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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 DD̄1ð2420Þ and D�D̄�ð2400Þ
molecular tetraquark states with quantum numbers JPC ¼ 1−−, 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.

DOI: 10.1103/mwsf-7xlp

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

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 Yð4260=4230Þ, Yð4360=4320Þ, Y(4390),
Y(4500), Y(4660), and Yð4710=4750=4790Þ with
JPC ¼ 1−−, 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 eþe− → πþπ−hc
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: M1 ¼ ð4223.6þ3.6þ2.6

−3.7−2.9 Þ MeV, Γ1 ¼
ð58.5þ10.8þ6.7

−11.4−6.5 Þ MeV, M2 ¼ ð4327.4þ20.1þ10.7
−18.8−9.3 Þ MeV, Γ2 ¼

ð244.1þ34.0þ23.9
−27.1−18.0 Þ MeV, and M3 ¼ ð4467.4þ7.2þ3.2

−5.4−2.7 Þ MeV,
Γ3 ¼ ð62.8þ19.2þ9.8

−14.4−6.6 Þ MeV. The statistical significance of
the three Breit-Wigner assumption over the two Breit-
Wigner assumption is greater than 5σ. 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 JPC ¼ 1−−. 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 JPC ¼ 1þþ, 1−−, 1−þ, and 1þ−, con-
sidering both ½cq�½c̄ q̄� and ½cs�½c̄ s̄� 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 Yð4660Þ
state were evaluated using the QCD sum rule approach. The
analysis suggested that the Yð4660Þ resonance is compatible
with a diquark-antidiquark configuration, either of the
type cc̄ss̄ or cc̄ðuūþ dd̄Þ= ffiffiffi

2
p

, with quantum numbers
JPC ¼ 1−−. Additionally, the study ruled out the possibility
of assigning the Yð4360Þ state to a cc̄ud̄ tetraquark structure
with quantum numbers JPC ¼ 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 Yð4660Þ resonance as a compact
½cq�½c̄ q̄� tetraquark configuration with quantum numbers
JPC ¼ 1−−. Furthermore, the results suggest that the
Yð4260Þ and Yð4360Þ 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 ⊗ γμC
andCγ5 ⊗ γ5γμC—to calculate themass and residue param-
eters of Y states. Their analysis led to specific spectroscopic
assignments: the Yð4660Þ and Yð4630Þ resonances were
identified as cc̄ss̄ vector tetraquark states of the C ⊗ γμC
type, while the Yð4360Þ and Yð4320Þ were characterized as
cc̄qq̄ vector tetraquarks of the Cγ5 ⊗ γ5γμC type. Notably,
the study did not find sufficient evidence to classifyYð4260Þ,
Yð4220Þ, and Yð4390Þ as definitive Y states within this
framework. In Ref. [41], the Yð4660Þ state was investigated
within the diquark-antidiquark framework, where it was
modeled as a compact ½cs�½c̄ s̄� 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
Yð4360Þ, Yð4390Þ, and Yð4660Þ resonances as ½cq�½c̄q̄0�
states, carrying quantum numbers JPC ¼ 1−−.
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 DD̄1ð2420Þ and
D�D̄�ð2400Þ molecular vector hidden-charm tetraquarks,
utilizing the QCD light-cone sum rule methodology [45–
47], with quantum numbers JPC ¼ 1−−. 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 quadrupolemoments, 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 DD̄1ð2420Þ and
D�D̄�ð2400Þmolecular 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.

Παβðp; qÞ ¼ i
Z

d4xeip·xh0jT fJαðxÞJ†βð0Þgj0iF; ð1Þ

where F represents the external background electromag-
netic field, and JαðxÞ stands for the interpolating current of
the Y states. For the DD̄1ð2420Þ and D�D̄�ð2400Þ molecu-
lar tetraquark states, the following interpolating currents
can be formulated [72]

JDD̄1
α ðxÞ ¼ iffiffiffi

2
p ½ūaT ðxÞγ5caðxÞ�½c̄bðxÞγαγ5dbT ðxÞ�; ð2Þ

JD
�D̄�

α ðxÞ ¼ 1ffiffiffi
2

p ½ūaT ðxÞcaðxÞ�½c̄bðxÞγαdbT ðxÞ�; ð3Þ

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 D̄1 (or D� and D̄�)
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
DD̄1 and D�D̄� 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.”

(ii) 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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ΠHad
αβ ðp; qÞ ¼ h0jJαðxÞjYðp; εiÞi

p2 −m2
Y

hYðp; εiÞjYðpþ q; εfÞiF
hYðpþ q; εfÞjJ†βð0Þj0i

ðpþ qÞ2 −m2
Y

þ continuum and higher states: ð4Þ

From the expression above, it is evident that the matrix elements involved need to be explicitly defined. These elements
are presented as follows [75]:

h0jJαðxÞjYðp; εiÞi ¼ λYε
i
α; ð5Þ

hYðpþ q; εfÞjJ†βð0Þj0i ¼ λYε
�f
β ; ð6Þ

hYðp; εiÞjYðpþ q; εfÞiF ¼ −εγðεiÞμðεfÞν
�
G1ðQ2Þð2pþ qÞγgμν þG2ðQ2Þðgγνqμ − gγμqνÞ−

1

2m2
Y
G3ðQ2Þð2pþ qÞγqμqν

�
;

ð7Þ

where λY represents the current coupling, εiαðε�fβ Þ denotes the polarization vector of the initial(final) Y tetraquarks, εγ stands
for the photon polarization vector, and GiðQ2Þ correspond to the electromagnetic form factors with Q2 ¼ −q2 being the
momentum transfer squared.
By utilizing the expressions above, the hadronic formulation of the correlation function is obtained as follows:

ΠHad
αβ ðp; qÞ ¼ ερλ

2
Y

½m2
Y − ðpþ qÞ2�½m2

Y − p2�
�
G1ðQ2Þð2pþ qÞρ

�
gαβ −

pαpβ

m2
Y

−
ðpþ qÞαðpþ qÞβ

m2
Y

þ ðpþ qÞαpβ

2m4
Y

× ðQ2 þ 2m2
YÞ
�
þ G2ðQ2Þ

�
qαgρβ − qβgρα −

pβ

m2
Y

�
qαpρ −

1

2
Q2gαρ

�
þ ðpþ qÞα

m2
Y

ðqβ
�
pþ qÞρ þ

1

2
Q2gβρ

�

−
ðpþ qÞαpβpρ

m4
Y

Q2

�
−
G3ðQ2Þ
m2

Y
ð2pþ qÞρ½qαqβ −

pαqβ
2m2

Y
Q2 þ ðpþ qÞαqβ

2m2
Y

Q2 −
ðpþ qÞαqβ

4m4
Y

Q4

��
: ð8Þ

Rather than the form factorsG1ðQ2Þ,G2ðQ2Þ, andG3ðQ2Þ defined above, the magnetic FMðQ2Þ and quadrupole FDðQ2Þ
form factors are experimentally more accessible, and their explicit forms are defined in terms of the form factors G1ðQ2Þ,
G2ðQ2Þ, and G3ðQ2Þ as follows:

FMðQ2Þ ¼ G2ðQ2Þ;
FDðQ2Þ ¼ G1ðQ2Þ −G2ðQ2Þ þ ð1þ λÞG3ðQ2Þ; ð9Þ

where λ ¼ Q2=4m2
Y is a kinematic factor with Q2 ¼ −q2.

