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As in previous decades, a comprehensive understanding of the intricate internal configuration of hadrons
continues to be a central objective within both experimental and theoretical hadron physics. This pursuit
plays a pivotal role in advancing our knowledge of quantum chromodynamics (QCD) and critically
evaluating the robustness and accuracy of the theoretical models developed to date. Furthermore,
deciphering the underlying mechanisms of exotic states, both those currently observed and those
anticipated in future experiments, remains a pressing and unresolved challenge. Motivated by this, in
the present study, we investigate the electromagnetic properties of the DD, (2420) and D*D*(2400)
molecular tetraquark states with quantum numbers J©¢ = 177, using the QCD light-cone sum rule method.
These states are analyzed within a hadronic molecular framework, where their magnetic and quadrupole
moments are computed to probe internal structure and geometric deformation. Our results reveal distinct
electromagnetic signatures, with the magnetic moments primarily dominated by light-quark contributions,
and the quadrupole moments suggesting an oblate charge distribution. The findings are compared with
prior studies assuming compact tetraquark configurations, emphasizing the sensitivity of electromagnetic
observables to the underlying hadronic structure. This analysis provides critical insights into the nature of
exotic hadrons and contributes to the broader understanding of QCD dynamics in the nonperturbative

regime.
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I. MOTIVATION

The field of hadron spectroscopy has witnessed remark-
able progress during the last twenty years, driven by high-
precision experimental data from facilities such as the
LHC, Belle, and BESIII, along with significant theoretical
progress grounded in quantum chromodynamics (QCD).
These advances have deepened our understanding of
QCD’s nonperturbative regime, especially the mechanisms
governing color confinement. A breakthrough in this
context has been the observation of hadronic states that
do not conform to the conventional quark model, which
classifies hadrons strictly as mesons or baryons. These
anomalous states are interpreted as multiquark configura-
tions, notably tetraquarks and pentaquarks, challenging
traditional hadron classification and offering novel insights
into the dynamics of strong interactions and exotic QCD
matter. The first definitive evidence emerged in 2003 with
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the Belle Collaboration’s discovery of the X(3872) reso-
nance [1], a candidate tetraquark or hadronic molecule.
Since then, numerous exotic candidates with possible
four- and five-quark content have been identified by
collaborations including LHCb, BESIII, Belle, and CDF,
establishing the study of exotic hadrons as a rapidly
evolving subfield. In parallel, different theoretical
approaches are suggested to elucidate their internal struc-
ture. The dominant interpretations for tetraquarks are the
hadronic molecular picture—viewing them as loosely
bound meson-meson systems—and the compact diquark-
antidiquark model, which posits a tightly bound color
configuration. However, the inherently nonperturbative
nature of low-energy QCD renders a definitive under-
standing of these states elusive. A comprehensive survey of
recent experimental findings and theoretical developments
concerning exotic hadrons can be found in Refs. [2-18],
which collectively address the classification, interpretation,
and open theoretical challenges associated with multiquark
states.

Recent experimental investigations have led to the
identification of several vector hidden-charm tetraquark
states, including Y (4260/4230), Y (4360/4320), Y(4390),
Y(4500), Y(4660), and Y (4710/4750/4790) with
JP€ =177, collectively known as the Y states, by the
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BABAR [19,20], Belle [21-24], CLEO [25], and BESIII
[26-35] collaborations. Very recently, the et e™ — a7~ h,
cross section was measured, and three vector hidden-charm
tetraquark candidates have been reported by the BESIII
collaboration [36]. The obtained masses and widths are
determined as follows: M| = (4223.6735178) MeV, '} =
(58.5108407) MeV, M, = (4327.472041197) MeV, T, =
(244.11337750) MeV, and M3 = (4467.471752) MeV,
I3 = (62.87/72728) MeV. The statistical significance of
the three Breit-Wigner assumption over the two Breit-
Wigner assumption is greater than 5¢. However, these
observed states do not exhibit a clear and direct correspon-
dence with the conventional meson, which is typically
characterized by the quantum numbers J©¢ = 17", To
further understand the underlying nature of these states,
different theoretical approaches have been suggested, and
significant research efforts have been directed toward
exploring them. Precise measurement of their properties
is essential to unraveling their nature. There exist numerous
studies devoted to investigating the properties of these
tetraquark candidates, and their details can be found in
Refs. [2-18]. Although we will not discuss these details in
the present work, we will briefly highlight some of the
studies conducted within the framework of QCD sum rules
—the same method employed in this paper—in order to
provide context. Several studies, reported in Refs. [37-42],
have examined these states’ spectroscopic properties using
QCD sum rules. In Ref. [37], a comprehensive set of
interpolating currents was constructed for the Y states. The
spectroscopic parameters of these states were investigated
within the QCD sum rule framework for various quantum
numbers, including J°¢ = 1**, 17, 1=+, and 17, con-
sidering both [cq][¢ g] and [cs][¢ 5] quark configurations.
These analyses were conducted under the assumption that
the states possess a diquark—antidiquark internal structure.
While some of the predicted mass values showed good
agreement with experimentally observed Y candidates,
discrepancies were found for others. Additionally, the
study also addressed possible decay modes and proposed
experimental strategies for the detection of these exotic
states. In Ref. [38], the mass and residue of the Y (4660)
state were evaluated using the QCD sum rule approach. The
analysis suggested that the ¥ (4660) resonance is compatible
with a diquark-antidiquark configuration, either of the
type ccss or cc(uit 4+ dd)/+/2, with quantum numbers
JP€ = 17~. Additionally, the study ruled out the possibility
of assigning the ¥ (4360) state to a ccud tetraquark structure
with quantum numbers J7¢ = 1%~ In Ref. [39], a compre-
hensive QCD sum rule analysis was performed employing
multiple current operators to investigate both vector and
axial-vector tetraquark states. The derived spectroscopic
parameters for the Y states provide compelling evidence

