
What can we learn from the radiative decays of the Ds1ð2460Þ meson?

Hai-Long Fu ,1,2,* Feng-Kun Guo ,1,2,† Christoph Hanhart ,3,‡ and Alexey Nefediev 4,§

1Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

3Institute for Advanced Simulation, Forschungszentrum Jülich, D-52425 Jülich, Germany
4Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn, 53115 Bonn, Germany

(Received 15 December 2025; accepted 11 March 2026; published 20 April 2026)

We study the radiative decays Ds1ð2460Þ → γD�
s0ð2317Þ and Ds1ð2460Þ → γD0Kþ=γDþK0 and argue

them to constitute a paradigmatic case of reactions sensitive to the short-range component of the decaying
meson wave function that can, in principle, be quantified in a model-independent way employing
experimental data. We demonstrate how a simultaneous measurement of the above radiative decay widths,
or at least a constraint on the ratio of the corresponding branching fractions, can allow one to probe the
nature of the D�

s0ð2317Þ and Ds1ð2460Þ mesons.

DOI: 10.1103/786l-tjny

I. INTRODUCTION

Radiative decays play a distinguished role in strong
interaction physics, as they often provide a convenient
doorway to establishing the nature of hadronic states. The
photon emission vertex is controlled by quantum
electrodynamics (QED)—the most developed and well-
understood field theory within the Standard Model. The
small QED coupling constant αem ¼ e2=ð4πÞ ≈ 1=137
results in the suppression of electromagnetic radiative
processes by 2 orders of magnitude in probability com-
pared to analogous nonradiative reactions. However, if the
fine structure curse is overcome by the experimental
statistics, then the information gained on the studied
hadronic states may provide a valuable reward for the
efforts spent.
It should be noted that the radiative decays of different

hadronic systems are sensitive to different components of
their wave functions and, therefore, provide different
insights into the nature of such states. For example, the
radiative decays ϕð1020Þ → γS and S → γV, with S for
a0=f0ð980Þ and V for ρ, ω, and γ, exhibit quite distinct
hierarchy patterns for compact or molecular structures of
the scalar mesons [1]. In contrast, the experimentally

measurable ratio of the radiative decay widths
ΓðXð3872Þ → γψð3686ÞÞ=ΓðXð3872Þ → γJ=ψÞ [2–6] is
sensitive to the short-range component of the X wave
function and appears not to be decisive concerning its
molecular component [7]; see also Ref. [8] for a peda-
gogical introduction to the subject. The P-wave positive-
parity DsJ mesons, with J ¼ 0, 1, 2, offer yet another
example of hadronic systems whose radiative decays may
serve as a probing tool for investigating their nature. A
recent update on the widths of the radiative decays

D�
s0ð2317Þ → γD�

s and Ds1ð2460Þ → γDð�Þ
s evaluated in

the molecular model for the decaying DsJ mesons can
be found in Ref. [9] (see also Refs. [10,11] for earlier
studies in the same spirit). These decays have also been
comprehensively calculated in the chiral doublet model,
which assumes that the D�

s0ð2317Þ and Ds1ð2460Þ mesons
are chiral partners of the pseudoscalar Ds and vector D�

s
mesons, respectively, with opposite parity [12]. A calcu-

lation of the radiative decay widthsDs1ð2460Þ → γDð�Þ
s and

Ds1ð2536Þ → γDð�Þ
s performed assuming all involved

charm-strange mesons to be conventional quark-antiquark
states is presented in Ref. [13]. In Ref. [14], the decays

Ds1ð2460Þ → γDð�Þ
s are studied in a model that includes

both cs̄ and two-hadron components. Since the existing
experimental information on such radiative decays is very
limited, further experimental studies as well as reanalyses
of the already existing data from different collaborations in
the spirit of Ref. [15] are necessary to shed light on the
nature of these hadronic states. The results on D�

s0 → γD�
s

andDs1 → γDs radiative decays from the perspective of the
QCD sum rule can be found in Ref. [16].
In this work, we focus on yet another radiative decay,

Ds1ð2460Þ → γD�
s0ð2317Þ, which can be employed to
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probe the nature of the involvedDsJ mesons. There are two
kinds of contributions possible to this decay that are
depicted in Fig. 1. The loop diagram is sensitive to the
molecular component of the DsJ mesons, while the second
diagram (with a contact term) depends on an a priori
unknown parameter, hereinafter denoted as κcont, that
describes the contribution from short-range physics [9–11].
We argue in this work that, since a sufficiently accurate
experimental measurement of the partial decay width
ΓðDs1 → γD�

s0Þ is currently not available [17], an alter-
native experimental input may be useful to quantify the
aforementioned short-range term and in this way get
access to the significance of the loop contribution. In
particular, we also study the three-body radiative decays
Ds1ð2460Þ → γD0Kþ and Ds1ð2460Þ → γDþK0 and argue
that they can be useful in this context. In particular, we
demonstrate that the ratio of branching fractions,