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
Q2 ¼ 0. At zero momentum transfer, i.e., in the static limit,
these form factors are proportional to the usual static
quantities: the magnetic (μ) and quadrupole (D) moments.
The corresponding equations are given as follows:

eFMð0Þ ¼ 2mYμY;

eFDð0Þ ¼ m2
YDY: ð10Þ

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

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 DD̄1 and
D�D̄� 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 DD̄1 and
D�D̄� states is derived as follows:
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ΠQCD−DD̄1

αβ ðp; qÞ ¼ −
i
2

Z
d4xeip·xh0jfTr½γ5Saa0c ðxÞγ5Sa0au ð−xÞ�Tr½γαγ5Sbb0d ðxÞγ5γβSb0bc ð−xÞ�

− Tr½γ5Saa0c ðxÞγ5γβSa0au ð−xÞ�Tr½γαγ5Sbb0d ðxÞγ5Sb0bc ð−xÞ�
− Tr½γαγ5Saa0c ðxÞγ5Sa0au ð−xÞ�Tr½γ5Sbb0d ðxÞγ5γβSb0bc ð−xÞ�
þ Tr½γαγ5Saa0c ðxÞγ5γβSa0au ð−xÞ�Tr½γ5Sbb0d ðxÞγ5Sb0bc ð−xÞ�gj0iF; ð11Þ

ΠQCD−D�D̄�
αβ ðp; qÞ ¼ 1

2

Z
d4xeip·xh0jfTr½Saa0c ðxÞSa0au ð−xÞ�Tr½γαSbb0d ðxÞγβSb0bc ð−xÞ�

− Tr½Saa0c ðxÞγβSa0au ð−xÞ�Tr½γαSbb0d ðxÞSb0bc ð−xÞ� − Tr½γαSaa0c ðxÞSa0au ð−xÞ�Tr½Sbb0d ðxÞγβSb0bc ð−xÞ�
þ Tr½γαSaa0c ðxÞγβSa0au ð−xÞ�Tr½Sbb0d ðxÞSb0bc ð−xÞ�gj0iF: ð12Þ

The propagator structures for both charm and light quark fields adopt the following representation [76,77]:

SqðxÞ ¼ Sfreeq ðxÞ − igs
16π2x2

Z
1

0

duGμνðuxÞ½ū=xσμν þ uσμν=x�; ð13Þ

SQðxÞ ¼ SfreeQ ðxÞ − i
mQgs
16π2

Z
1

0

duGμνðuxÞ
�
ðσμν=xþ =xσμνÞ

K1ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þffiffiffiffiffiffiffiffi

−x2
p þ 2σμνK0ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þ
�
; ð14Þ

with

Sfreeq ðxÞ ¼ 1

2πx2

�
i
=x
x2

−
mq

2

�
; ð15Þ

Sfreec ðxÞ ¼ m2
c

4π2

�
K1ðmc

ffiffiffiffiffiffiffiffi
−x2

p
Þffiffiffiffiffiffiffiffi

−x2
p þ i

=xK2ðmc

ffiffiffiffiffiffiffiffi
−x2

p
Þ

ð
ffiffiffiffiffiffiffiffi
−x2

p
Þ2

�
; ð16Þ

where Gμν denotes the gluon field-strength tensor, and Ki’s
represent modified Bessel functions of the second kind.
There are two classes of contributions in Eqs. (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:

(i) The following formulation will be sufficient when
including perturbative contributions in the analysis.

SfreecðqÞðxÞ ⟶
Z

d4zSfreecðqÞðx − zÞAðzÞSfreecðqÞðzÞ: ð17Þ

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

while the free part of the remaining propagators is
retained. This procedure corresponds to setting
T̄γ
4ðαÞ ¼ 0 and SγðαÞ ¼ δðαq̄ÞδðαqÞ, in line with

the treatment of three-particle light-cone distribution
amplitudes, as detailed in Ref. [78].

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

Sabq;αβðxÞ ⟶ −
1

4
½q̄aðxÞΓiqbð0Þ�ðΓiÞαβ; ð18Þ

where Γi ¼ f1; γ5; γα; iγ5γα; σαβ=2g. 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 hγðqÞjq̄ðxÞΓiGαβqð0Þj0i and
hγðqÞjq̄ðxÞΓiqð0Þj0i. 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=mc, and are therefore strongly
suppressed [80]. As a result, 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

perturbative and nonperturbative contributions—the
completeQCDformulationof the correlation function
is obtained.

C. Sum rules for magnetic and quadrupole moments

Finally, by equating the coefficients of the unique
Lorentz structure ðε · pÞðqαpβ − pαqβÞ for the magnetic
moment and ðε · pÞqαqβ 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 s0 and M2. The resulting predictions are presented
below

μDD̄1
e−

m2
DD̄1

M2 ¼
m2

DD̄1

λ2DD̄1

ρ1ðM2; s0Þ; DDD̄1
e−

m2
DD̄1

M2 ¼
m2

DD̄1

λ2DD̄1

ρ2ðM2; s0Þ; ð19Þ

μD�D̄�e−
m2
D�D̄�
M2 ¼ m2

D�D̄�

λ2D�D̄�
ρ3ðM2; s0Þ; DD�D̄�e−

m2
D�D̄�
M2 ¼ m2

D�D̄�

λ2D�D̄�
ρ4ðM2; s0Þ: ð20Þ

Since the expressions ρiðM2; s0Þ share a similar structure, only two of them—ρ1ðM2; s0Þ and ρ3ðM2; s0Þ—are explicitly
provided below as illustrative examples.

