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Diabatic dynamical diquark model of hidden-strangeness tetraquarks
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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 ¢(2170), f,(2340), and 5(2370), continue to serve as excellent

hidden-strange tetraquark candidates.

DOIL: 10.1103/vspf-jybk

I. INTRODUCTION

In the past two decades, the spectrum of known hadrons
has expanded beyond conventional gg mesons and ggqq
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 X(3872) [now
xc1(3872)] in B-meson decays [1], BESIII observed the
charged Z.(3900) [now 7.z (3900)] in et e collisions [2],
and LHCb identified hidden-charm pentaquarks such as
P.(4457)" in A, 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
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pair QQ, the heavy diquark & and antidiquark & pair now
serve as static color sources, while the lighter, more rapidly
changing gluonic field connecting them generates effective
adiabatic potentials in which the 86 pair interact. These BO
potentials, which may be computed on the lattice, then
govern the dynamics of the heavy 86 pair. The separation of
scales between the heavy diquarks and the fast light fields
(mgs > Aqcp) 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 y,.;(3872)
and T, spectrum and predicting additional states.
Refinements incorporating spin-dependent interactions
and finite-size effects [8] explained fine-structure splittings
and the peculiar nature of y.,(3872). 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 7. [13]. Beyond tetraquarks, the
same framework has been generalized (by introducing
color-triplet triguarks) 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 y.(3872) with D%-D*,
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 86 and dimeson com-
ponents [22-24].

While the applications described above refer to heavy-
quark systems (c¢, bb, 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 (s5¥),
where the scale-separation parameter Agcep/m, cannot be
considered especially small. In Ref. [25], we applied the
dynamical diquark model to hidden-strange tetraquarks.
There, we identified P-wave s5gg states with JF€ = 177,
0~", etc., near 2.3 GeV, S-wave s3s5 states with
JPC = 0t+, 1=, 2% near 2.2 GeV, and P-wave s5s5
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 s5 analogs
to, e.g., x.1(3872)-D°D*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 0™+ and 2 states are reported by
the Particle Data Group (PDG) [16], including f(1810),
£0(2020),  £4(2100),  £5(2200), f,(2010), f5(2150),
f2(2300), and f,(2340) [16]—likely more than simple
qq models can accommodate. Among these resonances,
f0(2020) and f,(2340) states exhibit the largest decay
widths, I' = 440 4+ 50 MeV and 33 lflzg MeV, respectively
[16]. They have been prominently observed in radiative
J/w decays such as J/w — yi'yf/, where partial-wave
analyses by the BESIII Collaboration have established
clear scalar and tensor contributions [26]. f,(2100),
f2(2010), f,(2300), and f,(2340) were also observed
by BESIII in the channel J/yw — y¢¢ [27]. In addition, the
PDG lists two isoscalar 0~ [(2225), confirmed by BESIII
to appear in J/y — y¢¢ [27], and 7(2370) (modes dis-
cussed below)] and two 177 [¢(2170) and @(2200)]
resonances.

The resonance ¢(2170) [formerly Y(2175)] has been
reported by three independent experiments. It was first
observed by the BABAR Collaboration in the process
ete” = ¢fy(980) [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
88f2216 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 ssgg
[31], or even a fully strange ss5 s state [32]. It has also been
proposed as a AA baryonium bound state [33]. In alter-
native scenarios based on hadronic molecules, ¢(2170)
may be dynamically generated as a pK K system, where the
KK pair arises from a f,(980) resonance [34]. Another
recent proposal [35] identifies the peak as arising from a
triangle singularity mechanism: In e*e™ — ¢rnTn~, the
intermediate process K;K with K; — ¢K, followed by
KK — ntn~, 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/y
and y(3686) decays. One of the first such states was
X(1835) [36], confirmed in J/w — ya"z~n with m =
1831.8132 MeV and T'=120+70 MeV [37]. More
recently, BESIII has expanded this spectrum: The afore-
mentioned 7(2370) has been observed in J/y — yztn n/
[38], yK*K~#/, and yK°K%' [39], and has JPC =07,
m =2377+9 MeV, and I' = 148730 MeV. It has been
discussed as a potential glueball candidate, although lattice
simulations predict the lightest 0~ glueball state to occur
near 2.6 GeV [40-42]. A state X(2500), observed in
J/w = v with JP€ =0+, has m = 247015 MeV and
I =230"% MeV [27]; X(2600), seen in J/y — yaa 1,
was measured to have m =2618+2 MeV and I =
200 4+ 8 MeV, and J°€ = 0=t,2=t are favored [43]; and
most recently, X(2300) was reported in w(3686) — ¢nn’
with JPC =17, m=2316+31 MeV, and I =
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 s5-
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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FIG. 1.

Spectrum of s3s5 and s5¢gg 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 BESIIIL.

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 J7¢ = 0++, 17+, 2+
0=, and 17~ In this section, we briefly identify their origin
within the dynamical diquark model. We consider two
types of diquarks (and their antiparticles): mixed-flavor
0 = sq (where ¢ = u, d) and fully strange 6 = ss. Both are
assumed to transform under the antisymmetric color-3
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 6, 5 are assumed to be in
an S-wave, and so the structure of each tetraquark is
determined by the spin coupling within each of & and 4,
the total spin of the &5 pair, and the orbital angular
momentum L between & and 6.