R ¼ BrðDs1ð2460Þ → γD�
s0ð2317ÞÞ

BrðDs1ð2460Þ → γD0KþÞ ; ð1Þ

is very sensitive to the value of the short-range parameter
κcont and, thus, can be used to determine or at least strongly
constrain it. In this way, it should become possible to
improve our understanding of the nature of the D�

s0ð2317Þ
and Ds1ð2460Þ mesons and make precise theoretical
predictions for various reactions involving the vertex
Ds1D�

s0γ as a building block or related to it via heavy-
quark symmetry.
We notice that the studied radiative decays of the

Ds1ð2460Þ naturally fill a gap between the two limiting
cases previously addressed in the literature. Indeed, on the
one hand, the short-range contact term is absent in the
radiative decays ϕð1020Þ → γS, with the scalar mesons
S ¼ a0=f0ð980Þ in the final state treated as KK̄ molecules,
so the decay amplitudes can be expressed solely through
the S → KK̄ vertex function [18–20]. On the contrary, the
radiative decays Xð3872Þ → γψ , with ψ ¼ J=ψ , ψð2SÞ, are
dominated by the short-range component of the X wave
function [7]. Furthermore, one as a matter of principle
cannot employ the data on these radiative decays to
quantify this component in a model-independent way.
As will be argued below, the radiative decays of the
Ds1ð2460Þ addressed in this work lie between the two
aforementioned cases, since they are sensitive to the short-

range contribution to the Ds1 wave function and the latter
can, in principle, be quantified using the experimental data.
This theoretical insight and the estimates made for the
already existing and anticipated experimental measure-
ments constitute the main result of this work.
The paper is organized as follows: In Sec. II, we

evaluate the width of the two-body radiative decay
Ds1ð2460Þ → γD�

s0ð2317Þ and study its dependence on
the short-range parameter κcont. We provide estimates for
the value of this parameter based on existing theoretical
predictions and experimental data. In Sec. III, we
calculate the widths of the three-body radiative decays
Ds1ð2460Þ → γD0Kþ=γDþK0, which also depend on κcont
through the intermediate vertex Ds1D�

s0γ. In Sec. IV, we
discuss the dependence of the ratio in Eq. (1) on κcont and
argue that conclusions about the nature of the D�

s0ð2317Þ
and Ds1ð2460Þ mesons can be drawn from experimental
measurements of this ratio.

II. THE DECAY Ds1ð2460Þ → γD�
s0ð2317Þ

The amplitude of the radiative decay Ds1ð2460Þ →
γD�

s0ð2317Þ can be expressed as

MðDs1 → γD�
s0Þ ¼ 2κðq2Þεμναβpμ

3ϵ
�νðp3ÞϵαðPÞvβ; ð2Þ

with κðq2Þ for the transition amplitude (here q ¼ P − p3),
P and p3 for the 4-momenta of the Ds1 meson and photon,
respectively, and the corresponding ϵ’s for their polariza-
tion vectors. The decay width is then calculated as

ΓðDs1 → γD�
s0Þ ¼

κðm2
Ds0� Þ2ω3

3πm2
Ds1

; ð3Þ

where ω ≈ 139 MeV is the energy of the photon in the rest
frame of the decaying particle and κðq2Þ is evaluated at
q2 ¼ m2

D�
s0
for the on-shell D�

s0 meson.

Formally, the decay Ds1ð2460Þ → γD�
s0ð2317Þ can pro-

ceed through the diagrams shown in Fig. 1, so the
amplitude κðq2Þ in Eq. (2) acquires two contributions:

κðq2Þ ¼ κloopðq2Þ þ κcont; ð4Þ

where we introduce an effective momentum-dependent
contribution from the loop, κloopðq2Þ, while the contact

FIG. 1. The loop and contact contributions to the decay amplitude Ds1ð2460Þ → γD�
s0ð2317Þ.
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term κcont parametrizes short-distance physics that is not
captured by the molecular component. The latter can be
estimated in a model-dependent way assuming a particular
nature for such short-distance contributions—see, for
example, Eq. (21) below for the estimate obtained in a
cs̄ model for the Ds1ð2460Þ. Note also that, within the
effective field theory framework employed in this work, all
couplings are real and complex phases may arise solely
from intermediate particles going on shell—see, for exam-
ple, Fig. 2, where κloopðq2Þ is demonstrated to develop a
nonvanishing imaginary part in a certain kinematical
regime. In the molecular model for the positive-parity
D�

s0ð2317Þ and Ds1ð2460Þ mesons [10,21–27], the loop
contribution is sizable, while if both external hadrons were
compact states, the loops would be negligible. A key
observation of this work is that one can determine the
significance of the loop contribution by exploiting its q2

dependence. Thus, we start from evaluating κloopðq2Þ.
Assuming that both Ds1ð2460Þ and D�

s0ð2317Þ are
dynamically generated from the D�K-D�

sη and DK-Dsη
coupled channels, respectively, within unitarized chiral
perturbation theory (UChPT) [22,24,25] we employ the
effective Lagrangians