for the interpretation of the ¥ (4660) resonance as a compact
[cq][c q] tetraquark configuration with quantum numbers
JP€ = 17~. Furthermore, the results suggest that the
Y (4260) and Y(4360) resonances may exhibit mixed char-
monium-tetraquark characteristics, indicating a possible
hybrid nature for these states. In Ref. [40], the authors
constructed two distinct tetraquark current types—C ® y,C
and Cys ® ysy,C—to calculate the mass and residue param-
eters of Y states. Their analysis led to specific spectroscopic
assignments: the Y(4660) and Y(4630) resonances were
identified as ccss vector tetraquark states of the C ® y,C
type, while the Y (4360) and Y (4320) were characterized as
ccqq vector tetraquarks of the Cys ® ysy,C type. Notably,
the study did not find sufficient evidence to classify ¥ (4260),
Y(4220), and Y(4390) as definitive Y states within this
framework. In Ref. [41], the Y (4660) state was investigated
within the diquark-antidiquark framework, where it was
modeled as a compact [cs][¢ 5] tetraquark configuration. The
study comprehensively evaluated the state’s mass, decay
constant, and strong decay channels, demonstrating that both
the predicted mass and total decay width show remarkable
consistency with experimental observations. In Ref. [42],
scalar, pseudoscalar, vector, axial-vector, and tensor anti-
diquark currents were constructed to investigate the mass
spectrum of Y states within the QCD sum rule framework.
The results of this analysis supported the interpretation of the
Y(4360), Y(4390), and Y(4660) resonances as [cq][cg']
states, carrying quantum numbers J°¢ = 17"

Beyond the aforementioned states, there is also the
possibility of additional vector hidden-charm tetraquarks,
which may possess different quark configurations and
internal structures. In Refs. [43,44], we conducted a
thorough investigation into the electromagnetic properties
of experimentally reported and theoretically predicted
vector hidden-charm states via QCD light-cone sum rules,
assuming a compact diquark-antidiquark configuration. In
the present work, we expand this study by calculating both
the magnetic and quadrupole moments of DD, (2420) and
D*D*(2400) molecular vector hidden-charm tetraquarks,
utilizing the QCD light-cone sum rule methodology [45—
47], with quantum numbers J¢ = 17=. The study of the
electromagnetic properties of hadrons provides essential
insights into their intrinsic nature, internal structure, and
quantum numbers, complementing their spectroscopic
features. The electromagnetic characteristics, particularly
the magnetic moments, are intrinsically linked to the spatial
distribution of quarks and gluons within the hadron. The
magnetic moments reflect the distribution of charge and
magnetization within the particle. Investigating higher-order
multipole moments, including quadrupole moments, offers a
promising avenue for advancing our understanding of
these exotic states. A substantial body of literature exists
that focuses on the electromagnetic properties of both
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hidden-charm and doubly heavy tetraquark states. These
investigations seek to elucidate the internal quark-gluon
dynamics and fundamental characteristics of these intricate
hadronic structures [43,48-71]. While considerable advance-
ments have been achieved, it is evident that additional
research is essential to attain a more comprehensive under-
standing of the electromagnetic characteristics of these states,
particularly those with intricate internal configurations.

This work is organized as follows: Sec. II develops the
theoretical foundation using QCD light-cone sum rules,
systematically deriving the correlation functions within
both hadronic and QCD representations. The formalism
yields analytical expressions for both magnetic and
quadrupole moments following standard methodology.
Section III provides a detailed numerical analysis of these
electromagnetic moments, with a discussion of the
obtained results. Finally, Sec. IV offers a summary of
the findings.

II. THEORETICAL FOUNDATIONS

In this section, we present the derivation of the QCD
light-cone sum rules, which are utilized to compute the
magnetic and quadrupole moments of DD;(2420) and
D*D*(2400) molecular Y states. To establish the formalism
required for this analysis, we begin by considering the
following correlation function, which is a crucial compo-
nent of the method.

Mos(p.q) = i/d“xei”"‘(OIT{Ja(X)J,T;(O)}|0>F7 (1)

where F represents the external background electromag-
netic field, and J,(x) stands for the interpolating current of
the Y states. For the DD, (2420) and D* D*(2400) molecu-
lar tetraquark states, the following interpolating currents
can be formulated [72]
> i
at(x) = 7 [ (x)yse (x)][t ()7arsd” (x)], (2)

1 (3) = [ (et (e (). (3)

where a and b are color indices.

These interpolating currents possess meson-meson struc-
tures and are constructed as local products of scalar—vector
currents corresponding to the D and D; (or D* and D*)
mesons. This choice of interpolating current is motivated
by its meson-meson structure, which aligns with the
expected quantum numbers and binding characteristics
of hadronic molecules. They are therefore expected to
couple effectively to the molecular configurations of the
DD, and D*D* systems. However, it is worth noting that

the interpolating currents mentioned above couple not
only to molecular states but also to diquark-antidiquark
(compact tetraquark) configurations. This is because,
through a Fierz transformation, a molecular-type current
can be decomposed into a sum of diquark-antidiquark-
type currents with certain numerical coefficients [73]. In
other words, a molecular current can be represented as a
specific linear combination of compact-type currents.
Conversely, a compact tetraquark current can also be
reexpressed in terms of molecular-type structures, as
shown in [74]. However, a notable distinction exists
between an individual molecular-type current and an
individual diquark-antidiquark-type current. For instance,
each compact tetraquark current is typically a linear
combination of multiple independent molecular currents.
A well-known example illustrating this behavior is the
light scalar-isoscalar sigma meson, for which the compact
tetraquark current, or a suitable mixing of currents,
provides a better phenomenological description than the
conventional pion—pion molecular current. Distinguishing
between compact tetraquark and molecular structures
remains one of the central aims of our systematic inves-
tigation, driven by the need to understand the underlying
nature of these exotic states.