For 6 = sq, the spectrum to be considered here includes
both S-wave (L = 0) and P-wave (L = 1) states, although,
of course, arbitrary orbital excitations are possible [6].
Labeling states by the total diquark spins ss, s5 and total
quark spin S as |ss, 55)¢, then in the S-wave sector where
J =S, one obtains two scalar configurations with
JPC = 0%, namely,

Xy = 105.05)0. X5 = 5. 15)0. (1)

one axial vector with JP¢ = 11+, two with JF€ = 11—,

1
JPC =171 X, =—(|15,05); + 105, 15)1).
=75 (115.05)1 4105, 13))

1
JPC =17 Z =—=(|15,05); — |05, 15)1),
75 115:05) =105, 150)
Z =151 @

and a tensor state J°€ = 2+,

X, = |167 1S>2- (3)

for a total of 6 states. If both / = 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 s5¢gg sector (again assuming the compo-
nents quarks in each of 8, to be in an S-wave), the coup-
ling of 8,6 spins to relative orbital angular momentum
L = 1 produces only negative-parity states. For J*¢ = 077,
one obtains the states

1 _ _ _
Yy = —2(|057 17 = 115057, Yo=|151517",

(4)
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while the vector channel with J°¢€ = 1=~ contains a richer
set of possibilities, namely,

1
V2

Z\' = 15.15)77". (5)

Z,=1050567".  Z) =—= (1051517 +15.05)17"),

Zi = |15’15>6:17

The L =1 ssqg multiplet also contains states such as
JPC€ =07, 2, etc. (for a total of 14 states [6]), which we
do not consider here.

The multiplets simplify considerably for § = ss. Here,
the Pauli principle forbids ss; =0, so that only s5=1
configurations are admissible. As a result, the number of
independent states is reduced compared to the § = sq case.
In the S-wave, the scalar and axial-vector channels are each
restricted to a single state,

Xo = 15, 15)0, JFC =07,
7' =l 1g),  JPC=17, (6)
and the tensor channel remains,
X, = |15, 13>2’ JPC =2t (7)

For the P-wave excitations, the pseudoscalar channel
reduces from two to one configuration,
_ \L=1 PC _ (-
Yo =115 1517, JHC =077, (8)
while the vector channel contains only two remaining
states,

JPC =1,
9)

The multiplet is completed by including states with
JPC = 1-*+,27=,2=* and 37, for a total of 7 [11].

In summary, the restriction imposed by Fermi statistics
reduces the multiplicity of states for the 6 = ss sector
compared to the § = sq sector: the 0TF, 0=, and 17~
channels each decrease from 2 to 1 independent states, and
the 17~ channel decreases from 4 to 2. This systematic
reduction reflects the fundamental role of Fermi statistics in
shaping the exotic spectrum.

Zi =115 2= 515

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 § quarks (thus removing isovector meson pairs from
consideration), and thereby in dihadron pairs can contribute

to s5qq or sss5 states. We furthermore limit the list to
include only those hadrons with I' <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
I' =100 MeV constituents that can decay independently
would thus have I' Z 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 gg mesons, these
quantum numbers satisfy the relations

R (1)

Here, S is the total spin of the ¢g pair, and L is their relative
orbital angular momentum, which also give rise to the usual
spectroscopic notation n*5*!L .

The list of these mesons, including quantum
numbers, masses, decay widths, and n>$*!'L, 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 f,(1270) and £;(1170)
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*(892) and K (1270), together with the baryons A(1116)

JPC

TABLE 1. Masses, widths (central values, in MeV), and
quantum numbers JC of the hadrons used in this work, and
spectroscopic assignments n>5t1 L as inferred by the PDG [16].
For states with nonzero isospin, measured values refer to the
lighter isobar.

Hadron Mass Width Jre n>+L,
17(548) 547.9 1.31 x 1073 0t 1S,
17(958) 957.8 0.188 0+ 1's,
17(1295) 1294 55 0~ 218,
n(1475) 1476 96 0t 215,
w(782) 782.7 8.49 1— 135,
¢(1020) 1019.5 4.25 1= 135,
hy(1415) 1409 78 1+ 1'p,
£1(1285) 1281.8 23.0 1+ 1°P,
£1(1420) 1428 .4 56.7 1+ 1°P,
£»(1525) 1517.3 72 VAR 1°P,
K*(892) 890 51.4 1- 135,
K (1270) 1253 101 1" p,-3p,
A 1115.7 ~0 1+ 1's,
= 1314.8 ~0 I 118,

114047-4



DIABATIC DYNAMICAL DIQUARK MODEL OF HIDDEN- ...

PHYS. REV. D 112, 114047 (2025)

TABLE 1. Dimeson pairs MM, (threshold energy T in GeV)
and relative orbital angular momentum values ¢ that allow
S-wave s5qg candidates for the given JC quantum numbers.

¢ for Jr¢
M1M2 TM]M2 o+t 1+ 2+t
nn(1295) 1.842 0 2
1(958)1n(958) 1.916 0 e 2
nh(1415) 1.957 1 1 1,3
nf1(1420) 1.976 1 1 1,3
1n(958)¢ 1.977 e 0,2 2
nn(1475) 2.024 0 e 2
QP 2.039 0,2 2 0,2,4
nf2(1525) 2.065 e 1,3 1,3
won(1295) 2.077 e 0,2 2
K*K,(1270) 2.143 1 1.3 1.3

and E(1315). 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 S; and S,. Their total spin is
obtained by coupling S = S; + S,, while the eigenvalue of
the relative orbital angular momentum L between the two
hadrons (the partial wave) is £. The total angular momen-
tum of the two-hadron system is then J =L + S. The
parity of the two-hadron state is P = P;P,(—1)?, where
P, P, are the intrinsic parities of the individual hadrons. A
baryon-antibaryon pair has P; P, = —1. For C-parity, one
must distinguish two cases:

(i) For either identical mesons (M; = M,) or baryons
(B; = B,) [generically, hadrons H; = H,], the
C-parity of the H,H, dihadron component is
well-defined:

C = (=1)7+S. (11)

(i) For nonidentical isoscalar mesons (M| # M,), or for
open-strange mesons such as kaons, or for non-
identical baryons (not used in this work), states with
either C = +1 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 86 interacting through gluonic field

TABLE IIl.  Dihadron pairs H H, (threshold energy T in GeV)
and relative orbital angular momentum values £ that allow
P-wave s5qg and S-wave s5s5 candidates for the given J©C
quantum numbers.

