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We report the first observation of the radiative decay D∗
s0(2317)

+ → D∗+
s γ with a statistical

significance exceeding 10 standard deviations. The signal is observed in the continuum e+e− → cc̄
process, using combined data samples of 980.4 fb−1 from Belle and 427.9 fb−1 from Belle II,
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collected at the KEKB and SuperKEKB asymmetric-energy e+e− colliders, respectively. The
branching fraction ratio B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0) is measured to be
[7.14 ± 0.70(stat.) ± 0.26(syst.)]%. This result provides crucial discrimination between theoretical
models of the D∗

s0(2317)
+ structure.

The study of exotic hadrons represents a pivotal
frontier in particle physics, providing critical
insights into the non-perturbative regime of quantum
chromodynamics [1–3]. The scalar charm-strange meson
D∗

s0(2317)
+ and the axial-vector meson Ds1(2460)

+

have garnered significant attention because their masses
are significantly below those predicted by the quark
model [4–6] for cs̄ mesons with their respective JP

quantum numbers. Several theoretical frameworks have
been proposed to explain the nature of D∗

s0(2317)
+

and Ds1(2460)
+, including molecular states [7–11],

quark-antiquark configurations [12–26], tetraquark
structures [27–32], and mixed states [33–38]. Despite
these efforts, the precise nature of D∗

s0(2317)
+ and

Ds1(2460)
+ remains unresolved, underscoring the need

for new and improved experimental data.
The D∗

s0(2317)
+ has been a subject of intense

experimental and theoretical interest since its discovery
by the BaBar collaboration in the decay modeD+

s π
0 [39],

later confirmed by CLEO [40] and Belle [41]. Its mass,
2317.8 ± 0.5 MeV/c2, lies below the DK threshold,
restricting its decay to the isospin-violating strong
decay channel D∗

s0(2317)
+ → D+

s π
0. This channel has

been measured with a branching fraction of 1.00+0.00
−0.20

by BESIII [42]. Radiative transitions are particularly
sensitive probes of the internal structure of such
hadrons, as they involve electromagnetic interactions
that are well understood [43]. CLEO [40], Belle [41],
and BaBar [44] searched for D∗

s0(2317)
+ → D∗+

s γ
using 13.5 fb−1, 86.9 fb−1, and 232 fb−1 data samples,
respectively, at center-of-mass (c.m.) energies near
10.6 GeV, but did not find any evidence for this
channel. The most restrictive upper limit on the ratio
B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0)
is set to 5.9% at 90% confidence level by CLEO
with a D∗

s0(2317)
+ → D∗+

s γ signal yield of
−6.5 ± 5.2 [40]. Assuming its spin-parity is
0+, the D∗

s0(2317)
+ → D+

s γ decay is forbidden.
Though the decay width of D∗

s0(2317)
+ is unknown,

a determination of the branching fraction ratio
B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0)
would provide a direct experimental constraint
on various theoretical models used to explain the
nature of D∗

s0(2317)
+. For instance, a ratio in

the range of 0.5% to 4.25% would strongly favor
molecular interpretations [45–47], while a larger value
(> 8.1%) would align more closely with conventional cs̄
configurations [21, 48]. Therefore, a precise measurement
of this ratio is essential to resolve the nature of the
D∗

s0(2317)
+ meson.

In this Letter, we report the first observation of the

radiative decay D∗
s0(2317)

+ → D∗+
s γ, D∗+

s → D+
s γ.

The rate for this decay is measured relative to the
hadronic decay D∗

s0(2317)
+ → D+

s π
0, using 980.4 fb−1

of Belle data collected at c.m. energies near the Υ(nS)
(n = 1, ..., 5) resonances, and 427.9 fb−1 of Belle II
data collected at or near the c.m. energies of Υ(4S) and
10.75 GeV [49–54]. Inclusion of charge conjugate states
is implicit. The D+

s candidates are reconstructed via the
ϕπ+ and K+K̄∗0 decay modes, both of which result in
the K+K−π+ final state. The hadronic decay serves as a
reference channel, enabling cancellation of the systematic
uncertainties associated with D+

s and γ selection in the
branching fraction ratio measurement.

