ss̄qq̄ states

For the P-wave ss̄qq̄ system, our previous adiabatic
results [25] suggest that the relevant thresholds start at
2.3 GeV, corresponding to the ωf2ð1525Þ channel (see
Table III). Table VI shows that the δδ̄ configuration again
dominates, contributing ≈75% for the 1−− state and ≈81%
for the 0−þ state.
In the 1−− channel, the largest subleading contributions

come from the ωf2ð1525Þ and ϕf1ð1285Þ thresholds, each
≈7%. Referring to Table III, this result is natural since
both channels lie close in mass and contribute to the same
lowest partial waves ðl ¼ 0; 2Þ. For the 0−þ channel, the
largest subleading component is ϕf1ð1285Þ (≈12%). The
ωf2ð1525Þ channel contributes only weakly, as it appears
only in the l ¼ 2 partial wave.
The states ωð2220Þ (1−−) and ηð2225Þ (0−þ) listed in the

PDG have JPC quantum numbers and mass eigenvalues
compatible with those in Table VI.

TABLE V. Diabatic formalism results for S-wave ss̄qq̄ states:
energy eigenvalues E, state sizes hri, and diquark-antidiquark and
dimeson state contents (%). Entries < 1% are left blank; “� � �”
indicates forbidden quantum numbers.

JPC 0þþ 1þþ 2þþ

E (GeV) 1.817 1.826 1.822
hri (fm) 0.635 0.570 0.572
δδ̄ 86.5 96.0 96.2
ηηð1295Þ 8.4 � � �
ηð958Þηð958Þ 2.4 � � �
ηð958Þϕ � � � 1.4
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C. ϕð2170Þ and ηð2370Þ
The different interpretations of ϕð2170Þ can be under-

stood as complementary perspectives applied at different
levels of physical description. In the diabatic diquark model
employed here, ϕð2170Þ is a predominantly compact ss̄qq̄
state composed of diquarks, decaying into meson pairs
such as ϕη, ωηð958Þ, and KK̄� via the fall-apart mecha-
nism. To expand upon the discussion in the Introduction, in
hadronic-molecule models such as in Ref. [34], ϕð2170Þ
emerges dynamically from meson-meson interactions
(e.g., ϕþ KK̄), leading to comparable final states,
although the system is more spatially extended. In the
ΛΛ̄ baryonium scenario [33], ϕð2170Þ is a loosely bound
baryon-antibaryon system, favoring open-strange decays
such as KK̄, and differing in both structure and dominant
decay channels from the tetraquark picture. Finally, the
triangle-singularity mechanism in Ref. [35] provides a
purely kinematic explanation of the observed peak, pro-
ducing similar invariant-mass enhancements without
requiring a conventional bound state.
In the dynamical diquark model, the inclusion of spin-

and isospin-dependent interactions for the P-wave tetra-
quarks [9] yields the following Hamiltonian:

H ¼ H0 þ 2κqsðsq · ss þ sq̄ · ss̄Þ þ VLSL · S

þ VIτq · τq̄σq · σq̄ þ VTτq · τq̄S
ðqq̄Þ
12 : ð27Þ

Here, H0 denotes the multiplet-average Hamiltonian (with
eigenvalue M0), prior to the introduction of spin- and
isospin-dependent fine structure. The δ and δ̄ spin operators
are defined as sδ ≡ sq þ ss and sδ̄ ≡ sq̄ þ ss̄, respectively.
The total quark-spin operator is given by S≡ sδ þ sδ̄,
and L represents the orbital angular momentum operator
between δ and δ̄. The isospin-dependent interaction (analo-
gous to pion exchange), here labeling its coefficient as VI ,

is represented in the fourth term, and the last term contains
the tensor operator S12, defined as

S12 ≡ 4
�
3S1 · rS2 · r=r2 − S1 · S2

�
; ð28Þ

where spin operators Si are used so that this operator can be
applied to any component particles 1,2, including individ-
ual quarks or diquarks. In the case of 1−− and 0−þ states,
the explicit mass expressions [9] read