Lð0Þ
HM ¼ 1ffiffiffi

2
p gDKD�

s0ðDþ†K0† þD0†Kþ†Þ

þ gDsηD
�
s0D

þ†
s η† þ H:c:; ð5Þ

Lð1Þ
HM ¼ 1ffiffiffi

2
p gD�KD

μ
s1ðD�þ†

μ K0† þD�0†
μ Kþ†Þ

þ gD�
sηD

μ
s1D

�þ†
s;μ η† þ H:c:; ð6Þ

with the coupling constants between hadronic mole-
cular states and their constituent mesons determined from
the residues of the S-wave scattering amplitudes in
UChPT [9,28],

gDK ¼ ð9.4� 0.3Þ GeV;
gDsη ¼ ð7.4� 0.1Þ GeV;
gD�K ¼ ð10.1þ0.8

−0.9Þ GeV;
gD�

sη ¼ ð7.9� 0.3Þ GeV: ð7Þ

Finally, the effective Lagrangian for the magnetic decays
V → γP reads1 [29,30]

LMM ¼ i
2
eFμν ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mDmD�
p �

εμναβvα

�
βQþQc

mc

�
ab

×ðPaV
†β
b − Vβ

aP
†
bÞ þ

�
βQ −

Qc

mc

�
ab
Vμ
aV

†ν
b

�
; ð8Þ

where the heavy-quark spin multiplets are filled with the
open-charm heavy-light pseudoscalar and vector mesons,

P ¼ ðD0; Dþ; Dþ
s Þ; V ¼ ðD�0; D�þ; D�þ

s Þ ð9Þ

and the subscripts a and b label the light quark flavor. The
parameter β defines the contribution of the light quarks
(u, d, and s) to the magnetic moment of the meson, with
Q ¼ diagð2=3;−1=3;−1=3Þ for the matrix of the light-
quark charges, while the respective contribution from the
heavy charm quark is provided by the term Qc=mc, with
Qc ¼ 2=3 and mc for the c-quark charge and mass,
respectively. The parameters β and mc can be fixed directly
from the experimental data on the radiative decays of the
D� mesons; see, for example, Ref. [30]. It should be noted,
however, that the numerical values of these parameters are
very sensitive to the experimental inputs, which have
changed appreciably in recent years. In addition, only
the total width of the chargedD� meson has been measured
experimentally. Thus, in the current analysis, we fix the
charm quark mass to a phenomenologically adequate
value often adopted in the literature for its pole mass
(see, for example, Refs. [31–34]) and extract the parameter
β from the data on the measured partial decay width
ΓðD�þ → γDþÞ ¼ ð1.33� 0.33Þ keV [17]. This yields

FIG. 2. Momentum dependence of the effective loop coupling
κloopðq2Þ in Eq. (12). For presentation purposes, here the loop
integration in Eq. (13) (see also Appendix A) is performed for the
masses of Dð�Þþ and K0. The vertical dash-dotted line shows the
position of q2 ¼ m2

D�
s0

relevant for the two-body decay

Ds1ð2460Þ → γD�
s0ð2317Þ [see Eqs. (4) and (15)]. The gray

shaded region shows the range of the phase space integration
in p2

12 ¼ q2 in the three-body decay Ds1ð2460Þ → γD0Kþ,
ðmD0 þmKþÞ2 ≤ q2 ≤ m2

Ds1
[see Eq. (39)]. The plot for the

decay Ds1ð2460Þ → γDþK0 looks similar and is not shown.
Note also that in the actual calculations performed in this work
the spin-average masses in Eq. (11) are used.

1Here v stands for the 4-velocity of the D�
ðsÞ meson. However,

in what follows, we do not distinguish it from the 4-velocity of
the Ds1 [see, for example, Eq. (16) below], since the difference is
of subleading order in the heavy quark mass expansion and can,
thus, be disregarded.
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mc ¼ 1.5 GeV; β−1 ¼ 360þ27
−21 MeV; ð10Þ

with β−1 of the order of ΛQCD, as expected. For the masses
of the D meson and kaon, we use their isospin-averaged
values

mD ¼ 1

2
ðmD0 þmDþÞ ¼ 1867 MeV;

mK ¼ 1

2
ðmK0 þmKþÞ ¼ 496 MeV; ð11Þ

while for the other masses, we use their standard values
quoted in the Review of Particle Physics [17].
Notice that the D�

ðsÞ propagator in the loop in Fig. 1 is
contracted with the photon emission vertex derived from
the Lagrangian in Eq. (8). Since this vertex contains a
totally antisymmetric Levi-Civita tensor contracted with the
D�

ðsÞ 4-velocity (see footnote 1), the longitudinal part of the
D�

ðsÞ polarization tensor drops out. Thus, the loop integrals

are ultraviolet convergent and no regularization procedure
needs to be invoked. In addition, the tiny widths of the
mesons in the loop are disregarded for simplicity. Then,
with the help of the effective Lagrangians in Eqs. (5), (6),
and (8), an explicit expression for the effective coupling
κloopðq2Þ introduced in Eq. (4) reads