Data and simulated Monte Carlo (MC) samples
both for Belle and Belle II are processed with the
Belle II analysis software framework [55–57]. MC
simulations are used to optimize selection criteria,
investigate background sources, calculate reconstruction
efficiencies, and determine the probability density
functions (pdfs) employed in fitting the data. The
MC events for the continuum e+e− → cc̄ process are
generated with KKMC [58] and PYTHIA [59, 60],
where at least one of the charm quarks hadronizes
into a D∗

s0(2317)
+ meson for the signal events. The

D∗
s0(2317)

+ → D∗+
s γ and D∗

s0(2317)
+ → D+

s π
0 decays

are simulated with the phase space model, while the
decay D∗+

s → D+
s γ is simulated as a P -wave decay.

The decay D+
s → K+K−π+ is modeled based on

previous measurements [61, 62]. Simulated events
undergo detector simulation with GEANT3 [63] for
Belle and GEANT4 [64] for Belle II. The signal MC
samples are corrected with a reweighting method based
on the measured xp distribution from the reference
channel, where xp ≡ p∗D∗

s0(2317)
+/p∗max is the reduced

momentum of the selected D∗
s0(2317)

+ candidate. Here,
p∗D∗

s0(2317)
+ is its momentum in the c.m. frame, and

p∗max ≡
√
E2

beam/c
2 − (M rec(D∗

s0(2317)
+)c)2 is the

maximum kinematically-allowed momentum, and Ebeam

is the beam energy. Here and after, M rec(X) and m(X)
represent the reconstructed invariant mass and known
mass of X [61], respectively.

To study backgrounds, we use MC samples generated
with the Belle and Belle II configurations, which
correspond to four times the sizes of the corresponding
datasets. Belle’s MC samples include Υ(1S, 2S, 3S)

decays, Υ(4S) → BB̄, Υ(5S) → B
(∗)
(s) B̄

(∗)
(s) , BB̄(∗)π, and

e+e− → qq̄ (q = u, d, s, c) at c.m. energies of
√
s =

10.52, 10.58, and 10.867 GeV. Belle II’s MC samples
consist of e+e− → qq̄ and Υ(4S) → BB̄.

For the signal event selection, tracks are required to
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satisfy dr < 0.5 cm and |dz| < 3.0 cm, where dr and
dz are transverse and longitudinal impact parameters,
respectively. For charged particle identification,
information from different subdetectors is combined to
form the likelihood Li for species i, where i = π
or K [65, 66]. A track with a likelihood ratio
LK/(LK + Lπ) > 0.6 (< 0.4) is identified as a
kaon (pion). With this selection, for Belle, the kaon
(pion) identification efficiency is about 88% (90%), while
8% (8%) of the pions (kaons) are misidentified as kaons
(pions); for Belle II, the identification efficiency is about
97% (98%) for kaon (pion), with 1.3% (1.7%) of the
pions (kaons) are misidentified as kaons (pions).

The calorimetric clusters not associated to tracks
with energy greater than 0.10 GeV in the c.m. frame
are regarded as photons. For the signal channel
D∗

s0(2317)
+ → D∗+

s (→ D+
s γ2)γ1, the energy of

γ1 is required to be greater than 0.22 GeV in the
c.m. frame. Additionally, M rec(γ1γ2) must lie
outside the region [0.10, 0.16] GeV/c2 to exclude
D∗

s0(2317)
+ → D+

s π
0 candidates. For the reference

channel D∗
s0(2317)

+ → D+
s π

0, one of the signal photons
should have energy greater than 0.22 GeV in the c.m.
frame, and M rec(γ1γ2) must be within 15 MeV/c2 of the
m(π0) to form π0 candidates (∼ 2.5σ). For both decay
channels, the invariant mass of any combination of a
signal photon and any other photon in the event must
not fall within 15 MeV/c2 of the m(π0).
The K+, K−, and π+ candidates are combined

to form D+
s candidates. For the decay channel

D+
s → ϕπ+, we require M rec(K+K−) to

satisfy |M rec(K+K−) − m(ϕ)| < 0.01 GeV/c2

(∼ 2.5σ). For the decay channel D+
s → K+K̄∗0,

M rec(K−π+) must satisfy |M rec(K−π+) − m(K∗0)| <
0.05 GeV/c2. Then, M rec(K+K−π+) must satisfy
|M rec(K+K−π+)−m(D+