By utilizing these interpolating currents, we will inves-
tigate the electromagnetic properties of these molecular
states using the QCD light-cone sum rules method. The
procedure to apply the QCD light-cone sum rules is
outlined as follows:

(i) The first step involves expressing the correlation
function in terms of hadronic parameters, such as
mass, magnetic moment, and form factors. This
approach is termed the “hadronic formulation.”

(i) The second step involves expressing the same
correlation function in terms of quantities associated
with the quark-gluon degrees of freedom and dis-
tribution amplitudes. This is known as the “QCD
formulation.”

(iii) Finally, the two formulations are reconciled based
on the premise of quark-hadron duality. To suppress
unwanted contributions, a double Borel transforma-
tion along with continuum subtraction is applied.
This process leads to the derivation of the sum rules
for the physical parameters of interest.

A. Hadronic formulation

To obtain the hadronic formulation of the correlation
function, we begin by inserting a complete set of inter-
mediate states corresponding to the Y states with identical
quantum numbers as the interpolating currents. This is done
within the framework of the correlation function, and an
integration over the spacetime variable x is then performed.
The expression that results from this procedure is
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(0] (x)|Y(p.€))
p*—mj

s (p.q) =

(Y(p +g.¢)175(0)[0)

(Y(p.e)|Y(p+q.6))p

+ continuum and higher states. (4)

(p+q)* —my

From the expression above, it is evident that the matrix elements involved need to be explicitly defined. These elements

are presented as follows [75]:

01 (x)[Y (p. &) = Ayeg.

(Y(p +q.¢)75(0)|0) = Ayey,

(Y(p.eNY(p+q.e))p=—¢(e)(e) |G (Q*)(2p + 9), 9 + G2(0*)(919u — Gyuw) —

(5)
(6)

1
mG3(Q2)(2P +4),9,4, | s
(7)

where 1y represents the current coupling, eﬂ,(s}}‘c) denotes the polarization vector of the initial(final) Y tetraquarks, &’ stands

for the photon polarization vector, and G;(Q?) correspond to the electromagnetic form factors with Q> = —¢g* being the

momentum transfer squared.

By utilizing the expressions above, the hadronic formulation of the correlation function is obtained as follows:

2
€,y

) =G

| i@ + ), o -4 :

p 1 1
X (Q2 + 2m%/):| + GZ(QZ) |:qa.g/)/i - qﬂg/)(z - mig <qap/1 - 5 ng(l/)> + 7 (qﬂ (p + q)p + 5 ng/)’/)>
Y

_Gi(0?)

4

_ (p + Q)apﬁpp Q2:|
ny

Y

o (2p +q),lqq295 —

Pals P+ 2P+ a)s  (P+ )by
Y my 2””?
(P+q),
Y
Paldp » P+ Dads , (P+Dads .,
- . 8
2m3, "+ 2m3 Q 4m3, Q (8)

Rather than the form factors G, (Q?), G,(Q?), and G5(Q?) defined above, the magnetic F,(Q?) and quadrupole Fp(Q?)
form factors are experimentally more accessible, and their explicit forms are defined in terms of the form factors G, (Q?),

G,(Q?), and G5(Q?) as follows:

=
2
1
=
I

where A = Q?/4m? is a kinematic factor with Q% = —¢°.

In standard contexts, the equation above is sufficient to
obtain the electromagnetic properties of the Y states.
However, since our analysis is focused on real photon
interactions, we need to derive the expressions at the point
0? = 0. At zero momentum transfer, i.e., in the static limit,
these form factors are proportional to the usual static
quantities: the magnetic (¢) and quadrupole (D) moments.
The corresponding equations are given as follows:

eFy(0) = 2mypy,

eFp(0) = m3Dy. (10)

Thus, the necessary formulas for the magnetic and
quadrupole moments have been derived, thereby

G1(Q%) — G5(Q%) + (1 + 1)G5(Q%),

©)

completing the hadronic formulation of the correlation
function. The next step involves analyzing the correlation
function in terms of the quark-gluon interactions and their
associated characteristics.

B. QCD formulation

Within the QCD formulation for the correlation function,
the corresponding interpolating currents for the DD, and
D*D* states are integrated into the correlation function as
presented in Eq. (1). Following this, Wick’s theorem is used
to carry out all required contractions and to obtain the
corresponding equations. Following these steps, the QCD
formulation of the correlation function for the DD, and
D*D* states is derived as follows:

014011-4



DD, (2420) AND D*D*(2400)

PHYS. REV. D 112, 014011 (2025)

—DD i . ’ 7 q /
""" (p.g) = =5 / d*xe'” (O1{TrlysSe (x)rs Sy (=] Telyars Sy (x)rs7S¢" (=)

— Tr[ysSe (x)ys75S%“ (—x)| Trly,rs S5 (x)rsS2P (—x)]
= Tr[y 752 (x)y5S4“ (—x)| Trlys S5 (x)ysypS2 P (—x))]

+ Tr[7a75Sga/ (X)VS}’ﬂSﬁ’a(—x)]Tf[}’SSzb’ (x)ySSf/b(—x)]HO)F, (11)
_D*D* 1 . ! ! / /
""" (pog) =5 / dxer (O|{TrlSe (x) Y (=) TelyaStY (x)rSE° (=)