MI¼0
1−− ¼M0

0
BBB@

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

1
CCCAþ κqs

0
BBB@

0 −
ffiffiffi
3

p
0 0

−
ffiffiffi
3

p
−2 0 0

0 0 −1 0

0 0 0 1

1
CCCA

−VLS

0
BBB@

0 0 0 0

0 0 0 0

0 0 1 0

0 0 0 3

1
CCCA− 3VI

0
BBB@

−3 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

1
CCCA

− 3VT

0
BBBBBB@

0 0 0 0

0 0 0 − 4ffiffi
5

p

0 0 −1 3
ffiffi
3
5

q

0 − 4ffiffi
5

p 3
ffiffi
3
5

q
− 7

5

1
CCCCCCA
; ð29Þ

MI¼0
0−þ ¼ M0

�
1 0

0 1

�
þ κqs

�
0 1

1 0

�
− 2VLS

�
1 0

0 1

�

− 3VI

�−3 0

0 1

�
þ 12VT

�
1 0

0 0

�
: ð30Þ

By using the results in Table IVof Ref. [25] for the mass
eigenvalues of the 1−− and 0−þ ss̄ss̄ states in terms of κss,
VLS, and V 0

T [the latter being defined as the coefficient of
the tensor operator Sδδ̄12 in the ss̄ss̄ Hamiltonian that is
analogous to Sqq̄12 in Eq. (27)], and fitting to results obtained
from QCD sum rules in Ref. [51], we determine the spin-
dependent parameters to be κss ¼ 16� 7 MeV, VLS ¼
28� 5 MeV, and V 0

T ¼ −1.5� 1.6 MeV. Note that this
value of κss is also consistent with ones used in
Refs. [53,54], and V 0

T is consistent with zero. Assuming
that these parameters remain the same in the ss̄qq̄ sector
(i.e., κsq ≈ κss, the same value of VLS applies, and VT ,
which corresponds to a slightly different operator than does
V 0
T , is also taken to vanish), we now also include the

isospin-dependent interaction (coefficient VI) of Eq. (27)
and allow the value mδ to vary accordingly. In this frame-
work, the original δ ¼ sq diquark mass mδ ¼ 0.710 GeV
used in Ref. [25] produces mass eigenvalues that lie
approximately 50 MeV below the physical masses of
ϕð2170Þ and ηð2370Þ when VI ¼ −21.5 MeV. An analo-
gous effect that requires a higher diquark mass when

TABLE VI. Diabatic formalism results for P-wave ss̄qq̄ states:
energy eigenvalues E, state sizes hri, and diquark-antidiquark and
dimeson state contents (%). Entries < 1% are left blank; “� � �”
indicates forbidden quantum numbers.

JPC 1−− 0−þ

E (GeV) 2.243 2.265
hri (fm) 0.965 0.936
δδ̄ 75.4 80.7
ωf2ð1525Þ 6.9
ϕf1ð1285Þ 7.0 11.7
ηð1295Þϕ 2.5 2.7
ηð958Þh1ð1415Þ 2.0 � � �
ηð958Þf1ð1420Þ 1.3 � � �
ϕh1ð1415Þ 1.1 1.5
ηð958Þηð1475Þ � � �
ϕf1ð1420Þ 1.2
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including the isospin-dependent interaction has also been
reported in the S-wave cc̄qq̄ tetraquark sector [12].
We offset this downward mass-eigenvalue shift that

occurs for ss̄qq̄ states when spin- and isospin-dependent
interactions are included by increasing the sq diquark mass
to mδ ¼ 0.745 GeV.The masses of the 1−− and 0−þ states
can then easily be brought into agreement with the
observed values of ϕð2170Þ and ηð2370Þ, respectively.
In these fits, we take ϕð2170Þ to be the lightest 1−− and
ηð2370Þ to be the heavier 0−þ ss̄qq̄ eigenstate.
To estimate the theoretical uncertainties, we vary each of

the four model parameters independently by �10%, keep-
ing all other parameters fixed during each variation
(Table VII). The resulting mass sensitivities are small for
most parameters: For the 0−þ state, the dominant contri-
butions arise from shifts of VLS and VI , which change the
masses by 5.8 and 6.4 MeV, respectively, while κss and V 0