s )| < 0.01 GeV/c2.
The D+

s candidates are combined with a photon
to form D∗+

s candidates. The mass window of D∗+
s

is |M(D+
s γ2) − m(D∗+

s )| < 0.015 GeV/c2, where
M(D+

s γ2) = M rec(D+
s γ2) − M rec(K+K−π+) + m(D+

s )
is used to cancel the contribution to the mass resolution
from the measurement of D+

s . After applying these
requirements, there are no candidates for which
M(D+

s γ1) falls within the D∗+
s mass window. Then,

the combinations of D∗+
s γ1 or D+

s π
0 are considered as

D∗
s0(2317)

+ candidates.
To suppress the combinatorial background, we

require xp to be larger than 0.7, which also removes
all D∗

s0(2317)
+ from B decays. The D+

s and D∗+
s

signal purities are 81% (86%) and 68% (63%) for Belle
(Belle II) for the radiative decay channel, respectively.
All possible candidates in an event are retained for
further analysis, exhibiting a multiplicity of 1.03 (1.02)
for the radiative (hadronic) decay channel in the studied
regions, as shown in Figs. 1 and 2.

We optimize the selection criteria by maximizing the

Punzi figure of merit ε/(5/2 +
√
NB) [67] in the signal

region (2.29 < M(D∗+
s γ) < 2.34 GeV/c2) of the

D∗
s0(2317)

+ → D∗+
s γ channel, where ε is the detection

efficiency. The background yield NB is estimated in a
data-driven way by linearly extrapolating the yield from
the upper sideband (2.35 < M(D∗+

s γ) < 2.40 GeV/c2),
as the lower sideband contains a peaking background due
to a random photon combining with a real D+

s candidate
to form the fake D∗+

s candidate, while the true γ2 is
mistakenly selected as the γ1 [40]. Since modeling the
shapes of these backgrounds is challenging and they do
not affect the extracted signal yields of the D∗

s0(2317)
+,

we exclude this lower mass region in this analysis.
Here, we use M(D∗+

s γ) = M rec(D∗+
s γ1) −

M rec(D+
s γ2) + m(D∗+

s ) as this cancels the contribution
to the mass resolution from the measurement of the
D∗+

s . Following a blind analysis strategy, we do not
examine the M(D∗+

s γ) distributions in the signal region
until the analysis procedure is finalized.
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Figure 1: Invariant mass distributions of D+
s π

0 from (a)
Belle and (b) Belle II data. The data samples are represented
by the dots with error bars. The blue curves, green dotted
curves, and green filled areas are the fitted total pdfs, total
backgrounds, and combinatorial backgrounds, respectively.
The areas between total and combinatorial backgrounds are
from the fitted cross-feed contributions. The distributions
from the normalized D+

s and π0 mass sidebands are shown
with yellow blank and red slash filled histograms, respectively.

After applying the aforementioned selections, the
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M(D+
s π

0) distributions are presented in Fig. 1, revealing
distinct peaks corresponding to the D∗

s0(2317)
+ state in

both datasets. Here, we use M(D+
s π

0) = M rec(D+
s π

0)−
M rec(K+K−π+) + m(D+

s ) − M rec(γ1γ2) + m(π0)
as this cancels the contributions to the mass
resolutions from the measurements of the D+

s and
π0. The TopoAna package [68] is used for the
backgrond study. Based on the study of the MC
samples, apart from the combinatorial background, the
Ds1(2460)

+ → D∗+
s π0 decay with the photon from D∗+

s

missed can introduce an excess under the D∗
s0(2317)

+

peak (denoted as the cross-feed). The distributions
from the normalized D+

s and π0 mass sidebands
(|M rec(K+K−π+)−m(D+

s )± 0.04| < 0.01 GeV/c2 and
|M(γγ) − m(π0) ± 0.05| < 0.0075 GeV/c2) are shown
with yellow blank and red slash filled histograms in
Fig. 1, which exhibit no peaking structures, i.e. the
background from the D∗

s0(2317)
+ → D∗+

s γ channel is
negligible.