ρ1ðM2; s0Þ ¼
1

224 × 52 × 7π5
ðeu − edÞ½387I½0; 5��

þ mchg2sG2ihq̄qi
222 × 33 × 5π3

ðeu − edÞ½ð2I3½S� þ 24I3½T 1� þ I3½T 2� − 23I3½T 4� þ 22I3½S̃�ÞI½0; 1 − 648χI6½φγ�I½0; 2��

þ hg2sG2if3γ
225 × 34π3

ðeu − edÞ½23040m2
cI6½ψν

γ �I½0; 1� − 11ðI2½A� þ 2I3½A�ÞI½0; 2��

þ mchq̄qi
219 × 32 × 5 × 7π3

ðeu − edÞ½63ð−8ðI3½T 1� − I3½T 4� þ I3½S̃�Þ − 7I6½A�ÞI½0; 3� − 351χI6½φγ�I½0; 4��

−
f3γ

221 × 32 × 5 × 7π3
ðeu − edÞ½1134I6½ψa�I½0; 4� − ð3584m2

cI½0; 3� þ 1377I½0; 4�ÞI6½ψν
γ ��; ð21Þ

ρ3ðM2; s0Þ ¼ −
1

223 × 52 × 7π5
ðeu − edÞ½387I½0; 5��

þ mchg2sG2ihq̄qi
220 × 33 × 5π3

ðeu − edÞ½5ðI3½S� þ 11I3½S̃�ÞI½0; 1� − 324χI6½φγ�I½0; 2��

−
mchq̄qi

218 × 32 × 5 × 7π3
ðeu − edÞ½−7ð16I3½S̃� þ 9I6½A�ÞÞI½0; 3� þ 351χI6½φγ�I½0; 4��

þ 9f3γ
219 × 5 × 7π3

ðeu − edÞ½I6½ψa�I½0; 4��; ð22Þ

where hg2sG2i represents the gluon condensate, and hq̄qi corresponds to the light-quark condensate. The functions I½n;m�
and Ii½F � are given by

ULAŞ ÖZDEM PHYS. REV. D 112, 014011 (2025)

014011-6



I½n;m� ¼
Z

s0

M
dse−s=M

2

snðs −MÞm;

I2½F � ¼
Z

Dαi

Z
1

0

dvF ðαq̄; αq; αgÞδ0ðαq̄ þ vαg − u0Þ;

I3½F � ¼
Z

Dαi

Z
1

0

dvF ðαq̄; αq; αgÞδðαq þ v̄αg − u0Þ;

I6½F � ¼
Z

1

0

duF ðuÞ;

whereM ¼ 4m2
c and F refers the designated photon DAs.

It is worth noting that the Borel transformations are
carried out according to the following standard expressions

B
�

1

½½p2 −m2
i �½ðpþ qÞ2 −m2

f��
�

→ e−m
2
i =M

2
1
−m2

f=M
2
2 ð23Þ

in the hadronic formulation, and

B
�

1

ðm2 − ūp2 − uðpþ qÞ2Þα
�

→ ðM2Þð2−αÞδðu − u0Þe−m2=M2

; ð24Þ

in the QCD formulation, where we use

M2 ¼ M2
1M

2
2

M2
1 þM2

2

; u0 ¼
M2

1

M2
1 þM2

2

:

Here, M2
1 and M2

2 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 M2

1 ¼ M2
2 ¼ 2M2 and u0 ¼ 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

m2 − p2
⟶

1

m2 − p2 − i
ffiffiffiffiffi
p2

p
ΓðpÞ

; ð25Þ

where ΓðpÞ 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 ð5–7Þ% [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 quadrupolemoments of theY tetraquarks have
been obtained.

III. 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:
mu ¼ 2.16� 0.07 MeV, md ¼ 4.70� 0.07 MeV, mc ¼
1.27� 0.02 GeV [98], mDD̄1

¼ 4.36� 0.08 GeV [72],
mD�D̄� ¼ 4.78� 0.07 GeV [72], λDD̄1

¼ ð3.97� 0.54Þ ×
10−2 GeV5 [72], λD�D̄� ¼ ð7.56�0.84Þ×10−2 GeV5 [72],
hūui¼hd̄di¼ð−0.24�0.01Þ3GeV3, χ¼−2.85�0.5GeV−2

[99], f3γ ¼ −ð0.0039� 0.0020Þ GeV2 [79], and hg2sG2i ¼
0.48� 0.14 GeV4 [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 Eqs. (19) and (20), two auxiliary

parameters, s0 (continuum threshold) and M2 (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 s0 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: ðmY þ 0.5Þ2 GeV2 ≤ s0 ≤ ðmY þ 0.7Þ2 GeV2.
This interval has been adopted in our analysis due to its
demonstrated reliability in similar theoretical frameworks.
The working region for M2 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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PC ¼ ρiðM2; s0Þ
ρiðM2;∞Þ ≥ 30%; ð26Þ

CVGðM2; s0Þ ¼
ρDim7
i ðM2; s0Þ
ρiðM2; s0Þ

≤ 5%; ð27Þ

where ρDim7
i ðM2; s0Þ represents the term with the highest

dimension in the QCD formulation of ρiðM2; s0Þ.
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.

The illustration demonstrates a modest variation in the
outcomes observed in these intervals, as anticipated.
Notably, the results may exhibit some uncertainty due to
the existence of residual dependencies.
Through detailed numerical analysis, we have deter-

mined the magnetic and quadrupole moments for the DD̄1

and D�D̄� 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 s0, 7% from the
Borel mass M2, 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

FIG. 1. Magnetic and quadrupole (×10−2) moments of the DD̄1 and D�D̄� molecular states as a function of Borel mass at several
continuum thresholds.

TABLE I. Working regions of M2 and s0 together with the PC and CVG for the electromagnetic properties of the
molecular DD̄1 and D�D̄� states.

Tetraquarks s0 [GeV2] M2 [GeV2] PC CVG μ½μN � D½fm2�ð×10−2Þ
DD̄1 [23.6, 25.6] [2.4, 2.8] [56.42, 46.69] ∼2.0 −1.41� 0.50 −0.40� 0.10
D�D̄� [28.0, 30.0] [3.2, 3.8] [59.88, 45.20] ∼1.0 3.85� 0.95 −0.20� 0.05

ULAŞ ÖZDEM PHYS. REV. D 112, 014011 (2025)

014011-8



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.

(ii) 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 ∼ecmu and
∼ecmd. 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 (ecmc)
arises from diagrams where the photon couples
perturbatively to the charm-quark line, as shown
in Eqs. (11) and (12), with the remaining light and
heavy quark propagators taken fully into account.
However, a more detailed analysis reveals that the
ecmc terms undergo an almost exact cancellation,
significantly suppressing their net contribution. Due
to this interplay, the leading surviving terms instead
scale as ecmu and ecmd. This behavior is rooted in

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.

(iv) 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.

(v) The calculated quadrupole moments of the DD̄1 and
D�D̄� 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.

(vi) The mass of the DD̄1 molecular state is found to be
consistent with the experimentally observed Yð4360=
4390Þ 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: μYð4360=4390Þ ¼ 0.80þ0.25

−0.21μN . 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.

(vii) Before concluding, it is worthwhile to briefly
address the experimental challenges associated with
determining the magnetic moments of the DD̄1 and
D�D̄� 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.