κloopðq2Þ ¼
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDmD�

p
12mc

½gDKgD�Kðβmc þ 4Þ

× Jð0Þðm2
Ds1

; q2; 0; m2
D� ; m2

D;m
2
KÞ

− 2gDsηgD�
sηðβmc − 2Þ

× Jð0Þðm2
Ds1

; q2; 0; m2
D�

s
; m2

Ds
; m2

ηÞ�; ð12Þ

where Jð0Þ is the standard scalar three-point loop function

Jð0Þðk21; k22; k23; m2
1; m

2
2; m

2
3Þ

¼ 1

16π2

Z
1

0

δð1 − x1 − x2 − x3Þ
d3x
Δ3

; ð13Þ

with x1;2;3 denoting the Feynman parameters and

Δ3 ¼
X3
i¼1

xim2
i − x1x2k23 − x1x3k22 − x2x3k21: ð14Þ

Further details of this calculation and the explicit expres-
sion for a generic loop integral Jð0Þ are provided in
Appendix A.
Then, the real on-shell value κloopðq2 ¼ m2

D�
s0
Þ entering

Eq. (4) for the two-body radiative decay Ds1 → γD�
s0 is

straightforwardly calculated employing the parameters
listed in Eqs. (7) and (11) to be

κloopðq2 ¼ m2
D�

s0
Þ ¼ 0.190� 0.004: ð15Þ

Theuncertainty here comes from that ofβ quoted inEq. (10).
Furthermore, in Fig. 2, we show themomentum dependence
of the real and imaginary parts of κloopðq2Þ evaluated in a
broad range ofq2 relevant for the further studies in thiswork.
It is evident from this figure that the q2 dependence in
the near-threshold region, q2 ∼ ðmD þmKÞ2, is rather
pronounced. This behavior arises from the two nearby
singularities: (i) the DK threshold at mD0 þmKþ ¼
2.359 GeV and (ii) the triangle singularity [35,36] at
ð2.319 − i0.013Þ GeV, evaluated using the formula in
Ref. [37]. This nontrivial q2 dependence provides a near-
threshold enhancement to the DK invariant mass distribu-
tion for the three-body decays Ds1ð2460Þ → γDK, which
will be discussed in Sec. III below.
The Lagrangian for the leading-order contact inter-

actions relevant for the radiative decays of the DsJ mesons
reads [9–11]

Lcont ¼ αcontFμνðvμD�
s0D

�†ν
s þDμ

s1v
νD†

s

þ εμναβDs1αD
�†
sβÞ

þ κcontε
μναβFμνvβDs1αD

�†
s0 þ H:c:; ð16Þ

where v denotes the 4-velocity of the Ds1 meson (see also
footnote 1 above) and κcont has been introduced in Eq. (4).
The first term in Eq. (16), which controls the radiative
transitions from the DsJ to the ground state D mesons, will
be needed below for the calculation of the continuum
transition; see the last diagram in Fig. 3. The coupling αcont
deserves a comment. Its value was previously fixed from
the averaged ratio of the branching fractions [17]

R2 ¼
BrðDs1ð2460Þ → γDsÞ
BrðDs1ð2460Þ → πD�

sÞ
ð17Þ

and further employed to predict other ratios like

R1 ¼
BrðD�

s0ð2317Þ → γD�
sÞ

BrðD�
s0ð2317Þ → πDsÞ

ð18Þ

in Refs. [9,11]. Recently, Belle II announced the first
observation of the radiative decay D�

s0ð2317Þ → γD�
s and a

measurement of the ratio R1 [38], which can be employed
to update the extraction of αcont but demonstrates a tension
with the theoretical prediction contained in Ref. [9].
Furthermore, predictions for R1 obtained in the molecular
picture for the D�

s0ð2317Þ and using R2 from various
experimental measurements [39–41] as input sizably differ
from each other—see Appendix B for a brief overview. We
notice, however, that the dependence of the results of this
work on the value of αcont is weak, since the contribution
from the last diagram in Fig. 3 is small numerically.
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Therefore, for the purposes of the present work, we perform
a straightforward simultaneous fit to the experimental
values of both aforementioned ratios of the branching
fractions, R1 ¼ 0.38� 0.05 (from the PDG FIT [17])
and R2 ¼ 0.071� 0.007 (from Belle II [38]), to arrive at

αcont ¼ −0.030� 0.008; ð19Þ
which is used in the calculations below (see, in particular,
Figs. 5–7).
The magnetic coupling κcont that, in the studied decay

Ds1ð2460Þ → γD�
s0ð2317Þ, defines the strength of the con-

tact diagram in Fig. 1 is hitherto unknown, including its sign.
This fact prevents us from making a definite prediction for
the studied radiative decay, so the corresponding decay
width in Eq. (3) can be presented in the form

ΓðDs1ð2460Þ→γD�
s0ð2317ÞÞ¼47×ð0.190ð4ÞþκcontÞ2 keV:

ð20Þ

A simple order-of-magnitude estimate for jκcontj is given
by the ratio ΛQCD=mc ≃ 0.2, since the decay Ds1ð2460Þ →
γD�

s0ð2317Þ involves a heavy quark spin flip. A model-
dependent estimate for κcont can be obtained from the
calculated radiative decay width of a charm-strange meson
in a model that does not consider the molecular component.
In particular, applying the formula for thewidth in Eq. (3) to
the result Γð1þðcs̄Þ → 0þðcs̄Þ þ γÞ ≈ 2.74 keV obtained in
the chiral doublet model [12], one readily finds

jκcontj ≃ 0.24; ð21Þ

in good agreement with the order-of-magnitude estimate
above. Remarkably, comparing the above estimates with the
result in Eq. (15), we observe that, in line with the power
counting provided in Ref. [11],

jκcontj ≃ jκloopðq2 ¼ m2
D�

s0
Þj: ð22Þ

Therefore, the dependence of the width ΓðDs1ð2460Þ →
γD�

s0ð2317ÞÞ in Eq. (20) on the strength of the contact

interaction κcont, with κloopðq2 ¼ m2
D�

s0
Þ fixed to the value in

Eq. (15), is rather pronounced—we plot it in Fig. 4 for κcont
varied within a natural (and sufficiently broad) range
½−0.4; 0.4� motivated by the estimates above.
The dependence in Fig. 4 allows for yet another

estimate of the value of κcont based on the existing
experimental data for the partial width of the radiative
decayDs1ð2460Þ → γD�

s0ð2317Þ. The averaged experimen-
tal branching fraction for this decay is (though rather
vaguely) known to be [17]

BrðDs1 → γD�
s0Þ ¼ 3.7þ5.0

−2.4%: ð23Þ

However, only a very high upper limit has been established
experimentally for the total Ds1ð2460Þ width [17]:

Γexp
tot ðDs1Þ < 3.5 MeV ðCL ¼ 95%Þ: ð24Þ

To arrive at a more definite estimate for the partial decay
width ΓðDs1 → γD�

s0Þ, we sum up the known partial decay
widths for the Ds1ð2460Þ, as a hadronic molecule, into
various final states collected in Table I to obtain

)c()b()a(

FIG. 3. Contributions to the decay amplitude Ds1 → γDK as given in Eq. (29). The structure of the vertex Ds1 → γD�
s0 in diagram

(b) is shown in Fig. 1. Details concerning the vertex Ds1 → γD�
s in diagram (c) can be found in Refs. [9,11,42].

FIG. 4. Width of the radiative decay Ds1ð2460Þ → γD�
s0ð2317Þ

in Eq. (20) for the strength of the contact interaction κcont in
Eq. (16) varied in a natural range ½−0.4; 0.4�.
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Γth
totðDs1Þ ≃ 200 keV: ð25Þ

Therefore, for the central value of the branching fraction in
Eq. (23), we arrive at an estimate

ΓðDs1 → γD�
s0Þ ≃ 7 keV ð26Þ

and, employing the curve in Fig. 4, find (including the
sign)2

κcont ≃ 0.2; ð27Þ

again in good agreement with the previous estimates.
However, given the almost 100% uncertainty in the
averaged measured branching fraction in Eq. (23),
we are forced to conclude that the uncertainty of the
result in Eq. (27) is at the level of the central value
itself. Thus, although studies of the radiative decay
Ds1ð2460Þ → γD�

s0ð2317Þ alone provide consistent esti-
mates for the value of κcont, such estimates either are model
dependent or come with a large uncertainty. The latter can
be reduced by excluding the vaguely known partial decay
width ΓðDs1 → γD�

s0Þ from consideration and resorting to
ratios of branching fractions instead. In particular, below,
we calculate the widths of the three-body radiative decays

Ds1ð2460Þ → γDK and argue that they can allow one to
advance in extracting the short-range contribution κcont and
probing the nature of the mesons D�

s0ð2317Þ and
Ds1ð2460Þ.

III. THE DECAYS Ds1ð2460Þ → γDK

The amplitude of the three-body decay Ds1ðPÞ →
Kðp1ÞDðp2Þγðp3Þ takes a generic form

MðDs1 → γDKÞ ¼ Mμνðp1; p2; p3ÞϵμðPÞϵ�νðp3Þ; ð28Þ

where ϵ and ϵ� are the polarization vectors of the Ds1 and
photon, respectively. The three main contributions to this
amplitude come from the decay chains

ðaÞ Ds1ð2460Þ → D�K → ½γD�K;

ðbÞ Ds1ð2460Þ → γD�
s0 → γ½DK�;

ðcÞ Ds1ð2460Þ → γD�
s → γ½DK�; ð29Þ

as depicted in Fig. 3. In particular, the amplitude of the
process Ds1ð2460Þ → γD�

s0ð2317Þ studied in the previous
section enters as a building block in diagram (b) (see the
effective vertex shown as a filled box) and brings in the
dependence on the unknown parameter κcont. For conven-
ience, we also employ the shorthand notations

p12 ¼ p1 þ p2; p23 ¼ p2 þ p3 ð30Þ

for the momenta of the intermediate mesons in the
diagrams in Fig. 3. The various contributions to the tensor
amplitude Mμν for the reactions Ds1 → D�0Kþ → γD0Kþ

and Ds1 → D�þK0 → γDþK0, with all allowed contribu-
tions (D0Kþ, DþK0, and Dþ

s η) included in the loop (see
Fig. 1), take the form

Ma
μνðγD0KþÞ ¼ −e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mDmD�

p
3mc

εμναβpα
3v

βgD�Kðβmc þ 1ÞGD�0ðp23Þ;