¢ for JP¢

H,H, Tym O 1+ 2 0+ 1
AA 2.231 1 1 1,3 0 0,2
n(958)£,(1285) 2240 1 1 13 .- 02
7(958)(1295) 2252 0 - 2 1
wn(1475) 2259 . 02 2 1 1
wf,(1525) 2300 13 13 135 2 024
of(1285) 2301 1 13 13 02 02
1(1295)¢ 2313 - 02 2 1 1
n(958) (1415) 2367 1 1 13 .- 02
n(958),(1420) 2386 1 1 13 .- 02
Ph(1415) 2.428 1 1,3 1,3 0,2 0,2
1(958)5(1475) 2434 0 .. 2 .. 1
o f(1420) 2448 1 13 13 02 02
n(958)£,(1525) 2475 .- 13 13 2 2
n(1475)¢ 2495 - 02 2 1 1
K,(1270)K,(1270) 2506 02 2 024 1 13
£1(1285)f,(1285)  2.564 02 2 024 1 13
£,(1285)7(1295) 2576 1 1 13 -~ 02
n(1295)7(1295) 2588 0 .- 2 .. 1

TABLE IV. Dihadron pairs H,H, (threshold energy T in GeV)
and relative orbital angular momentum values # that allow

P-wave s5s5 candidates for the given J’C quantum numbers.
¢ for JPC

H\H, Ty, i, [GeV] 0 1
EE 2.630 0 0,2
£1(1285)h, (1415) 2.691 1 1,3
1(1295)h, (1415) 2.703 . 02
£1(1285)f,(1420) 2.710 1 1,3
1(1295) f, (1420) 2722 . 02
1(1295) f,(1525) 2.811 2 2

Ry (1415)h, (1415) 2.818 1 1,3
Ry (1415) £, (1420) 2.837 1 1,3
£1(1420) 7, (1420) 2.857 1 1,3
n(1475)h, (1415) 2.885 S 02
n(1475) f, (1420) 2.904 . 02
£,(1525)h, (1415) 2.926 1,3 1,3

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 & and 6 move slowly compared
to the light fields, which adjust instantaneously (‘“‘adiabati-
cally”) to the motion of § and 6. The 86 system with

114047-5
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reduced mass pugs5 then satisfies

2

P

ﬁ‘l-Hlighl(r)_E ly) =0, (12)
Hss

where Hj;gp, (r) encodes the Hamiltonian of the light-field

degrees of freedom (d.o.f.) at a particular diquark separa-
tion r. Solving

Hiign(1)[8i(1)) = V(1) [&i(r)), (13)

defines the adiabatic potentials V;(r), 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

W) =3 [amwRlae). 4

where |r > 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 |&;(r) > 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

(&;(r)|V¢;(r)) #0. (15)

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

2
v —Elpm =0, (6)
255

Near dimeson thresholds, however, mixing between 56
and dimeson M M, 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 r,, whose value ensures
that V,(ry) lies far from thresholds. ry is chosen so that
the states |&;(r)) can reliably be expressed in terms of
unmixed configurations. The wave function is then
expanded as

W) =3 [ @ lam). 07

leading to the coupled-channel Schrodinger equation

h2
Z |:_2_M§ijv2 + Vji(r,rg) = E5ji:| wi(r.rg) =0, (18)

1

where the diabatic potential matrix is defined by

Vi(r,rg) = (&;(ro) | Hiigh (1) |&; (o)) (19)

With the argument r,, suppressed from this point on, the
diagonal elements V;(r) describe uncoupled-channel
potentials, while the off-diagonal terms V;;(r) 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

K + V(r) - E¥(r) =0, (20)

where the kinetic-energy operator is

G v
255
2
K= o . (21)
" 2
”5\7:/\’42
and the coupled wave function is
Wes(r)
1
Wit i (1)
Y(r)= . (22)
N
Vani, (1)

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

V() Vi) o v
(1) (1)
Vmix(r) VM]M2<r)
V(r) = ‘ ‘ . (23)
Vin(r) Vi ()

where blank elements are taken to be zero, and
a
V@S(l") = —;+07+V0, (24)

(r)y=Mi+ M =T (25)

— v\
Vi(r) =V 1 M, i1,

M, i

114047-6
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Vis(r) =T T
:éexp _%[ 55( iap)z ]MZ] ’ (26)

where a =0.053 GeV - fm, ¢ = 1.097 GeV/fm, V,=
—0.380 GeV is taken from [45], p = 0.3 fm, and A =
0.130 GeV [18]. Note also the disappearance of any
direction dependence from this application (r — 7).

The use of a uniform mixing potential V;(r) 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 s5gg and
s5s5 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 86 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 56 component continues to dominate
the overall wave function.

A. S-wave s5qq states

For the S-wave s5qg 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 6 configuration dominates the 1++ and
2++ states, each with contributions above 90%. For the
0™+ state, the 86 structure remains the primary component
(~87%), while the #17(1295) channel provides the second-
largest contribution (*8%). Note that, according to Table II,
thresholds with JP€ = 2*+ occur for every listed dimeson
threshold; however, the contribution from each of them is
found to be <1%.

The calculated sizes (r) of these states are all signifi-
cantly smaller that 1 fm, suggesting a compact tetraquark
structure rather than that of a loosely bound dimeson

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

Jrc ot+ 1++ 2++
E (GeV) 1.817 1.826 1.822
(r) (fm) 0.635 0.570 0.572
56 86.5 96.0 96.2
nm(1295) 8.4

17(958)3(958) 24 e

7(958)¢ e 14

molecule. These results reinforce the interpretation that
the states are dominated by a genuine 86 configuration.