TABLE II. Flavor-decomposed magnetic and quadrupole
(×10−2) moments contributions for theDD̄1 andD�D̄� molecular
states.

Tetraquarks μu½μN � μd½μN � μc½μN � μtot½μN �
DD̄1 −0.950 −0.475 0.015 −1.41
D�D̄� 2.570 1.290 −0.010 3.85
Tetraquarks Du [fm2] Dd [fm2] Dc [fm2] Dtot [fm2]
DD̄1 −0.270 −0.130 0.00 −0.40
D�D̄� −0.135 −0.065 0.00 −0.20
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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 ρmeson, using preliminary data from
the BABAR Collaboration for the eþe− → πþπ−2π0
process, within the center of mass energy range from
0.9 to 2.2 GeV. The extracted value for the magnetic
moment of the ρ meson was found to be μρ ¼
2.1� 0.5e=2mρ 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, Eγ .

M ∼ AðEγÞ−1 þ BðEγÞ0
þ higher-order multipole moments: ð28Þ

In this expression, ðEγÞ−1 and ðEγÞ0 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 Eγ . The magnetic moment of the Δþð1232Þ
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.

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 Yð4360=4390Þ resonance can be
produced experimentally via the initial-state radi-
ation (ISR) mechanism in high-energy eþe− colli-
sions. In this process, one of the incoming leptons
emits a photon before annihilation, effectively
reducing the center-of-mass energy of the eþe−
system to match the mass of the Yð4360=4390Þ.
The ISR production channel is given by

eþe− → γISR þ Yð4360=4390Þ;

and has been successfully used by experiments
such as Belle and Belle II to study vector charmo-
niumlike states. Once produced, the Yð4360=4390Þ
can undergo radiative decays into lower charmo-
nium states, such as

Yð4360=4390Þ → γψð2SÞ;

followed by the decay of ψð2SÞ into lepton pairs
or via ψð2SÞ → πþπ−J=ψ with J=ψ → lþl−,
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
Yð4360=4390Þ. If the Yð4360=4390Þ is a compact
charmonium state, this transition is expected to
occur with a relatively large branching fraction. On
the other hand, if the Yð4360=4390Þ has a hadronic
molecular structure—such as a D̄D1 bound state—
the overlap with ψð2SÞ 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 Yð4360=4390Þ into the
χcJ (with J ¼ 0, 1, 2) charmonium states through
the emission of a photon

Yð4360=4390Þ → γχcJ: ð29Þ

These transitions correspond to electric dipole (E1)
processes, as they involve a change in the orbital
angular momentum of the system (ΔL ¼ 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 Yð4360=4390Þ is
instead a hadronic molecular state, such as a D̄D1 or
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D̄�D� bound system, the coupling to compact cc̄
final states like χcJ 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 II or BESIII via processes such as

eþe− → Yð4360=4390Þ → γχcJ → γðJ=ψγÞ; ð30Þ

where the final state J=ψ → lþl− 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 Yð4360=4390Þ resonance can also be studied

through its possible radiative decays into open-
charm final states involving a photon, such as

Yð4360=4390Þ → Dð�ÞD̄ð�Þγ: ð31Þ

These decay modes are particularly relevant if the
Yð4360=4390Þ is interpreted as a hadronicmolecular
state, composed of a weakly bound pair of heavy
mesons such as D̄D1 or D̄�D�. In this scenario, the
photon emission can proceed through the radiative
decay of one of the constituent mesons, for instance

Yð4360=4390Þ → D�D̄ → DD̄γ;

or

Yð4360=4390Þ → D�D̄� → DD̄γ:

Such decays are expected to bemore favorable in a
molecular configuration due to the natural presence
of D� mesons, which can decay via well-known
electromagnetic transitions like D� → Dγ. 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 Yð4360=4390Þ can be produced
via the ISR mechanism in high-energy eþe− colli-
sions

eþe− → γISR þ Yð4360=4390Þ: ð32Þ

Once produced, the Yð4360=4390Þ 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 Yð4360=4390Þ’s internal struc-
ture. If the Yð4360=4390Þ 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
Yð4360=4390Þ → Dð�ÞD̄ð�Þγ processes in experi-
ments like Belle II or BESIII can serve as a crucial
test to distinguish between compact and molecular
interpretations of the Yð4360=4390Þ.

While the proposed radiative channels are theo-
retically promising, we acknowledge the experi-
mental challenges. Soft photons inDð�ÞD̄ð�Þγ 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 MðDð�ÞD̄ð�ÞÞ∼
mY . Moreover, quantitative estimates of transition
rates in molecular models are still limited; future
theoretical work could compute Y → γψð2SÞwidths
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
DD̄1ð2420Þ and D�D̄�ð2400Þ 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.
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available from the authors upon reasonable request.

[1] S. K. Choi et al., Observation of a narrow charmonium-like
state in exclusive B� → K�πþπ−J=ψ decays, Phys. Rev.
Lett. 91, 262001 (2003).

[2] A. Esposito, A. L. Guerrieri, F. Piccinini, A. Pilloni, and
A. D. Polosa, Four-quark hadrons: An updated review, Int.
J. Mod. Phys. A 30, 1530002 (2015).

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

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

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

[6] M. Nielsen, F. S. Navarra, and S. H. Lee, New charmonium
states in QCD sum rules: A concise review, Phys. Rep.
497, 41 (2010).

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

[8] S. Agaev, K. Azizi, and H. Sundu, Four-quark exotic
mesons, Turk. J. Phys. 44, 95 (2020).

[9] H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu, The hidden-
charm pentaquark and tetraquark states, Phys. Rep. 639, 1
(2016).

[10] A. Ali, J. S. Lange, and S. Stone, Exotics: Heavy penta-
quarks and tetraquarks, Prog. Part. Nucl. Phys. 97, 123
(2017).

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

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

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

[14] X.-K. Dong, F.-K. Guo, and B.-S. Zou, A survey of heavy-
antiheavy hadronic molecules, Progr. Phys. 41, 65 (2021).

[15] X.-K. Dong, F.-K. Guo, and B.-S. Zou, A survey of heavy–
heavy hadronic molecules, Commun. Theor. Phys. 73,
125201 (2021).

[16] L. Meng, B. Wang, G.-J. Wang, and S.-L. Zhu, Chiral
perturbation theory for heavy hadrons and chiral effective
field theory for heavy hadronic molecules, Phys. Rep.
1019, 1 (2023).

[17] Z.-G. Wang, Review of the QCD sum rules for exotic
states, arXiv:2502.11351.

[18] H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, and S.-L. Zhu, An
updated review of the new hadron states, Rep. Prog. Phys.
86, 026201 (2023).

[19] B. Aubert et al., Observation of a broad structure in the
πþπ−J=ψ mass spectrum around 4.26-GeV=c2, Phys. Rev.
Lett. 95, 142001 (2005).