T
induce only sub-MeV effects. For the 1−− state, the
sensitivities are almost entirely governed by VI, which
produces a change of 19 MeV, with all other parameters
contributing< 1 MeV. This sensitivity to VI is particularly
interesting: Until isospin-partner tetraquark states [e.g.,
hidden-strange analogs to Zcð3900Þ] are identified, the
precise value of VI will be difficult to establish.
These states are further refined within the diabatic

formalism by incorporating nearby hadronic thresholds.
The results for ϕð2170Þ and ηð2370Þ are presented in
Tables VIII and IX, respectively. The ϕð2170Þmass lies not

far from the ΛΛ̄ threshold, which is therefore explicitly
included in the calculation. The corresponding ϕð2170Þ
wave function is again dominated (Table VIII) by the δδ̄
component ð≈85%Þ, with smaller contributions from ΛΛ̄
ð≈4%Þ and ηð958Þf1ð1285Þ ð≈3%Þ. Thus, the δδ̄ configu-
ration remains the dominant component, even when
baryon-antibaryon and dimeson channels are included.
For ηð2370Þ, the δδ̄ fraction is nearly 89% (Table IX),

while the next two subleading contributions arise from
ϕh1ð1415Þ ð≈5%Þ and ϕf1ð1285Þ ð≈4%Þ channels. This
state is also interpreted as a 0−þ ss̄qq̄ state in a recent QCD
sum-rule analysis [55].
In both cases, the adiabatic model produces a perfect fit

to the measured masses, but the diabatic corrections pull
them about 20–30MeV lower. However, this discrepancy is
merely an artifact of the two-stage fitting process; a global
diabatic fit could easily maintain the perfect fit. Indeed, a
fully self-consistent global diabatic fit treats all states in
each multiplet simultaneously and includes all dihadron
channel couplings from the start, providing a consistent
description of masses and wave functions across the
spectrum. In practice, the two-stage procedure (first adia-
batic, then diabatic) captures the main effects of mixing and
threshold coupling, while producing only modest mass
shifts. This claim is supported by analysis in the hidden-
charm sector, where the diabatic approach has been
extended to treat the tetraquark states as poles in dihadron
scattering amplitudes [23], and yet the resonant peak
positions are nevertheless found to shift rather modestly
compared to either the adiabatic results or to diabatic results
in which mass shifts (and decay widths) are computed
using conventional Fano-type [56] coupled-channel meth-
ods [24]. Even with a global fit adjusted to the physical
masses of ϕð2170Þ and ηð2370Þ, the overall structure of
these states is not expected to change significantly. The
compact δδ̄ configuration would continue to dominate, with
the fit mainly refining numerical details.
Using the same parameter set as presented in this

subsection and assuming no mixing, we predict additional
isoscalar 1−− ss̄qq̄ tetraquark states with masses of
2397 MeV, 2377 MeV, and 2340 MeV, as well as a 0−þ
state at 2088 MeV. We also predict an exotic (0−−)
tetraquark state with a mass of 2359 MeV. Nevertheless,
wa careful analysis of the known PDG isoscalar states with

TABLE VII. Mass sensitivities ΔM in (MeV) of the 0−þ and
1−− states to �10% variations of the model parameters. Each
range corresponds to the result of varying only the indicated
parameter.

Parameter ΔMð0−þÞ ΔMð1−−Þ
κss 0.2 0.6
VLS 5.8 2 × 10−4

V 0
T 5 × 10−3 1 × 10−3

VI 6.4 19.0

TABLE VIII. Results for the energy eigenvalue E, state size
hri, and diquark-antidiquark and dimeson state content (%) of
ϕð2170Þ, assumed to be the lightest 1−− ss̄qq̄ 1P state [via
Eq. (29)] within the diabatic dynamical diquark model.