The only observed light, unflavored meson states listed
by the PDG found to be compatible with the mass
eigenvalues of Table II are f,(1810) (27) and X(1835)
(0="). Due to its P = — eigenvalue, X(1835) is incom-
patible with an S-wave tetraquark configuration. f,(1810),
however, serves as a potential 1§ s5gg candidate (Indeed, it
possesses KK and nn decay modes); and if so, then 0+ and
17" partners should be observable nearby.

Results for the 0" and 2+ states (with my;=
0.710 MeV) lie well below the experimental masses of
f2(2010) and f((2020) (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 (sss5) assign
£2(2010) to a JP€ = 2*+ tetraquark state [50,51], while
constituent-quark-model studies of light-tetraquark spec-
troscopy suggest that f,(2020) may correspond to a radial
excitation within a scalar tetraquark nonet [52].

B. P-wave ssqq states

For the P-wave s5qq system, our previous adiabatic
results [25] suggest that the relevant thresholds start at
2.3 GeV, corresponding to the wf,(1525) channel (see
Table III). Table VI shows that the 56 configuration again
dominates, contributing ~75% for the 17~ state and ~81%
for the 0~ state.

In the 17~ channel, the largest subleading contributions
come from the wf,(1525) and ¢, (1285) 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 (£ = 0,2). For the 0~ channel, the
largest subleading component is ¢f;(1285) (=12%). The
@f,(1525) channel contributes only weakly, as it appears
only in the # = 2 partial wave.

The states ©(2220) (177) and (2225) (0~) listed in the
PDG have JP¢ quantum numbers and mass eigenvalues
compatible with those in Table VI.
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TABLE VI. Diabatic formalism results for P-wave s5¢qq states:
energy eigenvalues E, state sizes (r), and diquark-antidiquark and
dimeson state contents (%). Entries < 1% are left blank; - -.”
indicates forbidden quantum numbers.

JFPe 1= 0t
E (GeV) 2.243 2.265
(r) (fm) 0.965 0.936
56 75.4 80.7
wf,(1525) 6.9

¢f1(1285) 7.0 11.7
n(1295)¢ 2.5 2.7
n(958)h, (1415) 2.0 e
n(958) f,(1420) 1.3 e
¢h,(1415) 1.1 1.5
n(958)n(1475) e
¢f1(1420) 1.2

C. $(2170) and 7(2370)

The different interpretations of ¢(2170) can be under-
stood as complementary perspectives applied at different
levels of physical description. In the diabatic diquark model
employed here, ¢(2170) is a predominantly compact s5¢g
state composed of diquarks, decaying into meson pairs
such as ¢, wn(958), and KK* via the fall-apart mecha-
nism. To expand upon the discussion in the Introduction, in
hadronic-molecule models such as in Ref. [34], ¢(2170)
emerges dynamically from meson-meson interactions
(e.g., ¢+ KK), leading to comparable final states,
although the system is more spatially extended. In the
AA baryonium scenario [33], ¢(2170) is a loosely bound
baryon-antibaryon system, favoring open-strange decays
such as KK, 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 = HO +2qu(sq . Ss +S[I . 55) + VLSL . S
FVir, 140,65+ Vi, - 5800, (27)

Here, H denotes the multiplet-average Hamiltonian (with
eigenvalue M), prior to the introduction of spin- and
isospin-dependent fine structure. The § and & spin operators
are defined as s; = s, + s, and s5 = s; + 5, respectively.
The total quark-spin operator is given by S =s;5+s;,
and L represents the orbital angular momentum operator
between & and 8. The isospin-dependent interaction (analo-
gous to pion exchange), here labeling its coefficient as V,

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

where spin operators S; 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 17~ and 0~ states,
the explicit mass expressions [9] read

1 000 0 -3 0 0
3 0100 -3 =2 0 0
ME=Mol oo 10| | o o 1o

0001 0 0 0 1

0000 3000

(oooo 0 100

—Vis -3V,

0010 0 010

0003 0 00 1

0 0 0

(0

Vool 0).

By using the results in Table IV of Ref. [25] for the mass
eigenvalues of the 17~ and 0~ s5s5 states in terms of kg,
Vs, and V7. [the latter being defined as the coefficient of

the tensor operator S‘f‘g in the sss5 Hamiltonian that is

analogous to S7 in Eq. (27)], and fitting to results obtained
from QCD sum rules in Ref. [51], we determine the spin-
dependent parameters to be kg, = 16 £7 MeV, V¢ =
28 £5 MeV, and V, = —1.54+ 1.6 MeV. Note that this
value of k, 1is also consistent with ones used in
Refs. [53,54], and V7. is consistent with zero. Assuming
that these parameters remain the same in the ssgg sector
(i.e., kg ® Ky, the same value of Vg applies, and Vrp,
which corresponds to a slightly different operator than does

', is also taken to vanish), we now also include the
isospin-dependent interaction (coefficient V;) of Eq. (27)
and allow the value m to vary accordingly. In this frame-
work, the original § = s¢q diquark mass ms = 0.710 GeV
used in Ref. [25] produces mass eigenvalues that lie
approximately 50 MeV below the physical masses of
¢(2170) and n(2370) when V; = —21.5 MeV. An analo-
gous effect that requires a higher diquark mass when

114047-8



DIABATIC DYNAMICAL DIQUARK MODEL OF HIDDEN- ...

PHYS. REV. D 112, 114047 (2025)

TABLE VII. Mass sensitivities AM in (MeV) of the 0~ and
17~ states to £10% variations of the model parameters. Each
range corresponds to the result of varying only the indicated
parameter.