Ma
μνðγDþK0Þ ¼ −e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mDmD�

p
6mc

εμναβpα
3v

βgD�Kðβmc − 2ÞGD�þðp23Þ;

Mb
μνðγDKÞ ¼ −

ffiffiffi
2

p
gDK½κloopðp2

12Þ þ κcont�εμναβpα
3v

βGD�
s0
ðp12Þ: ð31Þ

In the expressions above, the superscripts “a” and “b”
indicate the contributions from diagrams (a) and (b) in
Fig. 3, respectively. A detailed description of the amplitude
Mc

μν for diagram (c) can be found in Ref. [42], so we
refrain from quoting it here. Notice that, in all expressions

above, the D� propagator (also the D�
s propagator in the

skipped amplitude Mc
μν) is multiplied by the photon

emission vertex derived from the Lagrangian in Eq. (8).
Since the photon vertex contains a totally antisymmetric
Levi-Civita tensor contracted with the D�

ðsÞ 4-velocity, the
longitudinal part of theD�

ðsÞ polarization tensor drops out [it
is, however, retained in the sum over theD� polarizations in
jMj2 in Eq. (39) below]. Thus, for the propagators of the

TABLE I. Partial decay widths of Ds1ð2460Þ into various final
states obtained within the molecular model. We quote the central
values of the results presented in the respective references. The
asterisk indicates that the Dsπ

0π0 width was estimated from the
Dsπ

þπ− one.

Mode D�
sπ

0 Dsγ D�
sγ Dsπ

þπ− Dsπ
0π0 γD�

s0

Width [keV] 111 42 13 16 8� ≃1…10
Reference [9] [9] [9] [43] [43] Fig. 4

2We disregard the second solution that corresponds to a large
and negative value of κcont lying beyond the phenomenologically
adequate range shown in Fig. 4.
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intermediate vector mesons in Fig. 3, we resort to a
universal Breit-Wigner distribution:

G−1
V ðp23Þ ¼ p2

23 −m2
V þ imVΓV; ð32Þ

with V ¼ D�0, D�þ, and D�
s . We use the standard values of

the D�
ðsÞ masses [17], and for their widths we employ3

ΓD�0 ¼ 55.3 keV; ΓD�þ ¼ 83.4 keV; ð33Þ

while the tiny width of D�
s [45,46] is set to zero.

For the D�
s0 propagator entering the amplitude for the

diagram in Fig. 3(b), we employ a Flatté distribution [47],

G−1
D�

s0
ðp12Þ ¼ p2

12 −m2
D�

s0
þ g2DK

8π
ffiffiffiffiffiffiffi
p2
12

p ðγ þ ikÞ þ imD�
s0
ΓD�

s0
;

ð34Þ

where γ ¼ −ikðm2
D�

s0
Þ and the momentum k in the D�

s0

center-of-mass frame reads

kðp2
12Þ ¼

1

2
ffiffiffiffiffiffiffi
p2
12

p λ1=2ðp2
12; m

2
D;m

2
KÞ; ð35Þ

with

λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc ð36Þ

being the standard Källén triangle function. For the real part
of the pole, interpreted as the D�

s0 nominal mass, we use

mD�
s0
¼ 2317 MeV; ð37Þ

and for the D�
s0 width we take the value [28]

ΓD�
s0
¼ 132 keV: ð38Þ

Finally, the differential decay width

dΓðDs1 → γDKÞ ¼ 1

ð2πÞ3
jMj2
32m3

Ds1

dp2
12dp

2
23 ð39Þ

is integrated over the phase space of the three-body final
state. In particular, the differential widths dΓðDs1ð2460Þ →
γDþK0Þ=dmDK and ΓðDs1ð2460Þ → γD0KþÞ=dmDK, with
mDK ¼

ffiffiffiffiffiffiffi
p2
12

p
, are shown in Fig. 5. An order-of-magnitude

difference between the two widths should not come
as a surprise given a strong cancellation between the
contributions to the D�þ magnetic moment from
the charm quark and the cloud of light quarks, so this
suppression has the same origin as the relation
ΓðD�þ → γDþÞ ≪ ΓðD�0 → γD0Þ. Thus, in what follows,
we focus on the final state γD0Kþ. In particular, the
dependence of the total decay width ΓðDs1ð2460Þ →
γD0KþÞ on the short-range contact parameter κcont is
shown in Fig. 6.

IV. DISCUSSION

The estimate for κcont in Eq. (27) suggests that
positive values are more natural. We further notice that,
for positive values of κcont, the dependencies of the partial
radiative decay widths ΓðDs1ð2460Þ → γD�

s0ð2317ÞÞ and
ΓðDs1ð2460Þ → γD0KþÞ shown in Figs. 4 and 6, respec-
tively, exhibit pronounced but opposite patterns: While the
curve in Fig. 4 rises, the one in Fig. 6 falls. Therefore,

FIG. 5. DK invariant mass distributions for the three-body radiative decay Ds1ð2460Þ → γDþK0 (left) and Ds1ð2460Þ → γD0Kþ
(right) obtained from Eq. (39) upon partial integration over the phase space of the final state. In both plots, the red curve corresponds to
κcont ¼ 0.2 as suggested by Eq. (27), and the red band around it comes from the uncertainty in the determination of the contact parameter
αcont as given in Eq. (19); in both cases, we use 3 times the corresponding standard deviation for the uncertainty of αcont to increase its
visibility. The gray bands correspond to αcont fixed to its central value in Eq. (19) and κcont varied in the range ½−0.4; 0.4�.