[20] J. P. Lees et al., Study of the reaction eþe− → ψð2SÞπ−π−
via initial-state radiation at BABAR, Phys. Rev. D 89,
111103 (2014).

[21] C. Z. Yuan et al., Measurement of eþe− → πþπ−J=ψ
cross-section via initial state radiation at Belle, Phys.
Rev. Lett. 99, 182004 (2007).

[22] X. L. Wang et al., Observation of two resonant structures
in eþe− to πþπ−ψð2SÞ via initial state radiation at Belle,
Phys. Rev. Lett. 99, 142002 (2007).

[23] G. Pakhlova et al., Observation of a near-threshold
enhancement in the eþe− → Λþ

c Λ−
c cross section using

initial-state radiation, Phys. Rev. Lett. 101, 172001 (2008).
[24] X. L. Wang et al., Measurement of eþe− → πþπ−ψð2SÞ

via initial state radiation at Belle, Phys. Rev. D 91, 112007
(2015).

[25] Q. He et al., Confirmation of the Yð4260Þ resonance
production in ISR, Phys. Rev. D 74, 091104 (2006).

[26] M. Ablikim et al., Study of eþe− → ωχcJ at center-of-
mass energies from 4.21 to 4.42 GeV, Phys. Rev. Lett. 114,
092003 (2015).

[27] M. Ablikim et al., Evidence of two resonant structures in
eþe− → πþπ−hc, Phys. Rev. Lett. 118, 092002 (2017).

[28] M. Ablikim et al., Precise measurement of the eþe− →
πþπ−J=ψ cross section at center-of-mass energies from
3.77 to 4.60 GeV, Phys. Rev. Lett. 118, 092001 (2017).

ULAŞ ÖZDEM PHYS. REV. D 112, 014011 (2025)

014011-12

https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.physrep.2010.07.005
https://doi.org/10.1016/j.physrep.2010.07.005
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.3906/fiz-2003-15
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2017.08.003
https://doi.org/10.1016/j.ppnp.2017.08.003
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.94.029901
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.3390/sym12111869
https://doi.org/10.3390/sym12111869
https://doi.org/10.13725/j.cnki.pip.2021.02.001
https://doi.org/10.1088/1572-9494/ac27a2
https://doi.org/10.1088/1572-9494/ac27a2
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1016/j.physrep.2023.04.003
https://arXiv.org/abs/2502.11351
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevD.89.111103
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.142002
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.91.112007
https://doi.org/10.1103/PhysRevD.74.091104
https://doi.org/10.1103/PhysRevLett.114.092003
https://doi.org/10.1103/PhysRevLett.114.092003
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092001


[29] M. Ablikim et al., Observation of the Yð4230Þ and a new
structure in, Chin. Phys. C 46, 111002 (2022).

[30] M. Ablikim et al., Observation of three charmoniumlike
states with JPC ¼ 1−− in eþe− → D�0D�−πþ, Phys. Rev.
Lett. 130, 121901 (2023).

[31] M. Ablikim et al., Precise measurement of the eþe− →
D�þ

s D�−
s cross sections at center-of-mass energies from

threshold to 4.95 GeV, Phys. Rev. Lett. 131, 151903
(2023).

[32] M. Ablikim et al., Observation of a vector charmoniumlike
state at 4.7 GeV=c2 and search for Zcs in eþe− →
KþK−J=ψ , Phys. Rev. Lett. 131, 211902 (2023).

[33] M. Ablikim et al., Observation of structures in the
processes eþe− → ωχc1 and ωχc2, Phys. Rev. Lett. 132,
161901 (2024).

[34] M. Ablikim et al., Study of eþe− → ωXð3872Þ and
γXð3872Þ from 4.66 to 4.95 GeV, Phys. Rev. D 110,
012006 (2024).

[35] M. Ablikim et al., Measurement of energy-dependent
pair-production cross section and electromagnetic form
factors of a charmed baryon, Phys. Rev. Lett. 131, 191901
(2023).

[36] M. Ablikim et al., Observation of a three-resonance
structure in the cross section of eþe− → πþπ−hc,
arXiv:2504.04096.

[37] W. Chen and S.-L. Zhu, The vector and axial-vector
charmonium-like states, Phys. Rev. D 83, 034010 (2011).

[38] Z.-G. Wang, Analysis of the Zcð4020Þ, Zcð4025Þ, Yð4360Þ
and Yð4660Þ as vector tetraquark states with QCD sum
rules, Eur. Phys. J. C 74, 2874 (2014).

[39] Z.-G. Wang, Tetraquark state candidates: Yð4260Þ,
Yð4360Þ, Yð4660Þ and Zcð4020=4025Þ, Eur. Phys. J. C
76, 387 (2016).

[40] Z.-G. Wang, Vector tetraquark state candidates: Yð4260=
4220Þ, Yð4360=4320Þ, Yð4390Þ and Yð4660=4630Þ, Eur.
Phys. J. C 78, 518 (2018).

[41] H. Sundu, S. S. Agaev, and K. Azizi, Resonance Yð4660Þ
as a vector tetraquark and its strong decay channels, Phys.
Rev. D 98, 054021 (2018).

[42] Z.-G. Wang, Analysis of the vector hidden-charm tetra-
quark states without explicit P-waves via the QCD sum
rules, Nucl. Phys. B973, 115592 (2021).

[43] U. Özdem, Magnetic moments of the vector hidden-charm
tetraquark states, Phys. Rev. D 105, 114030 (2022).

[44] U. Özdem, Investigating the underlying structure of
vector hidden-charm tetraquark states via their electro-
magnetic characteristics, Phys. Rev. D 111, 054009
(2025).

[45] V. L. Chernyak and I. R. Zhitnitsky, B meson exclusive
decays into baryons, Nucl. Phys. B345, 137 (1990).

[46] V. M. Braun and I. E. Filyanov, QCD sum rules in
exclusive kinematics and pion wave function, Z. Phys.
C 44, 157 (1989).

[47] I. I. Balitsky, V. M. Braun, and A. V. Kolesnichenko,
Radiative decay σþ → pγ in quantum chromodynamics,
Nucl. Phys. B312, 509 (1989).

[48] U. Özdem, Unveiling the underlying structure of axial-
vector bottom-charm tetraquarks in the light of their
magnetic moments, J. High Energy Phys. 05 (2024) 301.

[49] U. Özdem and K. Azizi, Electromagnetic properties of
vector doubly charmed tetraquark states, Phys. Rev. D 109,
114019 (2024).

[50] H. Mutuk, Masses and magnetic moments of doubly heavy
tetraquarks via diffusion Monte Carlo method, Eur. Phys.
J. C 84, 395 (2024).