E (GeV) 2.132
hri (fm) 0.971
δδ̄ 84.6

ΛΛ̄ 4.0
ηð958Þf1ð1285Þ 3.1
ηð958Þηð1295Þ 1.2
ωηð1475Þ 1.0
ωf2ð1525Þ 1.6
ϕf1ð1285Þ 1.5

TABLE IX. Results for the energy eigenvalue E, state size hri,
and diquark-antidiquark and dimeson state content (%) of
ηð2370Þ, assumed to be the heavier 0−þ ss̄qq̄ 1P state [via
Eq. (30)] within the diabatic dynamical diquark model.

E (GeV) 2.352
hri (fm) 0.859
δδ̄ 88.7
ϕh1ð1415Þ 4.9
ϕf1ð1285Þ 3.6
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the same quantum numbers (interpreted as tetraquark
candidates) is needed in order to constrain the model
parameters directly, rather than by relying upon comparison
with another theoretical approach (such as QCD sum rules),
especially for the fully strange tetraquarks to be dis-
cussed next.

D. S-Wave ss̄ss̄ States

In the S-wave fully strange sector, we predict states with
JPC ¼ 0þþ and 2þþ at 2.19 GeV and 2.18 GeV, respec-
tively (Table X). Both are dominated by the δδ̄ component
(≈90%). For the 0þþ state, the next largest contribution is
from ηð958Þηð1295Þ (≈5%), while for the 2þþ state this
channel contributes only ≈1%. The suppression of the
latter value arises from the angular momentum barrier:
According to Table III, 0þþ ηη states couple through the
l ¼ 0 partial wave, whereas 2þþ ηη states only appears
through the l ¼ 2 partial wave.
Experimentally, the PDG lists nearby candidates

f0ð2200Þ and f2ð2150Þ, both with reported widths of
≳200 MeV The same holds for the somewhat more distant
f0ð2100Þ. f0ð2200Þ has also been suggested as an S-wave
tetraquark in Ref. [57].

E. Xð2300Þ and f 2ð2340Þ
We also investigate the recently observed JPC ¼

1þ− Xð2300Þ [44], which has been interpreted as either
a fully strange tetraquark [58] or a molecular system [59].
Several recent studies have proposed alternative inter-

pretations for the newly observed Xð2300Þ. The PACIAE
study [59] simulates eþe− collisions to generate a full
partonic and hadronic final state, including parton rescat-
tering, hadronization, and hadronic rescattering. Using a
phase-space coalescence approach, hypothetical candidates
for Xð2300Þ are assembled under different possible internal
structures: an excited ss̄, a compact sss̄s̄ tetraquark, and a
hadro-strangeonium (ϕη or ϕη0) state. For each configura-
tion, the model computes production yields and kinematic
distributions (rapidity and pT), finding that the resulting
yields and spectra differ significantly among the three
hypotheses: The excited ss̄ and compact tetraquark

configurations are produced at observable rates, whereas
the hadro-strangeonium candidate is strongly suppressed.
Work using the modified Godfrey-Isgur (MGI) approach
[60] constructs a relativized ss̄ spectrum with a screened
linear potential to mimic vacuum-polarization effects,
which lowers the predicted masses of highly excited states
below naive quark-model expectations. Using the 3P0

quark-pair creation model, Ref. [60] then calculates
OZI-allowed two-body decay widths, assigning Xð2300Þ
as the third radial excitation of the P1 axial-vector state
(31P1), and predicts KK̄�, K�K̄�, K�K̄1B, and KK̄�

2ð1430Þ
as the dominant decay modes.
To test its structure, we varymδ from 0.95 GeV (its value

in the adiabatic calculation [25]) to 1.0 GeV, in order to
reproduce the observed Xð2300Þ and include nearby closed
thresholds. Our results (Table XI) show that even after
threshold effects are included, Xð2300Þ remains dominated
by its δδ̄ component (≈83%), followed by two ηϕ channels
with excited η’s (each ≈7%). These results, analogous to
those in previous cases, support the interpretation of
Xð2300Þ as a compact S-wave ss̄ss̄, JPC ¼ 1þ− state.
Furthermore, Table XI also shows that the shift to mδ ¼

1.0 GeV nicely accommodates f2ð2340Þ (JPC ¼ 2þþ),
which is also found to be an S-wave ss̄ss̄ state that is
predominantly δδ̄ ð≈93%Þ, with subleading contributions
from ηð958Þh1ð1415Þ and ηð958Þf1ð1420Þ (each ≳1%).
Notably, among the tensor states with masses around

2.3 GeVobserved also in the channel J=ψ → γϕϕ [27], the
significantly larger decay width of f2ð2340Þ compared
with that of f2ð2300Þ further supports an exotic interpre-
tation. The exotic nature of f2ð2340Þ has also been recently
examined in the context of a tensor glueball, but analyses of
its decay channels within the chiral model disfavor this
assignment [61].

F. P-wave ss̄ss̄ states

Finally, in the P-wave fully strange sector, we take the
ΞΞ̄ threshold as the lightest one (Table IV), because
the following mass relation for the 0−þ state when the
spin-dependent terms are included [25],

TABLE X. Diabatic formalism results for S-wave ss̄ss̄ states:
energy eigenvalues E, state sizes hri, and diquark-antidiquark and
dimeson state contents (%).

JPC 0þþ 2þþ

E (GeV) 2.188 2.179
hri (fm) 0.545 0.543
δδ̄ 89.3 91.4

ΛΛ̄ 1.5 1.5
ηð958Þf1ð1285Þ 1.1 1.3
ηð958Þηð1295Þ 4.5 1.1

TABLE XI. Results for the energy eigenvalues E, state sizes
hri, and state contents of Xð2300Þ and f2ð2340Þ within the
diabatic dynamical diquark model with mδ ¼ 1.0 GeV. Entries
<1% are left blank.

JPC 1þ− 2þþ

E (GeV) 2.271 2.307
hri (fm) 0.567 0.517
δδ̄ 82.7 92.8
ηð1295Þϕ 6.7
ηð958Þh1ð1415Þ 1.3
ηð958Þf1ð1420Þ 1.1
ηð1475Þϕ 7.1
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M0−þ ¼ M0ð1PÞ þ κss − 2VLS − 8V 0
T; ð31Þ

with VLS > 0 and V 0
T assumed consistent with 0 as in

Sec. V C, suggests that this state is among the lightest in
the multiplet. Using the parameter values introduced in
Sec. V C, the pseudoscalar tetraquark is predicted to have a
mass of 2.62 GeV within the adiabatic approximation. In
the diabatic formalism, the spectrum remains strongly
dominated by the δδ̄ configuration (Table XII). In particu-
lar, the predicted mass of the 0−þ state agrees with the
observed Xð2600Þ. It is described primarily as a δδ̄
configuration (≈80%), with the next main contribution
arising from the ΞΞ̄ component (≈15%). Indeed, this
contribution is the largest single dihadron component we
have observed in the hidden-strange sector.
Several theoretical studies have interpreted the Xð2500Þ

resonance as a fully strange tetraquark (sss̄ s̄). QCD sum-
rule analyses [51,62] and quark-model calculations [57]
assign it to a P-wave configuration with quantum numbers
JPC ¼ 0−þ, predicting masses in the range 2.45–2.55 GeV,
consistent with the BESIII measurement. These works
suggest that Xð2500Þ represents the lowest 1P fully strange
tetraquark excitation, rather than a conventional ss̄ meson.
In our framework, however, we reach a different conclu-
sion: The corresponding ss̄ss̄ tetraquark configuration
appears around 2.6 GeV, supporting the interpretation of
the nearby Xð2600Þ state as the likelier ss̄ss̄ state, espe-
cially since the quantum numbers JPC ¼ 0−þ; 2−þ, both
members of the 1P ss̄ss̄ multiplet, are favored [43].
The 1−− sector is handled analogously and gives very