= Tr[Se (x)yp St (=) TrlyaS5” (x)SE (=x)] = Trlya S (x)S5 (—x) Tr[SG” (x)7S¢" (—x)]
+ TelraSe (275 (=) Te[ S5 (x) P (=x)]}O) - (12)

The propagator structures for both charm and light quark fields adopt the following representation [76,77]:
8, (x) = St () — %5 / duGH (ux) o, + o, 4] (13)

167°x 0
free mopgs 1 v Kl (m v _'x2)

So(x) = Sg(x) — i 69”2 [) duG* (ux) {(%x + f0,,) # +26,,Ko(moV —x?) |, (14)

with
e v )_ﬁ( % %) (15)
stree () — Z; [Kl(r\';“_%j) + zsz%\;?)} . (16)

where G** denotes the gluon field-strength tensor, and K;’s
represent modified Bessel functions of the second kind.
There are two classes of contributions in Egs. (11) and
(12), distinguished by the manner in which the photon
interacts with the quark lines. In the first case, the photon
interacts perturbatively with the quark line via the standard
QED interaction, commonly referred to as the short-
distance interaction. The second class involves the non-
perturbative interaction of the photon with quarks, which is
described by the photon light-cone distribution amplitude,
known as the long-distance interaction. A complete theo-
retical treatment necessitates the inclusion of both contri-
butions to ensure robust and self-consistent results. Our
implementation strategy for these effects proceeds as
follows:
(1) The following formulation will be sufficient when
including perturbative contributions in the analysis.

St (0 — [ st e 9AQSE (0. (17)

In this approach, one of the light or heavy quark
propagators is substituted in the equation above,
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(i)

while the free part of the remaining propagators is
retained. This procedure corresponds to setting
T'\(a) =0 and S,(a) = 5(az)8(a,), in line with
the treatment of three-particle light-cone distribution
amplitudes, as detailed in Ref. [78].

The inclusion of nonperturbative effects in the
current framework requires implementation through
the following mathematical formulation:

52250 — =1 @ (g O]() (1)

where T'; = {1.75.74.5Va: Oqp/2}. Within this
framework, the calculation involves replacing a single
quark propagator in the aforementioned equation
while treating the remaining propagators in their full
form. The incorporation of nonperturbative effects in
the analytical framework generates specific matrix
elements, including (y(q)|g(x)I";G,3q(0)|0) and
(r(¢)|q(x)T';¢(0)|0). These matrix elements are fun-
damentally characterized through photon distribution
amplitudes (DAs). Photon DAs encapsulate nonper-
turbative QCD effects and are essential for evaluating
the correlation function. Their explicit forms, given in
Ref. [79], include contributions up to twist-4 accu-
racy. It should be emphasized that the photon DAs
employed in this study account solely for the con-
tributions of light quarks. Although, in principle, a
photon may also be radiated at long distances by a
charm quark, such effects are negligible in our
analysis. Technically, the matrix elements of nonlocal
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operators are expressed in terms of DAs, quark
condensates, and certain nonperturbative constants.
Since the contributions of these constants are already
negligible for light quarks, their impact becomes even
less significant for charm quarks. Notably, charm
quark condensates scale inversely with the heavy-
quark mass, i.e., ~1/m,, and are therefore strongly
suppressed [80]. As aresult, we exclude long-distance
contributions involving charm quark DAs from our
calculations and retain only the short-distance photon
emission from charm quarks, as formulated in
Eq. (17). The analytical framework for systematically
combining both perturbative and nonperturbative
components is comprehensively presented in
Refs. [57,81,82]. By incorporating these theoretical
refinements—specifically the inclusion of both

m= _ 2
DDy mDD
_ 7 1 2
Hpp,€ ™M pe p1(M?,50),
DD,
m? 2
"p* D m
- _ ' D'D* 2
Hppre M = 2 p3(M?,50),
D*D*

perturbative and nonperturbative contributions—the
complete QCD formulation of the correlation function
is obtained.

C. Sum rules for magnetic and quadrupole moments

Finally, by equating the coefficients of the unique
Lorentz structure (& - p)(q,pp — Poqp) for the magnetic
moment and (& - p)q,q; for the quadrupole moment in both
the QCD and hadronic formulations, we deduce the QCD
light-cone sum rules. These sum rules enable the extraction
of the magnetic and quadrupole moments of the corre-
sponding molecular tetraquark states, expressed in terms of
QCD parameters, hadronic inputs, and the auxiliary param-
eters s, and M?. The resulting predictions are presented
below

_’”fvb m2DD1 5
Dpp,e v = 7 P2(M?,59), (19)
DD,
m2 — m2
__D*D* * Fy*
Dppe w = /12DD Pa(M?,50). (20)

Since the expressions p;(M?,s) share a similar structure, only two of them—p; (M?,s;) and p3(M?, s,)—are explicitly

provided below as illustrative examples.

1
224 % 52 x T
m(9:G*)(qq)
222 % 33 x 5723
<g%G2>f3y

p1(M?,50) = (e, — 4)[3871]0, 5]]

_|_

+ BT (0, ) [23040m2L 4110, 1] -

225 x 343
m.(qq) (e, -
219 %32 x5 x 773

f3y

2 w32 5% T

1

283 % 52 x 720

m(9:G*)(q9)

220 % 33 x 573
B m.(4q)

218 w32 x 5% 723

9f3y
219 % 5 x 773

p3(M?,59) = —

+

(ew — ea)[(213]8] + 2415[T ] + I1[T,] — 2315[T 4] + 2215[S])I[0, 1 — 648x14[p,]1]0,2]]

11(1,[A] + 215[A))1]0, 2]]

eq)[63(=8(I3[T ] — I3[T 4] + I5[S]) — TI4[A))I[0, 3] — 351y Is[e, ] 1[0, 4]