3Since the D�0 width has not been measured yet, its value is
taken from Ref. [44], where it is evaluated from the D�þ width
using isospin symmetry.

WHAT CAN WE LEARN FROM THE RADIATIVE DECAYS OF … PHYS. REV. D 113, 074026 (2026)

074026-7



studying the ratio of the branching fractions defined in
Eq. (1) appears to be advantageous from both the theo-
retical and experimental points of view. Indeed, the
predicted dependence RðκcontÞ depicted in Fig. 7 demon-
strates a rapid rise with increasing κcont—the values of R
predicted for κcont ≃ 0 and κcont ≃ 0.4 differ by an order of
magnitude. From the experimental point of view, measur-
ing a ratio of two branching fractions should be much
easier than determining the absolute values of the corre-
sponding partial decay widths separately. A measurement
of either the partial widths of both radiative decays
Ds1ð2460Þ → γD�

s0ð2317Þ and Ds1ð2460Þ → γD0Kþ, or
at least the ratio of their branching fractions R in

Eq. (1), with sufficient precision, will allow for a reliable
determination of the short-range parameter κcont. Moreover,
given the specific pattern exhibited by the curve in Fig. 7,
an experimentally established sufficiently high lower
bound on the ratio R may already allow one to impose
a restrictive constraint on the value of κcont.
A comment on the nature of theD�

s0ð2317Þmeson and its
influence on the studied three-body radiative decays is also
in order here. Throughout this paper, we treated D�

s0ð2317Þ
as mainly a DK molecular state, so its coupling to the
corresponding channel is large—see the value of gDK in
Eq. (7). Consequently, the amplitude in Fig. 3(b), which is
directly proportional to this coupling, brings about a
noticeable dependence of the total three-body decay width
ΓðDs1 → γD0KþÞ on the unknown parameter κcont that is in
the spotlight of this investigation. On the contrary, in the
opposite limit of a purely compact D�

s0ð2317Þ, when its
coupling to DK is very much reduced, the contribution in
Fig. 3(b) is negligible. Then the amplitudes (a) and (c) in
Fig. 3 are parameter-free and provide a prediction for the
total width of the corresponding three-body decay:

½ΓðDs1ð2460Þ → γD0KþÞ�compactD�
s0
≃ 0.68 keV: ð40Þ

As can be concluded from Fig. 6, to achieve this value in
the molecular model for the D�

s0ð2317Þ one would need
κcont ≃ −0.4, which is negative and, in addition, appears
unnaturally large in absolute value. This result reflects the
fact that the loop contribution encoded in κloopðq2Þ is
sizable; see Fig. 2.
It is instructive to pinpoint a nontrivial set of essential

preconditions underlying the results presented in this work.
On the one hand, the decay Ds1 → γD�

s0 involves two
molecular states simultaneously, which (i) entails only S-
wave hadronic vertices in the loop, this way avoiding extra
powers of the loop momentum, and (ii) strongly constrains
the variety of intermediate states available in the loop, so
only photon emission vertices of magnetic type contribute
to the total amplitude. On the other hand, the parity
conservation requires that the coupling Ds1ð2460Þ →
γD�

s0ð2317Þ is anomalous and involves the electromagnetic
tensor, as given in Eq. (2), which automatically guarantees
gauge invariance without any need of additional contact-
type diagrams. As a result, the decay amplitude contains
convergent loop integrals, but the power counting demon-
strates no enhancement of the loop diagrams over a contact
one, so a contact term is added to the effective Lagrangian
with an unknown coefficient. We conclude, therefore, that
the radiative decays of the Ds1ð2460Þ constitute a para-
digmatic case of the reactions which, on the one hand, are
sensitive to the short-range component of the decaying
meson wave function and, on the other hand, allow one to
quantify the latter short-range contribution in a model-
independent way employing the experimental data. We
further argue that the experimental studies of the three-body

FIG. 6. Partial width of the radiative decay Ds1ð2460Þ →
γD0Kþ as a function of the contact interaction strength κcont
in Eq. (16), varied over the natural range ½−0.4; 0.4�. The narrow
band corresponds to the uncertainty in the determination of the
contact parameter αcont as given in Eq. (19) with 3 times the
standard deviation.