TABLE IX. Results for the energy eigenvalue E, state size (r),
and diquark-antidiquark and dimeson state content (%) of
7(2370), assumed to be the heavier 0~F s35¢gg 1P state [via
Eq. (30)] within the diabatic dynamical diquark model.

Parameter AM(0™T) AM(177)
Ky 0.2 0.6
VLS 5.8 2 x 10_4
Vi 5% 1073 1 x1073
v, 6.4 19.0

including the isospin-dependent interaction has also been
reported in the S-wave ccqq tetraquark sector [12].

We offset this downward mass-eigenvalue shift that
occurs for ssgg states when spin- and isospin-dependent
interactions are included by increasing the sq diquark mass
to ms = 0.745 GeV.The masses of the 17~ and 0~ states
can then easily be brought into agreement with the
observed values of ¢(2170) and 7(2370), respectively.
In these fits, we take ¢(2170) to be the lightest 17~ and
17(2370) to be the heavier 0~ s5¢g 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~" state, the dominant contri-
butions arise from shifts of V; ¢ and V;, which change the
masses by 5.8 and 6.4 MeV, respectively, while k,; and V/,
induce only sub-MeV effects. For the 17~ state, the
sensitivities are almost entirely governed by V;, which
produces a change of 19 MeV, with all other parameters
contributing < 1 MeV. This sensitivity to V; is particularly
interesting: Until isospin-partner tetraquark states [e.g.,
hidden-strange analogs to Z.(3900)] are identified, the
precise value of V; will be difficult to establish.

These states are further refined within the diabatic
formalism by incorporating nearby hadronic thresholds.
The results for ¢(2170) and 7(2370) are presented in
Tables VIII and IX, respectively. The ¢(2170) mass lies not

TABLE VIII. Results for the energy eigenvalue E, state size
(r), and diquark-antidiquark and dimeson state content (%) of
@(2170), assumed to be the lightest 17~ s5¢gg 1P state [via
Eq. (29)] within the diabatic dynamical diquark model.

E (GeV) 2.132
(r) (fm) 0.971
56 84.6
AA 4.0
n(958) 1 (1285) 3.1
7(958)n(1295) 1.2
wn(1475) 1.0
wf,(1525) 1.6
@f1(1285) 1.5

E (GeV) 2352
(F) (fm) 0.859
85 88.7
dh, (1415) 49
of1(1285) 3.6

far from the AA threshold, which is therefore explicitly
included in the calculation. The corresponding ¢(2170)
wave function is again dominated (Table VIII) by the 66
component (~85%), with smaller contributions from AA
(~4%) and 1(958)f,(1285) (~3%). Thus, the 56 configu-
ration remains the dominant component, even when
baryon-antibaryon and dimeson channels are included.

For 7(2370), the 86 fraction is nearly 89% (Table IX),
while the next two subleading contributions arise from
¢h(1415) (~5%) and ¢f(1285) (~4%) channels. This
state is also interpreted as a 0~ " s5¢g 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 20-30 MeV 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 ¢(2170) and 7(2370), the overall structure of
these states is not expected to change significantly. The
compact 86 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 177 ssqg tetraquark states with masses of
2397 MeV, 2377 MeV, and 2340 MeV, as well as a 0~
state at 2088 MeV. We also predict an exotic (077)
tetraquark state with a mass of 2359 MeV. Nevertheless,
wa careful analysis of the known PDG isoscalar states with
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TABLE X. Diabatic formalism results for S-wave s5s5 states:
energy eigenvalues E, state sizes (r), and diquark-antidiquark and
dimeson state contents (%).

Jre o+t 2+t
E (GeV) 2.188 2.179
(r) (fm) 0.545 0.543
86 89.3 91.4
AA L5 1.5
n(958) 1, (1285) 1.1 1.3
1(958)5(1295) 45 1.1

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 ssss States

In the S-wave fully strange sector, we predict states with
JPC =07 and 2+ at 2.19 GeV and 2.18 GeV, respec-
tively (Table X). Both are dominated by the 66 component
(~90%). For the 07 state, the next largest contribution is
from 7(958)5(1295) (~5%), while for the 2" state this
channel contributes only ~1%. The suppression of the
latter value arises from the angular momentum barrier:
According to Table III, 0™ #n states couple through the
¢ = 0 partial wave, whereas 2" i states only appears
through the £ = 2 partial wave.

Experimentally, the PDG lists nearby candidates
f0(2200) and f,(2150), both with reported widths of
2200 MeV The same holds for the somewhat more distant
f0(2100). £,(2200) has also been suggested as an S-wave
tetraquark in Ref. [57].

E. X(2300) and f,(2340)

We also investigate the recently observed JPC =
177 X(2300) [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 X(2300). The PACIAE
study [59] simulates ete™ 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 X(2300) are assembled under different possible internal
structures: an excited s5, a compact ss35 tetraquark, and a
hadro-strangeonium (¢5 or ¢n') state. For each configura-
tion, the model computes production yields and kinematic
distributions (rapidity and pyz), finding that the resulting
yields and spectra differ significantly among the three
hypotheses: The excited s5s and compact tetraquark

TABLE XI. Results for the energy eigenvalues E, state sizes
(r), and state contents of X(2300) and f,(2340) within the
diabatic dynamical diquark model with ms = 1.0 GeV. Entries
<1% are left blank.

JPe 1+ 2++
E (GeV) 2.271 2.307
(r) (fm) 0.567 0.517
56 82.7 92.8
n(1295)¢ 6.7

1(958)h, (1415) 1.3
17(958) £, (1420) 1.1
n(1475)¢ 7.1

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 s5 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 3P,
quark-pair creation model, Ref. [60] then -calculates
OZI-allowed two-body decay widths, assigning X(2300)
as the third radial excitation of the P, axial-vector state
(3'Py), and predicts KK*, K*K*, K*K 5, and KK3(1430)
as the dominant decay modes.