(e, — eq) 11341 [y ] 1[0, 4] — (3584m21(0, 3] + 137710, 4]) [ [y"]], (21)

(eu — €4)[3871[0, 5]]

(ew = eq) [5(I3[S] + 1115[S)1]0, 1] = 324x16[o,]1(0, 2]]

(e = eq)[=7(1615[S8] + L6 [A]))I[0, 3] + 35116 [g, ][0, 4]]

(ew = eq) [Is[w 1110, 4]]. (22)

where (g2G?) represents the gluon condensate, and (gq) corresponds to the light-quark condensate. The functions I[n, m|

and ;[ F] are given by
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I[n,m] = //:) dse_s/Mzsn(s - M)m,
L[F] = [ D, Al dvF(ag, a4, a,)d (ag + va, — ug),
L[F] = /Da,- /01 dvF(ag, a,, a,)8(a, + va, — uy),
I4F] = A ' duF (u),

where M = 4m?2 and F refers the designated photon DAs.
It is worth noting that the Borel transformations are
carried out according to the following standard expressions

1
b { = lp + 4/ = 2]

} N e—m%/M%—m?./M% (23)

in the hadronic formulation, and

1
b {<m2 P q>2>"}
- (M*)C~9§(u — uo)e_mz/Mz, (24)

in the QCD formulation, where we use

MiM3 M3

2 = 1,[0:7'
M3 + M3

M3+ M3’

Here, M? and M3 denote the Borel parameters associated
with the initial and final states, respectively. Given that the
same hadronic state appears in both channels, it is reason-
able to set M? = M3 = 2M? and u, = 1/2. This approxi-
mation ensures a balanced treatment of both sides of the
correlation function and is adequate to effectively suppress
contributions from higher resonances and the continuum.

It is essential to emphasize that the derivation of Eq. (4)
is based on the assumption that the hadronic formulation of
the QCD light-cone sum rules can be sufficiently estimated
using a single pole approach. When considering tetraquark
or pentaquark states, it is crucial to substantiate this
approximation by introducing additional considerations.
This is because the hadronic formulation of the QCD sum
rules may involve contributions from intermediate two-
meson states [83-86], which are considered unwanted
contributions. Therefore, when extracting the parameters
for tetraquark or pentaquark states, one should account for
unwanted contributions arising from two-meson intermedi-
ate states. These unwanted contaminations can either be
removed from the QCD sum rules or embedded directly
into the pole term parameters. The first method was applied
in studies of pentaquarks [87-89], while the second was
used to derive tetraquark parameters [90-97]. In the present
work, it is important that the quark propagator be revised
according to the following relation:

1 1
7_ 2 . ’
me—p~ m?—p*—iy/p(p)

where I'(p) represents the finite decay width of the multi-
quark states caused by the intermediate two-meson effects.
Incorporating these effects into the sum rules, it has been
shown that they influence physical quantities by an amount
of roughly (5-7)% [90-97], a contribution that is smaller
than the inherent errors in the sum rule computations. As a
result, one can reasonably expect that the electromagnetic
characteristics of the tetraquarks and pentaquarks are unaf-
fected by these two-meson intermediate state contributions.
Therefore, it is justified to disregard the influence of these
intermediate states in the hadronic formulation of the
correlation function and to adopt the zero-width single-pole
model instead. Finally, mathematical formulations for the
magnetic and quadrupole moments of the Y tetraquarks have
been obtained.

(25)

ITII. NUMERICAL EVALUATIONS

The evaluation of magnetic and quadrupole moments via
QCD light-cone sum rules necessitates several input param-
eters. In this analysis, the following values are employed:
m, =2.16 £0.07 MeV, m,; =4.70+0.07 MeV, m, =
1.27£0.02 GeV [98], mpp, =4.36+0.08 GeV [72],
mp-p =478 £0.07 GeV [72], App, = (3.97 £0.54) x
1072 GeV? [72], Ap-p- = (7.56 £0.84) x 1072 GeV° [72],
() =(dd)=(-0.24+0.01)3GeV?, y=—2.85+0.5GeV>
[991, f3, = —(0.0039 + 0.0020) GeV? [79], and (g2G?) =
0.48 £ 0.14 GeV* [100]. Photon DAs are among the key
input parameters in our numerical calculations. The explicit
forms of these DAs and other input parameters are provided
in Ref. [79].

As evidenced by Egs. (19) and (20), two auxiliary
parameters, s, (continuum threshold) and M? (Borel mass),
play a critical role in our calculations. To maintain the
robustness and self-consistency of our results, it is neces-
sary to establish an optimal range—referred to as the
working region—within which the computed magnetic
and quadrupole moments remain stable under small var-
iations of these parameters. The parameter s, serves as a
physical scale rather than an arbitrary quantity, marking the
threshold beyond which continuum and excited states
contribute significantly to the correlation function. While
diverse approaches for determining its working region exist
in the literature, empirical evidence consistently supports
the range: (my + 0.5)> GeV? <5y < (my +0.7)* GeV2.
This interval has been adopted in our analysis due to its
demonstrated reliability in similar theoretical frameworks.
The working region for M? is constrained by two funda-
mental criteria: pole dominance (PC) and OPE convergence
(CVG). PC ensures that the ground-state contribution
dominates over higher-order effects, while CVG guarantees
the validity of the truncated operator product expansion.
These criteria are mathematically implemented as follows:
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TABLE L
molecular DD, and D*D* states.