The signal yields ofD∗
s0(2317)

+ → D+
s π

0 are extracted
from the unbinned extended maximum-likelihood fits
to the M(D+

s π
0) spectra. In each fit, the signal pdf

is represented by a Crystal Ball (CB) function [69]
convolved with a triple-Gaussian function, whose
parameters, except the mean values of the CB functions,
are fixed according to signal MC simulations. The
cross-feed pdf is constructed from smoothed histograms
of MC events. The combinatorial backgrounds are
described by the second-order Chebyshev polynomials.
The yields of these components are floated in the fits,
and the fit results are shown in Fig. 1. The fit method
is validated by the MC samples. The similar fits are
performed to M(D+

s π
0) spectra from different xp bins

to measure the xp distribution of D∗
s0(2317)

+. The
obtained efficiency-corrected xp distribution is used to
correct the MC simulation. The fitted yields of the
hadronic decay channel Nfit

exp(D
+
s π

0) are 10820 ± 230
for Belle and 6108 ± 163 for Belle II. For events with
xp > 0.7, the detection efficiencies εexp(D

+
s π

0) are 4.6%
and 5.2% for Belle and Belle II, respectively. Here and
after, the subscript exp indicates an experiment (Belle
or Belle II).

For the D∗
s0(2317)

+ → D∗+
s γ channel, the M(D∗+

s γ)
spectra from Belle and Belle II data are presented in
Fig. 2, where the D∗

s0(2317)
+ signal peak is clearly

visible in both plots. According to the studies done on
MC simulations [68], we don’t anticipate any peaking
contribution from D∗

s0(2317)
+ → D+

s π
0 as well as

from Ds1(2460)
+ → D∗+

s π0, D∗+
s γ, and D∗

s0(2317)
+γ

decays. Furthermore, no peaking in the D∗
s0(2317)

+

signal region is found in the normalized D∗+
s mass

sidebands (|M(D+
s γ)−m(D∗+

s ) ±0.05| < 0.015 GeV/c2).
A small peaking background, which we label as ‘broken
signal’, arises when a correctly reconstructed D+

s γ1
candidate is combined with a wrongly selected γ2.

We extract the branching fraction ratio

B(D∗
s0(2317)

+ → D∗+
s γ)/B(D∗

s0(2317)
+ → D+

s π
0),

denoted R, through a simultaneous unbinned extended
maximum-likelihood fit to the M(D∗+

s γ) spectra
from Belle and Belle II, as shown in Fig. 2. Each
D∗

s0(2317)
+ signal pdf is modeled by a CB function

convolved with a triple-Gaussian function, while the
corresponding broken signal contribution is described
by an asymmetric Gaussian. All parameters of the
broken signal and signal pdf, as well as the ratios of
their yields, are fixed from MC simulations, except for
the mean values of the CB functions. The yield ratio of
the broken signal to signal component is 7.5% (9.3%)
for Belle (Belle II). The combinatorial backgrounds
are described by 1st-order polynomials. The mass
resolution is approximately 7 MeV for both Belle
and Belle II. The value of R is shared as a common
free parameter in the simultaneous fit, while the
D∗

s0(2317)
+ → D∗+

s γ signal yields are set according to
Nexp(D

∗+
s γ) = RNfit

exp(D
+
s π

0)εexp(D
∗+
s γ)/εexp(D

+
s π

0)
separately for Belle and Belle II. Here, εexp(D

∗+
s γ) is

the detection efficiency of D∗
s0(2317)

+ → D∗+
s γ decay,

which is 4.2% for Belle and 4.6% for Belle II. The fit
results are shown in Fig. 2. The fitted masses of the
D∗

s0(2317)
+ in the Belle and Belle II datasets differ by

3.6±1.5 MeV/c2. This mass difference is consistent with
known discrepancies in low-energy photon calibration
between the two detectors and does not affect the
R measurement, as the simultaneous fit accounts for
this offset through independent mean values for each
dataset. The fitted R value is [7.14± 0.70(stat.)]%. The
corresponding Nexp(D

∗+
s γ) are 712± 69 and 387± 38 for

Belle and Belle II, respectively.