[51] F.-L. Wang, S.-Q. Luo, and X. Liu, Radiative decays and
magnetic moments of the predicted Bc-like molecules,
Phys. Rev. D 107, 114017 (2023).

[52] U. Özdem, Analysis of the Zbð10650Þ state based
on electromagnetic properties, Eur. Phys. J. C 84, 45
(2024).

[53] U. Özdem, Magnetic and quadrupole moments of the
Zcð4020Þþ, Zcð4050Þþ, and Zcð4600Þþ states in the
diquark-antidiquark picture, Chin. Phys. C 48, 013101
(2024).

[54] Y.-D. Lei and H.-S. Li, Electromagnetic properties
of the Tþ

cc molecular states, Phys. Rev. D 109, 076014
(2024).

[55] W.-X. Zhang, H. Xu, and D. Jia, Masses and magnetic
moments of hadrons with one and two open heavy quarks:
Heavy baryons and tetraquarks, Phys. Rev. D 104, 114011
(2021).

[56] K. Azizi and U. Özdem, Exploring the magnetic dipole
moments of TQQq̄ s̄ and TQQs̄ s̄ states in the framework of
QCD light-cone sum rules, J. High Energy Phys. 03 (2023)
166.

[57] U. Özdem, Electromagnetic form factors of the Bc-like
tetraquarks: Molecular and diquark-antidiquark pictures,
Phys. Lett. B 838, 137750 (2023).

[58] Y.-J. Xu, Y.-L. Liu, and M.-Q. Huang, The magnetic
moment of Zcð3900Þ as an axial-vector molecular state,
Eur. Phys. J. C 80, 953 (2020).

[59] Z.-G. Wang, The magnetic moment of the Zcð3900Þ as an
axialvector tetraquark state with QCD sum rules, Eur.
Phys. J. C 78, 297 (2018).

[60] U. Özdem, Magnetic dipole moments of states, Chin. Phys.
C 46, 113106 (2022).

[61] Y.-H. Wang, J. Wei, C.-S. An, and C.-R. Deng, Zcsð4000Þþ
and Zcsð4220Þþ in a multiquark color flux-tube model,
Chin. Phys. Lett. 40, 021201 (2023).

[62] U. Özdem, Magnetic moments of the doubly charged
axial-vector Tþþ

cc states, Phys. Rev. D 105, 054019
(2022).

[63] K. Azizi and U. Özdem, Magnetic dipole moments of the
Tþ
cc and Zþþ

V tetraquark states, Phys. Rev. D 104, 114002
(2021).

[64] U. Özdem and A. K. Yıldırım,Magnetic dipole moments of
the Zcð4020Þþ, Zcð4200Þþ, Zcsð4000Þþ and Zcsð4220Þþ
states in light-cone QCD, Phys. Rev. D 104, 054017 (2021).

[65] Y.-J. Xu, Y.-L. Liu, C.-Y. Cui, and M.-Q. Huang, D̄ð�Þ
s Dð�Þ

molecular state with JP ¼ 1þ, Phys. Rev. D 104, 094028
(2021).

[66] U. Özdem and K. Azizi, Magnetic dipole moment of the
Zcsð3985Þ state: Diquark–antidiquark and molecular pic-
tures, Eur. Phys. J. Plus 136, 968 (2021).

[67] U. Ozdem and K. Azizi, Magnetic dipole moment of
Zbð10610Þ in light-cone QCD, Phys. Rev. D 97, 014010
(2018).

DD̄1ð2420Þ AND D�D̄�ð2400Þ PHYS. REV. D 112, 014011 (2025)

014011-13

https://doi.org/10.1088/1674-1137/ac945c
https://doi.org/10.1103/PhysRevLett.130.121901
https://doi.org/10.1103/PhysRevLett.130.121901
https://doi.org/10.1103/PhysRevLett.131.151903
https://doi.org/10.1103/PhysRevLett.131.151903
https://doi.org/10.1103/PhysRevLett.131.211902
https://doi.org/10.1103/PhysRevLett.132.161901
https://doi.org/10.1103/PhysRevLett.132.161901
https://doi.org/10.1103/PhysRevD.110.012006
https://doi.org/10.1103/PhysRevD.110.012006
https://doi.org/10.1103/PhysRevLett.131.191901
https://doi.org/10.1103/PhysRevLett.131.191901
https://arXiv.org/abs/2504.04096
https://doi.org/10.1103/PhysRevD.83.034010
https://doi.org/10.1140/epjc/s10052-014-2874-7
https://doi.org/10.1140/epjc/s10052-016-4238-y
https://doi.org/10.1140/epjc/s10052-016-4238-y
https://doi.org/10.1140/epjc/s10052-018-5996-5
https://doi.org/10.1140/epjc/s10052-018-5996-5
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1103/PhysRevD.98.054021
https://doi.org/10.1016/j.nuclphysb.2021.115592
https://doi.org/10.1103/PhysRevD.105.114030
https://doi.org/10.1103/PhysRevD.111.054009
https://doi.org/10.1103/PhysRevD.111.054009
https://doi.org/10.1016/0550-3213(90)90612-H
https://doi.org/10.1007/BF01548594
https://doi.org/10.1007/BF01548594
https://doi.org/10.1016/0550-3213(89)90570-1
https://doi.org/10.1007/JHEP05(2024)301
https://doi.org/10.1103/PhysRevD.109.114019
https://doi.org/10.1103/PhysRevD.109.114019
https://doi.org/10.1140/epjc/s10052-024-12736-3
https://doi.org/10.1140/epjc/s10052-024-12736-3
https://doi.org/10.1103/PhysRevD.107.114017
https://doi.org/10.1140/epjc/s10052-024-12408-2
https://doi.org/10.1140/epjc/s10052-024-12408-2
https://doi.org/10.1088/1674-1137/ad0110
https://doi.org/10.1088/1674-1137/ad0110
https://doi.org/10.1103/PhysRevD.109.076014
https://doi.org/10.1103/PhysRevD.109.076014
https://doi.org/10.1103/PhysRevD.104.114011
https://doi.org/10.1103/PhysRevD.104.114011
https://doi.org/10.1007/JHEP03(2023)166
https://doi.org/10.1007/JHEP03(2023)166
https://doi.org/10.1016/j.physletb.2023.137750
https://doi.org/10.1140/epjc/s10052-020-08515-5
https://doi.org/10.1140/epjc/s10052-018-5794-0
https://doi.org/10.1140/epjc/s10052-018-5794-0
https://doi.org/10.1088/1674-1137/ac8653
https://doi.org/10.1088/1674-1137/ac8653
https://doi.org/10.1088/0256-307X/40/2/021201
https://doi.org/10.1103/PhysRevD.105.054019
https://doi.org/10.1103/PhysRevD.105.054019
https://doi.org/10.1103/PhysRevD.104.114002
https://doi.org/10.1103/PhysRevD.104.114002
https://doi.org/10.1103/PhysRevD.104.054017
https://doi.org/10.1103/PhysRevD.104.094028
https://doi.org/10.1103/PhysRevD.104.094028
https://doi.org/10.1140/epjp/s13360-021-01977-w
https://doi.org/10.1103/PhysRevD.97.014010
https://doi.org/10.1103/PhysRevD.97.014010


[68] U. Ozdem and K. Azizi, Magnetic and quadrupole
moments of the Zcð3900Þ, Phys. Rev. D 96, 074030
(2017).