Working regions of M? and s, together with the PC and CVG for the electromagnetic properties of the

Tetraquarks sy [GeV?] M? [GeV?] PC CVG ulpy] D[fm?](x1072)
DD, [23.6, 25.6] [2.4, 2.8] [56.42, 46.69] ~2.0 —1.41 £0.50 -0.40£0.10
D*D* [28.0, 30.0] [3.2, 3.8] [59.88, 45.20] ~1.0 3.85+0.95 —0.20 £ 0.05
pi(M2,50) The illustration demonstrates a modest variation in the
PC =" oy 2 30%. (26)  ou bserved in these interval ticipated
pi(M2, ) outcomes observed in these intervals, as anticipated.
Notably, the results may exhibit some uncertainty due to
Dim7 (~ x2 the existence of residual dependencies.
’ M- s ) . . .
CVG(M2,s,) :'01(7’0 < 5%, (27) Through detailed numerical analysis, we have deter-

pi(M?,s9)

where pP™m7 (M2, s,) represents the term with the highest
dimension in the QCD formulation of p;(M?,s;).

Guided by the established requirements, the working
regions of the auxiliary parameters are identified and
presented in Table I. As shown in Table I, the results satisfy
all methodological requirements. Having successfully ful-
filled these fundamental conditions of our approach, we now
proceed with confidence in the reliability of our predictions.
For a more thorough examination, Fig. 1 presents the
dependence of the calculated magnetic and quadrupole
moments on variations of the auxiliary parameters.

0 T | T | T | T
— 2k e
=
£ i
= 30 — §,=23.6GeV’ 7
=) - ) 1
=+ 4 -+ 5, =24.6 GeV —
sk = 5,=25.6GeV’ N
67 | | | | | | | i
2.4 2.5 2.6 2.7 2.8
M’[GeV’]
0 T T T T T T T
-0.2 —
i 04 ———=s=====osooosnssoo s s
I~ — §,=23.6GeV’ 1
2 0.6 , -
A | -+ 5, =246 GeV |
0.8 - 5,=25.6GeV’ -
_ | | | | | | |
24 2.5 2.6 2.7
M’[GeV’]

FIG. 1.
continuum thresholds.

mined the magnetic and quadrupole moments for the DD,
and D*D* states. The presented results in Table I incor-
porate full error propagation from all input parameters
while systematically accounting for variations in auxiliary
parameters. We would like to point out that the contribu-
tions to the total uncertainty are approximately as follows:
13% from the mass of the tetraquarks, 22% from their
residues, 30% from the threshold parameter s, 7% from the
Borel mass M?, 11% from the photon DAs, and the
remaining 17% from other parameters. Our results suggest
the following observations:
(i) The magnitude of the magnetic moments offers
valuable information regarding the experimental

lOk T | T | T T T T T T ]
Bl ]
sk — 5,=28.0GeV’ ]
— T - 5,=29.0 GeV’ -
= 6: 5 a
=z b - 5,=30.0GeV ]
e F ]
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1~ ]
Ok [ N T A T N R A S N A
3.2 33 3.4 3.5 3.6 3.7 3.8
M’[GeV’]
0 1 T 1 T T T T T T 1
0.1 _
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E -02F .
o o]
a 0.3 — 5,=28.0GeV —
(@) B _
< 5,=29.0 GeV
04— s —
B —- 5,=30.0GeV 1
205 [ A T A R A TR A
32 33 34 3.5 3.6 3.7
M’[GeV’]

Magnetic and quadrupole (x1072) moments of the DD, and D*D* molecular states as a function of Borel mass at several
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TABLE II. Flavor-decomposed magnetic and quadrupole
(x107%) moments contributions for the DD, and D* D* molecular
states.
Tetraquarks Hulpy] Halpn] Helpn] Hrot[Hn]
DD, —-0.950 —-0.475 0.015 —1.41
D*D* 2.570 1.290 -0.010 3.85
Tetraquarks D, [fm?] D, [fm?] D, [fm?] Dy, [fm?]
DD, —-0.270 —-0.130 0.00 —-0.40
D*D* —-0.135 —0.065 0.00 —-0.20
accessibility of these physical observables. Given
the significant order of magnitude of these values,
we expect them to be accessible in future exper-
imental investigations.

(i) An analysis of the obtained results reveals that the
dominant contribution arises from the short-distance
interaction between quarks and the photon, corre-
sponding to the perturbative component. In contrast,
the remaining contributions stem from the long-
distance interactions of light quarks with the photon,
which are inherently nonperturbative in nature. The
signs of the perturbative and nonperturbative con-
tributions are found to be opposite. The perturbative
contribution primarily determines the signs of both
the magnetic and quadrupole moments.

(iii) The decomposition of the magnetic moment into its

constituent quark contributions has been investi-
gated, with the complete numerical results tabulated
in Table II. These analyses have been performed
using the central values of the input parameters, with
the uncertainties in these parameters not being
considered. A deeper examination of the quark-
by-quark contributions to the magnetic moments
reveals that the predicted values are predominantly
determined by light quarks, with nearly the entire
contribution originating from these quarks. When a
more comprehensive analysis is performed, the
terms proportional to the c-quark are typically
obtained with expressions scaling as ~e.m, and
~e.my. Since these terms yield extremely small
contributions, the resulting c-quark contribution to
the magnetic moment is found to be negligible.
When investigating the origin of this scaling, we find
that in the OPE of the correlation function, the
charm-quark magnetic moment contribution (e.m,.)
arises from diagrams where the photon couples
perturbatively to the charm-quark line, as shown
in Egs. (11) and (12), with the remaining light and
heavy quark propagators taken fully into account.
However, a more detailed analysis reveals that the
e.m, terms undergo an almost exact cancellation,
significantly suppressing their net contribution. Due
to this interplay, the leading surviving terms instead
scale as e.m,, and e.m, . This behavior is rooted in

(iv)

)

(vi)

(vii)
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the particular Lorentz and Dirac structures of the
interpolating currents and the OPE expansion, which
suppress the contribution of the charm-quark mag-
netic moment due to cancellations among different
operator structures.