The significance of D∗
s0(2317)

+ → D∗+
s γ is 10.1σ,

estimated from the negative log-likelihood ratio
−2 ln(L0/Lmax) = 111.9 [70] with the difference in
degrees of freedom (∆d.o.f. = 3) and the systematic
uncertainty discussed below considered. Here, L0

and Lmax represent the maximized likelihoods
of the simultaneous fits without and with the
D∗

s0(2317)
+ → D∗+

s γ signal components, respectively.
Systematic uncertainties are incorporated by convolving
the likelihood ratio distribution with a Gaussian function
whose width corresponds to the total systematic
uncertainty. We also perform separate fits to the Belle
and Belle II data using the same fit components as
those in the simultaneous fit. The fitted signal yields
Nfit

exp(D
∗+
s γ) are 742 ± 82 and 348 ± 69 for Belle and

Belle II, respectively. The corresponding R values
are [7.43 ± 0.83(stat.)]% and [6.43 ± 1.27(stat.)]%,
demonstrating good consistency between the results
of the simultaneous fit and the fits to each individual
dataset.

The systematic uncertainties due toD+
s and γ selection

cancel in the R measurement. The dominant systematic
uncertainties are from the fit model and xp weighting. All
systematic sources are described below and the resulting
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Figure 2: Simultaneous fits to the M(D∗+
s γ) distributions

from (a) Belle and (b) Belle II. The blue and violet curves
are the best fit results and the fitted total background
pdfs, respectively. The filled green areas are the fitted
combinatorial backgrounds. The histograms in red slashes
represent the normalized D∗+

s sidebands.

percent variations relative to the nominal fit are listed in
Table I.

To characterize possible systematic effects in the
D∗

s0(2317)
+ → D+

s π
0 reference channel, (a) the order

of the background polynomials and the fit range
are varied, (b) the widths of the triple-Gaussian
functions are increased by 1σ, and (c) the resolution pdf
variations are also propagated into the modeling of the
Ds1(2460)

+ → D∗+
s π0 cross-feed components. Finally,

the differences in the fitted D∗
s0(2317)

+ → D+
s π

0 yields
are taken as systematic uncertainties of Nfit

exp(D
+
s π

0),
which are 1.3% (1.0%), 0.7% (1.5%), and 0.8% (0.3%),
from the fit region/background pdf, resolution, and
cross-feed pdf for Belle (Belle II), respectively.

A series of pseudo-experiments is conducted to
estimate the systematic uncertainty contribution to R
from the D∗

s0(2317)
+ → D+

s π
0 channel. In each trial,

we randomly fluctuate the D∗
s0(2317)

+ → D+
s π

0 yields
for both Belle and Belle II by sampling from Gaussian
distributions. Each Gaussian distribution is constructed
with its mean value set to the corresponding nominal
D∗

s0(2317)
+ → D+

s π
0 yield and its standard deviation

equal to the systematic uncertainty of Nfit
exp(D

+
s π

0). A
simultaneous fit similar to the nominal fit to the data
described above is then performed to the M(D∗+

s γ)
distributions from data for each set of the pseudo-
yields of D∗

s0(2317)
+ → D+

s π
0. From these results,

an ensemble of Gaussian-distributed varied R values
is obtained whose width is taken as the systematic
uncertainty on R from D∗

s0(2317)
+ → D+

s π
0 decay.

We characterize systematic effects in the signal channel
D∗

s0(2317)
+ → D∗+

s γ fits by examining the changes of
fitted R values in the simultaneous fit to M(D∗+

s γ)
distributions from data after (a) varying the order of the
background polynomials and the fit range, (b) increasing
the widths of the triple-Gaussian functions by 1σ, and (c)
adjusting the ratios and widths of broken signal to signal
yields by 2σ to conservatively estimate the systematic
uncertainty. The differences of the fitted R values from
the nominal result are taken as systematic uncertainties.
To estimate the uncertainty due to the MC generator,

we employ two approaches; we change the polynomial
order when fitting the efficiency-corrected xp distribution
and reweight the signal MC samples accordingly; we
reweight the cos θγ1γ2 distribution in the D∗

s0(2317)
+

signal MC samples to match a 1+cos2 θγ1γ2
distribution,

where θγ1γ2
is the angle between the two photons in

the D∗
s rest frame. The new detection efficiencies

derived from these reweighted signal MC samples are
then applied in the simultaneous fit to the M(D∗+

s γ)
distributions from data. The resulting changes in the
fitted R from the nominal result are taken as the
systematic uncertainties.