[69] U. Özdem, Study on the electromagnetic properties of the
½sc�½q̄ b̄� and ½sc�½s̄ b̄� states with JP ¼ 1þ, Eur. Phys. J.
Plus 140, 105 (2025).

[70] H. Mutuk, Doubly-charged Tþþ
cc states in the dynamical

diquark model, Phys. Rev. D 110, 034025 (2024).
[71] U. Özdem, Elucidating the nature of axial-vector charm-

antibottom tetraquark states, arXiv:2411.15508.
[72] Z.-G. Wang, Analysis of the Yð4220Þ and Yð4390Þ as

molecular states with QCD sum rules, Chin. Phys. C 41,
083103 (2017).

[73] Q.-N. Wang, W. Chen, and H.-X. Chen, Exotic molecular
states and tetraquark states with JP ¼ 0þ; 1þ; 2þ, Chin.
Phys. C 45, 093102 (2021).

[74] H.-X. Chen, Y.-X. Yan, and W. Chen, Decay behaviors of
the fully bottom and fully charm tetraquark states, Phys.
Rev. D 106, 094019 (2022).

[75] S. J. Brodsky and J. R. Hiller, Universal properties of the
electromagnetic interactions of spin one systems, Phys.
Rev. D 46, 2141 (1992).

[76] I. I. Balitsky and V. M. Braun, Evolution equations for
QCD string operators, Nucl. Phys. B311, 541 (1989).

[77] V. M. Belyaev and B. Y. Blok, Charmed baryons in
quantum chromodynamics, Z. Phys. C 30, 151 (1986).

[78] H.-D. Li, C.-D. Lü, C. Wang, Y.-M. Wang, and Y.-B. Wei,
QCD calculations of radiative heavy meson decays with
subleading power corrections, J. High Energy Phys. 04
(2020) 023.

[79] P. Ball, V. M. Braun, and N. Kivel, Photon distribution
amplitudes in QCD, Nucl. Phys. B649, 263 (2003).

[80] D. Antonov and J. E. F. T. Ribeiro, Quark condensate
for various heavy flavors, Eur. Phys. J. C 72, 2179
(2012).

[81] U. Özdem, Electromagnetic properties of doubly heavy
pentaquark states, Eur. Phys. J. Plus 137, 936 (2022).

[82] U. Özdem, Insight into the nature of the Pcð4457Þ and
related pentaquarks, Eur. Phys. J. C 85, 624 (2025).

[83] S. Weinberg, Tetraquark mesons in large N quantum
chromodynamics, Phys. Rev. Lett. 110, 261601 (2013).

[84] W. Lucha, D. Melikhov, and H. Sazdjian, Tetraquarks in
large-Nc QCD, Prog. Part. Nucl. Phys. 120, 103867
(2021).

[85] Y. Kondo, O. Morimatsu, and T. Nishikawa, Two-hadron-
irreducible QCD sum rule for pentaquark baryon, Phys.
Lett. B 611, 93 (2005).

[86] W. Lucha, D. Melikhov, and H. Sazdjian, Tetraquark-
adequate formulation of QCD sum rules, Phys. Rev. D 100,
014010 (2019).

[87] Y. Sarac, H. Kim, and S. H. Lee, QCD sum rules for the
anti-charmed pentaquark, Phys. Rev. D 73, 014009 (2006).

[88] Z.-G. Wang and X. Wang, Analysis of the strong decays of
the Pcð4312Þ as a pentaquark molecular state with QCD
sum rules, Chin. Phys. C 44, 103102 (2020).

[89] S. H. Lee, H. Kim, and Y. Kwon, Parity of Θþð1540Þ from
QCD sum rules, Phys. Lett. B 609, 252 (2005).

[90] Z.-G. Wang, Analysis of the Zcð4200Þ as axial-vector
molecule-like state, Int. J. Mod. Phys. A 30, 1550168
(2015).

[91] S. S. Agaev, K. Azizi, B. Barsbay, and H. Sundu, The
doubly charmed pseudoscalar tetraquarks Tþþ

cc;s̄ s̄ and
Tþþ
cc;d̄ s̄

, Nucl. Phys. B939, 130 (2019).
[92] H. Sundu, S. S. Agaev, and K. Azizi, New charged

resonance Z−
c ð4100Þ: The spectroscopic parameters and

width, Eur. Phys. J. C 79, 215 (2019).
[93] R. M. Albuquerque, S. Narison, and D. Rabetiarivony, Zc-

like spectra from QCD Laplace sum rules at NLO, Phys.
Rev. D 103, 074015 (2021).

[94] R. M. Albuquerque, S. Narison, A. Rabemananjara, D.
Rabetiarivony, and G. Randriamanatrika, Doubly-hidden
scalar heavy molecules and tetraquarks states from QCD at
NLO, Phys. Rev. D 102, 094001 (2020).

[95] Z.-G. Wang, Analysis of Zcsð3985Þ as the axialvector
tetraquark state, Chin. Phys. C 45, 073107 (2021).

[96] Z.-G. Wang, Two-particle contributions and nonlocal
effects in the QCD sum rules for the axial vector tetraquark
candidate Zcð3900Þ, Int. J. Mod. Phys. A 35, 2050138
(2020).

[97] Z.-G. Wang, Landau equation and QCD sum rules for the
tetraquark molecular states, Phys. Rev. D 101, 074011
(2020).

[98] R. L. Workman et al., Review of particle physics, Prog.
Theor. Exp. Phys. 2022, 083C01 (2022).

[99] J. Rohrwild, Determination of the magnetic susceptibility
of the quark condensate using radiative heavy meson
decays, J. High Energy Phys. 09 (2007) 073.

[100] S. Narison, m̄c;b;hαsG2i and αs from heavy quarkonia,
Nucl. Part. Phys. Proc. 300–302, 153 (2018).

[101] G. Lopez Castro and G. Toledo Sanchez, Effects of the
magnetic dipole moment of charged vector mesons in their
radiative decay distribution, Phys. Rev. D 56, 4408 (1997).

[102] D. García Gudiño and G. Toledo Sánchez, Determination
of the magnetic dipole moment of the ρmeson using 4 pion
electroproduction data, Int. J. Mod. Phys. Conf. Ser. 35,
1460463 (2014).