A reverse correlation is observed between the con-
tributions of light and heavy quarks. The signs of the
resulting magnetic moments reflect the fundamental
spin interactions among the constituent quarks.
Specifically, the opposite signs of the magnetic
moments associated with light and heavy quarks
indicate that their spins are aligned in an antiparallel
manner within the molecular meson structures.
The calculated quadrupole moments of the DD, and
D*D* states yield nonzero values, suggesting a
possible deformation in their charge distributions.
In the context of hadron structure, the sign of the
quadrupole moment may offer insights into the
geometric configuration, where a negative value
(D < 0) could imply oblate deformation, while a
positive value (D > 0) might suggest prolate defor-
mation. Our analysis yields quadrupole moment
values with a negative sign, which could be inter-
preted as evidence for an oblate shape. An analysis
of individual quark contributions to the quadrupole
moments is additionally presented in Table II. As
can be observed from this table, the results appear to
be entirely dominated by light-quark contributions.
Our analysis suggests that the charm-quark contri-
butions to the quadrupole moment may largely
cancel out due to opposing sign contributions,
resulting in a net negligible effect.

The mass of the DD, molecular state is found to be
consistent with the experimentally observed ¥ (4360/
4390) resonance. In Ref. [43], the magnetic moment
of this state was examined within the framework of
QCD light-cone sum rules, under the assumption of a
compact tetraquark internal structure. In that study,
they predicted the magnetic moment for this state to
be: piy(a360/4300) = 0.801057 . The result obtained
can be seen to differ significantly from the one in this
study. The observed discrepancy suggests that the
magnetic moment could serve as a sensitive probe
of hadronic internal structure, potentially distinguish-
ing between molecular and compact tetraquark
configurations.

Before concluding, it is worthwhile to briefly
address the experimental challenges associated with
determining the magnetic moments of the DD, and
D*D* molecular states. Due to their extremely short
lifetimes, conventional methods—such as spin pre-
cession measurements or vector meson—electron
scattering—are not practically feasible for these
systems, making direct experimental determination
of their magnetic properties highly challenging.
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The magnetic moments of short-lived hadrons can
instead be extracted indirectly through a multistep
process. First, the hadron of interest is produced in a
high-energy collision. Subsequently, it emits a soft
photon, which effectively acts as a probe in the
presence of an external magnetic field. Finally, the
hadron decays, and its properties are reconstructed
from the decay products to infer the magnetic
moment. An alternative approach involves studying
the electromagnetic properties of vector mesons
through their radiative production and decay. Theo-
retical studies suggest that the energy and angular
distributions of emitted photons provide a viable
means of determining these properties [101]. This
technique has been employed to extract the magnetic
moment of the p meson, using preliminary data from
the BABAR Collaboration for the e*e™ — nt 77 27°
process, within the center of mass energy range from
0.9 to 2.2 GeV. The extracted value for the magnetic
moment of the p meson was found to be pu, =
2.1 £0.5¢/2m,, units [102]. An alternative approach
is also available for indirectly determining the
electromagnetic properties of vector mesons. The
primary motivation behind this method is based on
the soft photon emission from hadrons, as proposed
in Ref. [103], where a technique for determining the
electromagnetic multipole moments is outlined. The
core concept of this technique is that the photon
encodes information regarding the magnetic mo-
ment, as well as higher-order multipole moments, of
the particle from which it is emitted. The matrix
element for the radiative process can be formulated
by the following relation as a function of the photon
energy, E,.

M ~ A(E},)_1 + B(Ey)o
+ higher-order multipole moments.  (28)

In this expression, (E,)”' and (E,)° denote the
contributions from the electric charge and the
magnetic moment, respectively. Thus, the magnetic
moment of the states being analyzed can be ex-
tracted by measuring the cross section or decay
width of the radiative process, while disregarding the
small contributions from the linear and higher-order
terms in E,. The magnetic moment of the A*(1232)
particle has been obtained by applying the steps
proposed by this method [104—112]. Although direct
experimental measurements are currently not fea-
sible for short-lived hadrons, their electromagnetic
properties can be inferred through careful analysis of
radiative processes with the help of various indirect
approaches.
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We now explore specific radiative decay chan-
nels and experimental processes that may serve as
sensitive probes of the electromagnetic structure of
the Y states. The Y (4360/4390) resonance can be
produced experimentally via the initial-state radi-
ation (ISR) mechanism in high-energy e*e™ colli-
sions. In this process, one of the incoming leptons
emits a photon before annihilation, effectively
reducing the center-of-mass energy of the ete~
system to match the mass of the Y(4360/4390).
The ISR production channel is given by

ete” = ysr + Y(4360/4390),

and has been successfully used by experiments
such as Belle and Belle II to study vector charmo-
niumlike states. Once produced, the Y(4360/4390)
can undergo radiative decays into lower charmo-
nium states, such as

Y (4360/4390) — yy(25),

followed by the decay of w(2S) into lepton pairs
or via yw(2S) - atz J/y with J/w - 16,
which are clean experimental signatures. This
decay channel is particularly interesting because
its rate and photon energy distribution are sensitive
to the internal electromagnetic structure of the
Y (4360/4390). If the Y(4360/4390) is a compact
charmonium state, this transition is expected to
occur with a relatively large branching fraction. On
the other hand, if the Y(4360/4390) has a hadronic
molecular structure—such as a DD, bound state—
the overlap with y(2S) may be suppressed, leading
to a reduced transition amplitude. Therefore, study-
ing this radiative decay at experiments like Belle II
or BESIII may provide critical insights into the
underlying structure of the Y states.