To test its structure, we vary ms from 0.95 GeV (its value
in the adiabatic calculation [25]) to 1.0 GeV, in order to
reproduce the observed X(2300) and include nearby closed
thresholds. Our results (Table XI) show that even after
threshold effects are included, X(2300) remains dominated
by its 86 component (~83%), followed by two ¢ channels
with excited 7’s (each ~7%). These results, analogous to
those in previous cases, support the interpretation of
X(2300) as a compact S-wave s3s5, JPC = 17~ state.

Furthermore, Table XI also shows that the shift to ms =
1.0 GeV nicely accommodates f,(2340) (JF€ =21),
which is also found to be an S-wave s5s§ state that is
predominantly 56 (~93%), with subleading contributions
from 7(958)h,(1415) and 7(958)f,(1420) (each =1%).

Notably, among the tensor states with masses around
2.3 GeV observed also in the channel J/y — y¢¢p [27], the
significantly larger decay width of f,(2340) compared
with that of f,(2300) further supports an exotic interpre-
tation. The exotic nature of f,(2340) 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 sss§ states

Finally, in the P-wave fully strange sector, we take the
EZ threshold as the lightest one (Table IV), because
the following mass relation for the 0~ state when the
spin-dependent terms are included [25],
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My = Mo(1P) + Kk =2V 5 =8V, (31)

with V; 3> 0 and V/ 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 86 configuration (Table XII). In particu-
lar, the predicted mass of the 0~ state agrees with the
observed X(2600). It is described primarily as a 66
configuration (=80%), with the next main contribution
arising from the 2= component (x~15%). Indeed, this
contribution is the largest single dihadron component we
have observed in the hidden-strange sector.

Several theoretical studies have interpreted the X (2500)
resonance as a fully strange tetraquark (ss55). QCD sum-
rule analyses [51,62] and quark-model calculations [57]
assign it to a P-wave configuration with quantum numbers
JPC€ = 0=, predicting masses in the range 2.45-2.55 GeV,
consistent with the BESIII measurement. These works
suggest that X(2500) represents the lowest 1P fully strange
tetraquark excitation, rather than a conventional s5 meson.
In our framework, however, we reach a different conclu-
sion: The corresponding s5s5 tetraquark configuration
appears around 2.6 GeV, supporting the interpretation of
the nearby X(2600) state as the likelier s3s5 state, espe-
cially since the quantum numbers JP¢ = 0=F,2=F, both
members of the 1P s5s5 multiplet, are favored [43].

The 17~ sector is handled analogously and gives very
similar results (Table XII); in this case, however, we note
that the ssss sector contains two 17~ 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 17~ P-wave s5s§ states in the diabatic model.

TABLE XII. Diabatic formalism results for P-wave s5s5 states:
energy eigenvalues E, state sizes (r), and diquark-antidiquark and
dimeson state contents (%). - --” indicates forbidden quantum

numbers.

Jre 1=~ 0"
E (GeV) 2.584 2.602
(r) (fm) 0.855 0.855
86 79.5 80.0
=) 10.4 15.2
f1(1285)h,(1415) 1.7 1.6
7(1295)h,(1415) 2.9
f1(1285)f,(1420) 1.4 1.3
1n(1295)f,(1420) 2.3

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 s5¢g and s3s5 states, the 56 component
dominates, and the small state size (r) values confirm a
compact tetraquark interpretation. In particular, f,(2340)
and X(2300) are found to retain predominantly diquark-
antidiquark character, even after including threshold
effects.

In the P-wave sector, ¢(2170) and 5(2370) are found to
be consistent with compact s5qq tetraquark structures. We
also find that X(2600) fits well as a P-wave s5s5 state with
quantum numbers 0~ ". Of all the states considered in this
work, the largest mixing observed is the E-Z content of
X(2600), which is found to be almost 15%.

To this point, the only distinction between members of
dynamical-diquark-model multiplets (such as 0™+ and 17
in the S-wave, or 0~ and 17~ 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 Egs. (29) and (30) for the
special cases of 17~ and 0~ P-wave s5¢g 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.

114047-11



SHAHRIYAR JAFARZADE and RICHARD F. LEBED

PHYS. REV. D 112, 114047 (2025)

ACKNOWLEDGMENTS

S.J. thanks Steven Martinez for discussions and for
sharing his numerical results on the topic. R. F. L. acknowl-
edges support by the National Science Foundation
(NSF) under Grant No. PHY-2405262. S.J. acknowledges
support by the U.S. Department of Energy ExoHad
Topical Collaboration under Grant No. DE-SC0023598.

This work contributes to the goals of the ExoHad
Collaboration.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] S.-K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91,
262001 (2003).

[2] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
110, 252001 (2013).

[3] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
222001 (2019).

[4] R. Lebed, R. Mitchell, and E. Swanson, Prog. Part. Nucl.
Phys. 93, 143 (2017).

[5]1 S. Brodsky, D. Hwang, and R. Lebed, Phys. Rev. Lett. 113,
112001 (2014).

[6] R. Lebed, Phys. Rev. D 96, 116003 (2017).

[7] J. Giron, R. Lebed, and C. Peterson, J. High Energy Phys.
05 (2019) 061.

[8] J. Giron, R. Lebed, and C. Peterson, J. High Energy Phys.
01 (2020) 124.

[9] J. Giron and R. Lebed, Phys. Rev. D 101, 074032 (2020).
[10] J. Giron and R. Lebed, Phys. Rev. D 102, 014036 (2020).
[11] J. Giron and R. Lebed, Phys. Rev. D 102, 074003 (2020).
[12] J. Giron, R. Lebed, and S. Martinez, Phys. Rev. D 104,

054001 (2021).