[103] V. I. Zakharov, L. A. Kondratyuk, and L. A. Ponomarev,
Bremsstrahlung and determination of electromagnetic
parameters of particles, Yad. Fiz. 8, 783 (1968).

[104] V. Pascalutsa and M. Vanderhaeghen, Magnetic moment of
the Δð1232Þ-resonance in chiral effective field theory,
Phys. Rev. Lett. 94, 102003 (2005).

[105] V. Pascalutsa and M. Vanderhaeghen, Chiral effective-field
theory in the Δð1232Þ region: I. Pion electroproduction on
the nucleon, Phys. Rev. D 73, 034003 (2006).

[106] V. Pascalutsa and M. Vanderhaeghen, Chiral effective-field
theory in the Δð1232Þ region. II. Radiative pion photo-
production, Phys. Rev. D 77, 014027 (2008).

[107] M. Kotulla et al., The reaction γp → π0γ0p and the
magnetic dipole moment of the δþð1232Þ resonance, Phys.
Rev. Lett. 89, 272001 (2002).

[108] D. Drechsel and M. Vanderhaeghen, Magnetic dipole
moment of the Δþð1232Þ from the γp → γπ0π reaction,
Phys. Rev. C 64, 065202 (2001).

[109] A. I. Machavariani, A. Faessler, and A. J. Buchmann,
Field-theoretical description of electromagnetic Δ reso-
nance production and determination of the magnetic mo-
ment of theΔþð1232Þ resonance by the ep → e0N0π0γ0 and
γp → N0π0γ0 reactions, Nucl. Phys. A646, 231 (1999);
A686, 601(E) (2001).

ULAŞ ÖZDEM PHYS. REV. D 112, 014011 (2025)

014011-14

https://doi.org/10.1103/PhysRevD.96.074030
https://doi.org/10.1103/PhysRevD.96.074030
https://doi.org/10.1140/epjp/s13360-025-06016-6
https://doi.org/10.1140/epjp/s13360-025-06016-6
https://doi.org/10.1103/PhysRevD.110.034025
https://arXiv.org/abs/2411.15508
https://doi.org/10.1088/1674-1137/41/8/083103
https://doi.org/10.1088/1674-1137/41/8/083103
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1088/1674-1137/ac0b3b
https://doi.org/10.1103/PhysRevD.106.094019
https://doi.org/10.1103/PhysRevD.106.094019
https://doi.org/10.1103/PhysRevD.46.2141
https://doi.org/10.1103/PhysRevD.46.2141
https://doi.org/10.1016/0550-3213(89)90168-5
https://doi.org/10.1007/BF01560689
https://doi.org/10.1007/JHEP04(2020)023
https://doi.org/10.1007/JHEP04(2020)023
https://doi.org/10.1016/S0550-3213(02)01017-9
https://doi.org/10.1140/epjc/s10052-012-2179-7
https://doi.org/10.1140/epjc/s10052-012-2179-7
https://doi.org/10.1140/epjp/s13360-022-03125-4
https://doi.org/10.1140/epjc/s10052-025-14323-6
https://doi.org/10.1103/PhysRevLett.110.261601
https://doi.org/10.1016/j.ppnp.2021.103867
https://doi.org/10.1016/j.ppnp.2021.103867
https://doi.org/10.1016/j.physletb.2005.01.070
https://doi.org/10.1016/j.physletb.2005.01.070
https://doi.org/10.1103/PhysRevD.100.014010
https://doi.org/10.1103/PhysRevD.100.014010
https://doi.org/10.1103/PhysRevD.73.014009
https://doi.org/10.1088/1674-1137/ababf7
https://doi.org/10.1016/j.physletb.2005.01.029
https://doi.org/10.1142/S0217751X15501687
https://doi.org/10.1142/S0217751X15501687
https://doi.org/10.1016/j.nuclphysb.2018.12.021
https://doi.org/10.1140/epjc/s10052-019-6737-0
https://doi.org/10.1103/PhysRevD.103.074015
https://doi.org/10.1103/PhysRevD.103.074015
https://doi.org/10.1103/PhysRevD.102.094001
https://doi.org/10.1088/1674-1137/abfa83
https://doi.org/10.1142/S0217751X20501389
https://doi.org/10.1142/S0217751X20501389
https://doi.org/10.1103/PhysRevD.101.074011
https://doi.org/10.1103/PhysRevD.101.074011
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1088/1126-6708/2007/09/073
https://doi.org/10.1016/j.nuclphysbps.2018.12.026
https://doi.org/10.1103/PhysRevD.56.4408
https://doi.org/10.1142/S2010194514604633
https://doi.org/10.1142/S2010194514604633
https://doi.org/10.1103/PhysRevLett.94.102003
https://doi.org/10.1103/PhysRevD.73.034003
https://doi.org/10.1103/PhysRevD.77.014027
https://doi.org/10.1103/PhysRevLett.89.272001
https://doi.org/10.1103/PhysRevLett.89.272001
https://doi.org/10.1103/PhysRevC.64.065202
https://doi.org/10.1016/S0375-9474(98)00611-3
https://doi.org/10.1016/S0375-9474(00)00559-5


[110] D. Drechsel, M. Vanderhaeghen, M. M. Giannini, and E.
Santopinto, Inelastic photon scattering and the magnetic
moment of the Δð1232Þ resonance, Phys. Lett. B 484, 236
(2000).

[111] W.-T. Chiang, M. Vanderhaeghen, S. N. Yang, and D.
Drechsel, Unitary model for the γp → γπ0p reaction and

the magnetic dipole moment of the Δþð1232Þ, Phys. Rev.
C 71, 015204 (2005).

[112] A. I. Machavariani and A. Faessler, Propagator of the Δ
resonance and determination of the magnetic moment of
the Δþ from the γp → γπ0p reaction, Phys. Rev. C 72,
024002 (2005).

DD̄1ð2420Þ AND D�D̄�ð2400Þ PHYS. REV. D 112, 014011 (2025)

014011-15

https://doi.org/10.1016/S0370-2693(00)00654-7
https://doi.org/10.1016/S0370-2693(00)00654-7
https://doi.org/10.1103/PhysRevC.71.015204
https://doi.org/10.1103/PhysRevC.71.015204
https://doi.org/10.1103/PhysRevC.72.024002
https://doi.org/10.1103/PhysRevC.72.024002

	DD&macr;1(2420) and D*D&macr;*(2400) molecular states: Probing their electromagnetic fingerprints
	I. MOTIVATION
	II. THEORETICAL FOUNDATIONS
	A. Hadronic formulation
	B. QCD formulation
	C. Sum rules for magnetic and quadrupole moments

	III. NUMERICAL EVALUATIONS
	IV. DISCUSSION AND OUTLOOK
	DATA AVAILABILITY
	References