Another possible class of radiative transitions
involves the decay of the Y(4360/4390) into the
Yoy (with J =0, 1, 2) charmonium states through
the emission of a photon

Y (4360/4390) — yy.;. (29)

These transitions correspond to electric dipole (E1)
processes, as they involve a change in the orbital
angular momentum of the system (AL = 1), con-
necting an S-wave initial state to P-wave final states.
In the conventional charmonium interpretation, such
transitions are generally expected and have been
studied extensively in bottomonium and charmo-
nium systems. However, if the Y(4360/4390) is
instead a hadronic molecular state, such as a DD, or
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D*D* bound system, the coupling to compact c¢
final states like y.; could be significantly suppressed
due to the mismatch in internal structure and wave-
function overlap. As a result, the observation (or
suppression) of these E1 transitions can serve as an
indirect probe of the underlying nature of the Y
states. Experimentally, such radiative transitions can
be searched for in high-luminosity electron-positron
colliders like Belle IT or BESIII via processes such as

ete™ — Y (4360/4390) = yx; — v(J/wy), (30)

where the final state J/y — £7¢~ provides a clean
experimental signature. The photon energy and
angular distributions in these processes may carry
imprints of the internal electromagnetic structure of
the Y resonance.

The Y (4360/4390) resonance can also be studied
through its possible radiative decays into open-
charm final states involving a photon, such as

Y(4360/4390) — D)D)y, (31)

These decay modes are particularly relevant if the
Y(4360/4390) is interpreted as a hadronic molecular
state, composed of a weakly bound pair of heavy
mesons such as DD, or D*D*. In this scenario, the
photon emission can proceed through the radiative
decay of one of the constituent mesons, for instance

Y(4360/4390) — D*D — DDy,
or

Y(4360/4390) - D*D* — DDy.

Such decays are expected to be more favorable in a
molecular configuration due to the natural presence
of D* mesons, which can decay via well-known
electromagnetic transitions like D* — Dy. The soft
photon emitted in this process carries information
about the long-range electromagnetic dynamics
between the constituents, which is sensitive to the
spatial extension of the molecular wave function.
Experimentally, the ¥ (4360/4390) can be produced
via the ISR mechanism in high-energy e*e™ colli-
sions

ete” = ysr + Y(4360/4390). (32)

Once produced, the Y (4360/4390) may decay radi-
atively into open-charm final states, and the detec-
tion of soft photons in association with D mesons
provides a distinctive experimental signature.

The measurement of photon energy spectra and
angular correlations in such processes can reveal
key features of the Y(4360/4390)’s internal struc-
ture. If the ¥(4360/4390) is a compact charmonium
state, such transitions are expected to be highly
suppressed due to the absence of open-charm com-
ponents in the wave function. In contrast, in the
molecular picture, such decays are enhanced, and
their observation would offer strong evidence for the
extended spatial structure and nonconventional
nature of the resonance. Therefore, studying the
Y(4360/4390) - DDy processes in experi-
ments like Belle II or BESIII can serve as a crucial
test to distinguish between compact and molecular
interpretations of the ¥(4360/4390).

While the proposed radiative channels are theo-
retically promising, we acknowledge the experi-
mental challenges. Soft photons in D*) D)y decays
require advanced calorimetry and low-energy trig-
gers. Small branching fractions may necessitate
high-statistics datasets. Nonresonant backgrounds
can be suppressed through kinematic fitting, for
example by imposing the condition M(D*) D))~
my. Moreover, quantitative estimates of transition
rates in molecular models are still limited; future
theoretical work could compute Y — yy(2S) widths
using overlap integrals within effective frameworks
(e.g., within HQET or potential models).

IV. DISCUSSION AND OUTLOOK

As in previous decades, a comprehensive understanding
of the intricate internal configuration of hadrons continues
to be a central objective within both experimental and
theoretical hadron physics. This pursuit plays a pivotal role
in advancing our knowledge of QCD and critically evalu-
ating the robustness and accuracy of the theoretical models
developed to date. Furthermore, deciphering the underlying
mechanisms of exotic states, both those currently observed
and those anticipated in future experiments, remains a
pressing and unresolved challenge. Motivated by this, in
the present study, we investigate the electromagnetic
properties of vector molecular states within the framework
of the QCD light-cone sum rule approach. Assuming a
molecular structure composed of meson pairs, we derive
sum rules for the relevant form factors by incorporating
photon distribution amplitudes up to twist-4 accuracy.
From these form factors, we extract static electromagnetic
observables, such as the magnetic dipole and quadrupole
moments. Studying the electromagnetic properties of the
DD, (2420) and D*D*(2400) molecular states yields valu-
able insights into their internal structure and geometric
deformation. The calculated magnetic and quadrupole
moments reveal distinct signatures that differentiate these
states from compact tetraquark configurations, highlighting
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the sensitivity of electromagnetic observables to the under-
lying hadronic dynamics. The dominance of light-quark
contributions to the magnetic moments and the oblate
charge distribution suggested by the quadrupole moments
offer a deeper understanding of the spatial arrangement and
spin interactions within these exotic hadrons.

The results of this study align with the broader goal of
deciphering the complex nature of multiquark states, which
remain a frontier in hadron physics. The observed discrep-
ancies between the magnetic moments of molecular and
compact tetraquark configurations, such as the Y(4360/

4390) resonance, underscore the potential of electromag-
netic properties as diagnostic tools for distinguishing
between different structural models. This capability is
particularly crucial given the ongoing experimental efforts
to identify and characterize exotic hadrons at facilities like
LHCb, Belle, and BESIII.

DATA AVAILABILITY

The data are not publicly available. The data are
available from the authors upon reasonable request.
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