[13] R. Lebed and S. Martinez, Phys. Rev. D 110, 034033
(2024).

[14] R. Lebed, Phys. Lett. B 749, 454 (2015).

[15] J. Giron and R. Lebed, Phys. Rev. D 104, 114028 (2021).

[16] S. Navas et al. (Particle Data Group), Phys. Rev. D 110,
030001 (2024).

[17] M. Baer, Beyond Born-Oppenheimer: Electronic Nonadia-
batic Coupling Terms and Conical Intersections (Wiley,
New Jersey, 2000).

[18] R. Bruschini and P. Gonzdlez, Phys. Rev. D 102, 074002
(2020).

[19] R. Bruschini and P. Gonzdlez, Phys. Rev. D 103, 074009
(2021).

[20] R. Bruschini and P. Gonzdlez, Phys. Rev. D 103, 114016
(2021).

[21] R. Bruschini and P. Gonzdlez, Phys. Rev. D 104, 074025
(2021).

[22] R. Lebed and S. Martinez, Phys. Rev. D 106, 074007
(2022).

[23] R. Lebed and S. Martinez, Phys. Rev. D 108, 014013
(2023).

[24] R. Lebed and S. Martinez, Phys. Rev. D 110, 074002
(2024).

[25] S. Jafarzade and R. Lebed, Phys. Rev. D 112, 014034
(2025).

[26] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 105,
072002 (2022).

[27] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 93,
112011 (2016).

[28] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 74,
091103 (2006).

[29] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 100,
102003 (2008).

[30] C. Shen et al. (Belle Collaboration), Phys. Rev. D 80,
031101 (2009).

[31] S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 101,
074012 (2020).

[32] H.-X. Chen, X. Liu, A. Hosaka, and S.-L. Zhu, Phys. Rev. D
78, 034012 (2008).

[33] Y.-B. Dong, A. Faessler, T. Gutsche, and V. Lyubovitskij,
Phys. Rev. D 96, 074027 (2017).

[34] A. Martinez Torres, K. Khemchandani, L.-S. Geng, M.
Napsuciale, and E. Oset, Phys. Rev. D 78, 074031 (2008).

[35] X. Wei, Q.-H. Shen, X.-H. Liu, and J.-J. Xie, arXiv:2509
.12552.

[36] J. Bai et al. (BES Collaboration), Phys. Rev. Lett. 91,
022001 (2003).

[37] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 95,
262001 (2005).

[38] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
106, 072002 (2011).

[39] M. Ablikim et al. (BESIII Collaboration), Eur. Phys. J. C 80,
746 (2020).

[40] C. Morningstar and M. Peardon, Phys. Rev. D 60, 034509
(1999).

[41] Y. Chen, A. Alexandru, S. Dong, T. Draper, and 1. Horvath,
Phys. Rev. D 73, 014516 (2006).

[42] A. Athenodorou and M. Teper, J. High Energy Phys. 11
(2020) 172.

[43] M. Ablikim er al. (BESIII Collaboration), Phys. Rev. Lett.
129, 042001 (2022).

[44] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
134, 191901 (2025).

[45] K. Juge, J. Kuti, and C. Morningstar, Nucl. Phys. B, Proc.
Suppl. 63, 326 (1998).

[46] K. Juge, J. Kuti, and C. Morningstar, Phys. Rev. Lett. 82,
4400 (1999).

[47] K. Juge, J. Kuti, and C. Morningstar, Phys. Rev. Lett. 90,
161601 (2003).

[48] R. Bruschini, J. High Energy Phys. 08 (2023) 219.

114047-12


https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1103/PhysRevLett.113.112001
https://doi.org/10.1103/PhysRevLett.113.112001
https://doi.org/10.1103/PhysRevD.96.116003
https://doi.org/10.1007/JHEP05(2019)061
https://doi.org/10.1007/JHEP05(2019)061
https://doi.org/10.1007/JHEP01(2020)124
https://doi.org/10.1007/JHEP01(2020)124
https://doi.org/10.1103/PhysRevD.101.074032
https://doi.org/10.1103/PhysRevD.102.014036
https://doi.org/10.1103/PhysRevD.102.074003
https://doi.org/10.1103/PhysRevD.104.054001
https://doi.org/10.1103/PhysRevD.104.054001
https://doi.org/10.1103/PhysRevD.110.034033
https://doi.org/10.1103/PhysRevD.110.034033
https://doi.org/10.1016/j.physletb.2015.08.032
https://doi.org/10.1103/PhysRevD.104.114028
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.102.074002
https://doi.org/10.1103/PhysRevD.102.074002
https://doi.org/10.1103/PhysRevD.103.074009
https://doi.org/10.1103/PhysRevD.103.074009
https://doi.org/10.1103/PhysRevD.103.114016
https://doi.org/10.1103/PhysRevD.103.114016
https://doi.org/10.1103/PhysRevD.104.074025
https://doi.org/10.1103/PhysRevD.104.074025
https://doi.org/10.1103/PhysRevD.106.074007
https://doi.org/10.1103/PhysRevD.106.074007
https://doi.org/10.1103/PhysRevD.108.014013
https://doi.org/10.1103/PhysRevD.108.014013
https://doi.org/10.1103/PhysRevD.110.074002
https://doi.org/10.1103/PhysRevD.110.074002
https://doi.org/10.1103/4t78-3tc3
https://doi.org/10.1103/4t78-3tc3
https://doi.org/10.1103/PhysRevD.105.072002
https://doi.org/10.1103/PhysRevD.105.072002
https://doi.org/10.1103/PhysRevD.93.112011
https://doi.org/10.1103/PhysRevD.93.112011
https://doi.org/10.1103/PhysRevD.74.091103
https://doi.org/10.1103/PhysRevD.74.091103
https://doi.org/10.1103/PhysRevLett.100.102003
https://doi.org/10.1103/PhysRevLett.100.102003
https://doi.org/10.1103/PhysRevD.80.031101
https://doi.org/10.1103/PhysRevD.80.031101
https://doi.org/10.1103/PhysRevD.101.074012
https://doi.org/10.1103/PhysRevD.101.074012
https://doi.org/10.1103/PhysRevD.78.034012
https://doi.org/10.1103/PhysRevD.78.034012
https://doi.org/10.1103/PhysRevD.96.074027
https://doi.org/10.1103/PhysRevD.78.074031
https://arXiv.org/abs/2509.12552
https://arXiv.org/abs/2509.12552
https://doi.org/10.1103/PhysRevLett.91.022001
https://doi.org/10.1103/PhysRevLett.91.022001
https://doi.org/10.1103/PhysRevLett.95.262001
https://doi.org/10.1103/PhysRevLett.95.262001
https://doi.org/10.1103/PhysRevLett.106.072002
https://doi.org/10.1103/PhysRevLett.106.072002
https://doi.org/10.1140/epjc/s10052-020-8078-4
https://doi.org/10.1140/epjc/s10052-020-8078-4
https://doi.org/10.1103/PhysRevD.60.034509
https://doi.org/10.1103/PhysRevD.60.034509
https://doi.org/10.1103/PhysRevD.73.014516
https://doi.org/10.1007/JHEP11(2020)172
https://doi.org/10.1007/JHEP11(2020)172
https://doi.org/10.1103/PhysRevLett.129.042001
https://doi.org/10.1103/PhysRevLett.129.042001
https://doi.org/10.1103/PhysRevLett.134.191901
https://doi.org/10.1103/PhysRevLett.134.191901
https://doi.org/10.1016/S0920-5632(97)00759-7
https://doi.org/10.1016/S0920-5632(97)00759-7
https://doi.org/10.1103/PhysRevLett.82.4400
https://doi.org/10.1103/PhysRevLett.82.4400
https://doi.org/10.1103/PhysRevLett.90.161601
https://doi.org/10.1103/PhysRevLett.90.161601
https://doi.org/10.1007/JHEP08(2023)219