similar results (Table XII); in this case, however, we note
that the ss̄ss̄ sector contains two 1−− states (see Sec. II),
and so we input the average of their mass eigenvalues
obtained from the adiabatic calculation (2.62 GeV) into our
diabatic calculation. The resulting value of 2.584 GeV in
Table XII provides a prediction for the mass average of the
two 1−− P-wave ss̄ss̄ states in the diabatic model.

VI. CONCLUSIONS

In this work, we have studied the spectroscopy and
internal structure of hidden-strangeness tetraquarks within
the diabatic dynamical diquark framework, taking into
account the effects of nearby hadronic thresholds that
can contribute to the structure of the states. Our analysis
shows that both S- and P-wave tetraquarks are predomi-
nantly composed of compact diquark-antidiquark configu-
rations, with numerically smaller (typically < 10%)
contributions arising from dimeson and baryon-antibaryon
channels. Threshold effects generally reduce the mass
eigenvalues predicted from the adiabatic approach by a
few tens of MeV, but their effects become negligible when
the tetraquark lies sufficiently far above the nearest meson
threshold.
For the S-wave ss̄qq̄ and ss̄ss̄ states, the δδ̄ component

dominates, and the small state size hri values confirm a
compact tetraquark interpretation. In particular, f2ð2340Þ
and Xð2300Þ are found to retain predominantly diquark-
antidiquark character, even after including threshold
effects.
In the P-wave sector, ϕð2170Þ and ηð2370Þ are found to

be consistent with compact ss̄qq̄ tetraquark structures. We
also find that Xð2600Þ fits well as a P-wave ss̄ss̄ state with
quantum numbers 0−þ. Of all the states considered in this
work, the largest mixing observed is the Ξ-Ξ̄ content of
Xð2600Þ, which is found to be almost 15%.
To this point, the only distinction between members of

dynamical-diquark-model multiplets (such as 0þþ and 1þþ
in the S-wave, or 0−þ and 1−− in the P-wave) implemented
uniformly in the hidden-strangeness sector appears through
the use of distinct masses for the component hadrons in the
dihadron thresholds. A full analysis of the multiplet
spectral structures (e.g., studies of P-wave states with
unusual quantum numbers, such as 0−−, which have
been ignored here) requires a complete treatment of fine-
structure effects, as has been carried out in the heavy-quark
sector [8–12]. Some of the necessary steps have been
presented here, such as the use of Eqs. (29) and (30) for the
special cases of 1−− and 0−þ P-wave ss̄qq̄ states, but a full
analysis remains to be completed.
Overall, our results suggest that exotic tetraquark con-

figurations may be abundant not only in the heavy-
quark sector, but also among hidden-strangeness states.
However, distinct and well-separated thresholds do not
appear to produce the same impact for such states as they
do in the heavy-quark sector. The diabatic dynamical
diquark model provides a unified framework for interpret-
ing these resonances, yielding predictions for masses, state
compositions, and spatial structures that can be confronted
with ongoing measurements from BESIII and Jefferson
Lab, as well as at future facilities such as the Electron-Ion
Collider.

TABLE XII. Diabatic formalism results for P-wave ss̄ss̄ states:
energy eigenvalues E, state sizes hri, and diquark-antidiquark and
dimeson state contents (%). “� � �” indicates forbidden quantum
numbers.

JPC 1−− 0−þ

E (GeV) 2.584 2.602
hri (fm) 0.855 0.855
δδ̄ 79.5 80.0

ΞΞ̄ 10.4 15.2
f1ð1285Þh1ð1415Þ 1.7 1.6
ηð1295Þh1ð1415Þ 2.9 � � �
f1ð1285Þf1ð1420Þ 1.4 1.3
ηð1295Þf1ð1420Þ 2.3 � � �
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