FIG. 7. The ratioR of thewidths (branching fractions) for the radi-
ative decays Ds1ð2460Þ→ γD�

s0ð2317Þ and Ds1ð2460Þ→ γD0Kþ

as a function of the contact interaction strength κcont inEq. (16), varied
over the natural range ½−0.4; 0.4�. The (nearly invisible by eye) band
corresponds to the uncertainty in the determination of the contact
parameter αcont as given in Eq. (19) with 3 times the standard
deviation.
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radiative decay Ds1ð2460Þ → γD0Kþ may provide valu-
able insights into the nature of the enigmatic mesons
Ds1ð2460Þ and D�

s0ð2317Þ. It follows from the results of
this work that the branching fraction for this three-body
radiative decay can be estimated at the level 10−3 (opti-
mistically, at a percent level)—see Fig. 6 for the most
natural values of this partial decay width gained for κcont ≃
0.1…0.2 and the estimate for the Ds1ð2460Þ total width in
Eq. (25). Given the present active phase of data taking at
Belle II and a fast growth of the collected data sample, the
experimental studies of the two- and three-body radiative
decays of the Ds1ð2460Þ may become feasible already in
the near future.
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APPENDIX A: LOOP INTEGRALS

In this appendix, we provide the analytical expressions
that appear in the amplitudes of the decays
D�

s0 → γD�
s=D�

s0; see the loop diagram in Fig. 1 and
diagrams (b) and (c) in Fig. 3. In particular, after tensor
reduction of the corresponding three-point one-loop ampli-
tudes [42], we employ Package-X [48] to express the
remaining scalar integrals in terms of polylog functions.
The result reads

Jð0ÞðM2; q2; 0; m2
1; m

2
2; m

2
3Þ ¼ −

1

ð4πÞ2
1

M2 − q2
½Li2ðFðþÞ

1 þ sgnðf1ÞiεÞ þ Li2ðFð−Þ
1 − sgnðf1ÞiεÞ − Li2ðFðþÞ

2 − sgnðf2ÞiεÞ

− Li2ðFð−Þ
2 þ sgnðf2ÞiεÞ − Li2ðFðþÞ

3 − sgnðf1ÞiεÞ − Li2ðFð−Þ
3 þ sgnðf1ÞiεÞ

þ Li2ðFðþÞ
4 − sgnðf3ÞiεÞ þ Li2ðFð−Þ

4 þ sgnðf3ÞiεÞ − Li2ðF5Þ þ Li2ðF6Þ�; ðA1Þ

where

Fð�Þ
1 ¼ 2q2δ12 − 2M2δ13

M2ðM2 − Δ1Þ þ δ12q2 � ðM2 − q2Þλ1=21

;

Fð�Þ
2 ¼ 2M2ðM2 − Δ2Þ þ 2δ12q2

M2ðM2 − Δ1Þδ12q2 � ðM2 − q2Þλ1=21

;

Fð�Þ
3 ¼ 2M2δ13 − 2δ12q2

M2Δ2 − q2Δ1 � ðM2 − q2Þλ1=22

;

Fð�Þ
4 ¼ 2M2Δ2 − 2ðq2 − δ12Þq2

M2Δ2 − q2Δ1 � ðM2 − q2Þλ1=22

;

F5 ¼
δ23ðM2Δ2 þ q2ðq2 − δ12ÞÞ

m2
3M

4 þ BM2 þDq2
;

F6 ¼
δ23ðM2ðΔ2 −M2Þ − q2δ12Þ

m2
3M

4 þ BM2 þDq2
; ðA2Þ

with

λ1 ¼ λðM2; m2
1; m

2
2Þ; λ2 ¼ λðm2

1; m
2
3; q

2Þ; ðA3Þ

and the triangle function λða; b; cÞ defined in Eq. (36),
while the signs of the functions fn (n ¼ 1…3),

f1 ¼ ðM2 − q2ÞðM2δ13 − q2δ12Þ;
f2 ¼ ðM2 − q2ÞðM4 −M2Δ2 þ δ12q2Þ;
f3 ¼ ðM2 − q2ÞðM2Δ1 þ q4 − q2δ12Þ; ðA4Þ

determine the Riemann sheet of Li2ðz� iεÞ for ReðzÞ > 1.
Finally, the auxiliary functions are defined as

Δ1 ¼ m2
1 þm2

2 − 2m2
3 þ q2;

Δ2 ¼ m2
1 −m2

3 þ q2;

δij ¼ m2
i −m2

j ;

B ¼ m4
3 þm2

1δ23 −m2
3q

2 −m2
2q

2 −m2
2m

2
3;

D ¼ −m2
1δ23 þm2

2ðq2 þ δ23Þ: ðA5Þ

Note that, in the two-body decay studied in Sec. II, the
loop integral in Eq. (A1) is evaluated at a fixed value
q2 ¼ m2

D�
s0
, while in the three-body decays in Sec. III it is
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evaluated at q2 ¼ ðP − p3Þ2, which varies across the three-
body phase space.

APPENDIX B: R1 IN THE MOLECULAR
PICTURE

In this appendix, we discuss the ratioR1 defined in Eq. (18)
employing the molecular picture. The numerical value of R1

in Ref. [9] was obtained using αcont fixed from the PDG FIT
value 0.38� 0.05 [17] for the ratio R2 in Eq. (17). However,
we note that the values of R2 from different measurements
differ sizably. In Table II, we list the values of αcont and the
corresponding predicted ratios R1 obtained in the molecular
picture by taking individual measurements for R2 from Belle
[39,40] and BABAR [41] as input. Clearly, the values of R1

found in this way from the different experiments are not
consistent and deviate from each other even more than the
input quantities derived from R2, since the contact term
interferes with the loop contribution.
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