DIABATIC DYNAMICAL DIQUARK MODEL OF HIDDEN- ...

PHYS. REV. D 112, 114047 (2025)

[49] R. Lebed, Phys. Rev. D 112, 114008 (2025).

[50] X.-K. Dong, H.-X. Chen, X. Liu, and S.-L. Zhu, Front.
Phys. 11, 1184103 (2023).

[51] N. Su and H.-X. Chen, Phys. Rev. D 106, 014023 (2022).

[52] Z. Zhao, K. Xu, A. Kaewsnod, X. Liu, A. Limphirat, and Y.
Yan, Phys. Rev. D 105, 036001 (2022).

[53] M. Karliner and J. Rosner, Phys. Rev. D 90, 094007 (2014).

[54] L. Maiani and A. Pilloni, in Frontiers in Nuclear and
Hadronic Physics (2022), arXiv:2207.05141.

[55] Q.-N. Wang, D.-K. Lian, and W. Chen, Phys. Rev. D 112,
034010 (2025).

[56] U. Fano, Phys. Rev. 124, 1866 (1961).

[57] E-X. Liu, M.-S. Liu, X.-H. Zhong, and Q. Zhao, Phys. Rev.
D 103, 016016 (2021).

[58] B.-D. Wan and J.-C. Yang, arXiv:2507.11874.

[59] J. Cao, W.-C. Zhang, J.-P. Zhang, B. Feng, A.-K. Lei, Z.-L.
She, H. Zheng, D.-M. Zhou, Y.-L. Yan, and B.-H. Sa,
arXiv:2509.11746.

[60] W. Hao, M. A. Sultan, L.-J. Liu, and E. Wang, Phys. Rev. D
112, 036006 (2025).

[61] A. Vereijken, S. Jafarzade, M. Piotrowska, and F. Giacosa,
Phys. Rev. D 108, 014023 (2023).

[62] R.-R. Dong, N. Su, H.-X. Chen, E.-L. Cui, and Z.-Y. Zhou,
Eur. Phys. J. C 80, 749 (2020).

114047-13


https://doi.org/10.1103/4sx7-rrdl
https://doi.org/10.3389/fphy.2023.1184103
https://doi.org/10.3389/fphy.2023.1184103
https://doi.org/10.1103/PhysRevD.106.014023
https://doi.org/10.1103/PhysRevD.105.036001
https://doi.org/10.1103/PhysRevD.90.094007
https://arXiv.org/abs/2207.05141
https://doi.org/10.1103/tr1v-lly8
https://doi.org/10.1103/tr1v-lly8
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1103/PhysRevD.103.016016
https://doi.org/10.1103/PhysRevD.103.016016
https://arXiv.org/abs/2507.11874
https://arXiv.org/abs/2509.11746
https://doi.org/10.1103/yqxf-5scf
https://doi.org/10.1103/yqxf-5scf
https://doi.org/10.1103/PhysRevD.108.014023
https://doi.org/10.1140/epjc/s10052-020-8340-9

	Diabatic dynamical diquark model of hidden-strangeness tetraquarks
	I. INTRODUCTION
	II. TETRAQUARK STATES WITHIN THE DYNAMICAL DIQUARK MODEL
	III. HADRONIC THRESHOLDS
	IV. DIABATIC DESCRIPTION OF THE DYNAMICAL DIQUARK MODEL
	V. RESULTS
	A. S-wave ss&macr;qq&macr; states
	B. P-wave ss&macr;qq&macr; states
	C. ϕ(2170) and n(2370)
	D. S-Wave ss&macr;ss&macr; States
	E. X(2300) and f2(2340)
	F. P-wave ss&macr;ss&macr; states

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