The systematic uncertainty on detection efficiencies
due to the limited size of the signal MC sample is
estimated by

√
(1− ε)ε/N , where ε and N are the

detection efficiency and number of simulated signal
events, respectively. By varying the detection efficiencies
by 1σ in the simultaneous fit to M(D∗+

s γ) from data,
the change of the fitted R from the nominal result is
taken as the systematic uncertainty.
Assuming that all the systematic uncertainties detailed

above are independent, they are added in quadrature to
obtain the total systematic uncertainty of 3.2%, as listed
in Table I.
In summary, using combined data samples of

980 fb−1 from Belle and 428 fb−1 from Belle II
collected at the KEKB and SuperKEKB asymmetric-
energy e+e− colliders, respectively, we have
made the first observation of the radiative decay
D∗

s0(2317)
+ → D∗+

s γ in the continuum e+e−

→ cc̄ process with a significance exceeding 10
standard deviations. The branching fraction ratio
B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0) is
measured to be [7.14± 0.70(stat.)± 0.26(syst.)]%, which
is higher than most theoretical predictions treating
D∗

s0(2317)
+ as a molecular state [45–47], while smaller

than the prediction made assuming a cs̄ state in the quark
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Table I: The summary of the systematic uncertainties of the
measurement of the branching fraction ratio B(D∗

s0(2317)
+ →

D∗+
s γ)/B(D∗

s0(2317)
+ → D+

s π
0) (in %).

Source D+
s π

0 D∗+
s γ

Fit region and background pdf 0.8 1.3

Fixed pdf parameters 0.7 2.5

Cross-feed or broken signal 0.6 0.7

xp reweighting 0.5

cos θγ1γ2 reweighting 1.7

MC sample size 0.5

Sum 3.6

Liu Godfrey
Colangelo

Azimov
Ke Bardeen

Faessler
Fu Lutz Sol.1

Lutz Sol.2

Cleven  

0

5

10

15

20

25

30

35

 B
ra

n
c
h

in
g

 F
ra

c
ti
o

n
 R

a
ti
o

 [
%

]

 statesc

Molecular state

 0.75±Exp: 7.13 

Experimental band

 

Figure 3: Comparison of the measured B(D∗
s0(2317)

+ →
D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0) with theoretical predictions.
The theoretical approaches of the references are the effective
field theory for Liu [26] and Cleven [11], traditional
quark model for Godfrey [48], heavy quark symmetries for
Colangelo [24], phenomenological for Azimov [25], light front
quark model for Ke [71], effective Lagrangian for Bardeen [21]
and Faessler [45], heavy quark flavor symmetry for Fu [46],
and chiral lagrangian with coupled-channel dynamics for
Lutz [47]. The prediction of Ke [71] (Azimov [25]) is a
lower (up) limit indicated by an arrow. The uncertainty
of the experimental measurement is the quadrature sum of
statistical and systematic uncertainties.

model [48], and also lower than the predictions made
using effective field theory for both assumptions [11, 26].
However, predictions based on the light front quark
model [71] and chiral quark model [21] agree with our
measurement under the pure cs̄ state expectation. While
most theoretical models address an anomalously low
mass of the D∗

s0(2317)
+ and provide estimates of its

width, the intrinsic width cannot currently be measured
due to limited experimental resolution. A comparison
between theoretical predictions and the measured
B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0)
value is presented in Fig. 3. Our result provides
a complementary input that will help to further
discriminate among competing explanations for

the nature of the D∗
s0(2317)

+ and motivates
dedicated theoretical calculations of the ratio
B(D∗

s0(2317)
+ → D∗+

s γ)/B(D∗
s0(2317)

+ → D+
s π

0)
under various hypotheses.
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