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We present the first amplitude analysis of the semileptonic decay D0 → K−π0eþνe by analyzing eþe−

annihilation data corresponding to an integrated luminosity of 20.3 fb−1 collected at the center-of-mass
energy of 3.773 GeV with the BESIII detector. A tiny D-wave component of the K�

2ð1430Þ− accounting for
ð0.157� 0.056stat � 0.042systÞ% of the K−π0 is observed for the first time with a significance of 7.9σ in

addition to the dominant P-wave component ofK�ð892Þ− and the subdominant K−π0 S-wave. The hadronic
form factors of the D0 → K�ð892Þ− transition are measured precisely as rV ¼ Vð0Þ=A1ð0Þ ¼ 1.432�
0.050stat � 0.017syst and r2 ¼ A2ð0Þ=A1ð0Þ ¼ 0.786� 0.037stat � 0.027syst. The branching fraction of

D0 → K�ð892Þ−eþνe with K�ð892Þ− → K−π0 is measured to be ð7.445� 0.061stat � 0.048systÞ × 10−3.

Combining the measurements of the D0 → K�ð892Þ−ðK�ð892Þ− → K−π0Þlþνl, lepton flavor universality
is tested by the ratio RLFU ¼ BðD0 → K�ð892Þ−μþνμÞ=BðD0 → K�ð892Þ−eþνeÞ ¼ 0.928� 0.020stat �
0.012syst with unprecedented precision; no violation is found. Furthermore, isospin symmetry in the

K�ð892Þ− decay is tested by RK�− ¼ BðK�ð892Þ− → K−π0Þ=BðK�ð892Þ− → K0
Sπ

−Þ ¼ 1.087�
0.013stat � 0.009syst for the first time using the latest measurement of D0 → K�ð892Þ−eþνe with

K�ð892Þ− → K0
Sπ

−. Finally, the phase shift of the Kπ S-wave is extracted in a model-independent way,
which sheds light on the nature of the lightest strange scalar meson K�

0ð700Þ.
DOI: 10.1103/ngfq-f3t7

Semileptonic (SL) decays of charmed mesons provide a
good platform to study the nonperturbative regime of
quantum chromodynamics (QCD), test lepton flavor uni-
versality (LFU), and extract Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements [1–3]. In particular, the four-body
SL decay D → Kπlνl (denoted as Dl4) has been the
subject of much theoretical work [4–17] and experimental
measurements [18–27]. These decays offer an excellent
opportunity to directly test theoretical methods with precise
measurements, thereby deepening our understanding of the
standard model (SM). They also contain abundant dynami-
cal information on the Kπ system, making them well suited
for studying strange mesons such as the K�

0ð700Þ (also
known as κ) [28], K�ð892Þ, K�

2ð1430Þ [29], and so on.
However, the decayD0 → K−π0eþνe was only searched by
MARK-III without observation in 1991 [18]. Now, it is
time to comprehensively study this decay with a large
dataset at BESIII [30,31].
The tensor mesons, K�

2ð1430Þ and a2ð1320Þ, as well as
the two isosinglet mesons, f2ð1270Þ and f02ð1525Þ,

collectively form the 13P2 nonet [29] in the quark model.
Recently, using SU(3) flavor symmetry, the branching
fractions (BFs) of D0 → K�

2ð1430Þ−lþνl have been pre-
dicted to be ð1.36� 0.49Þ × 10−5 and ð0.91� 0.31Þ ×
10−5 for positron and muon channels, respectively [32].
In comparison, the corresponding predictions from the
relativistic quark model (RQM) are ð1.26� 0.14Þ × 10−5

and ð0.81� 0.09Þ × 10−5 [33]. Although numerous analy-
ses have been conducted on the Dl4 decays, there was still
no observation for K�

2ð1430Þ in the previous studies
[21–27]. Any observation of K�

2ð1430Þ in the Dl4 decays
is crucial to test these predictions.
The K�ð892Þ P-wave component dominates the Kπ

system in the Dl4 decays [19–27]. Many theoretical
calculations on D0 → K�ð892Þ−lþνl have been performed
by various QCD models including Lattice QCD (LQCD)
[6], light-cone sum rules (LCSR) [8,14,17], constituent
quark model (CQM) [12], heavy quark effective theory
(HQET) [5], combined heavy meson and chiral theory
(HMχT) [7], covariant light-front quark model (CLFQM)
[9,11], large energy chiral quark model (LEχQM) [10],
covariant confined quark model (CCQM) [13], and RQM
[15]. However, there are still significant discrepancies on the
form factor (FF) predictions among these models. Therefore,
precision measurements of these FFs are desirable.
Previously, there were 2 − 3σ tensions [34–38] reported

in various LFU tests in SL B decays by the LHCb,
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Belle and BABAR experiments. Precision measure-
ments of the ratio RLFU ¼ ½BðD0 → K�ð892Þ−μþνμÞ=
BðD0 → K�ð892Þ−eþνeÞ� in the Dl4 decays provide criti-
cal and complementary tests of LFU in the weak interaction
and could reveal new physics effects. Additionally, it may
be surprising that there is no measurement of the BFs of
K�ð892Þ− → K−π0 and K�ð892Þ− → K0

Sπ
− since the

K�ð892Þ discovery in 1961 [39]. Their values are usually
taken as ≃1=3, ignoring isospin-breaking effect.
Theoretically, this effect is naively expected to be at
most a few percent, but this has never been tested
experimentally. The SL decay D0 → K�ð892Þ−lþνl pro-
vides a unique arena to perform the test via the ratio
RK�− ¼ ½BðK�ð892Þ− → K−π0Þ=BðK�ð892Þ− → K0

Sπ
−Þ�¼

½BðD0 → K�ð892Þ−lþνlÞBðK�ð892Þ− → K−π0Þ=BðD0 →
K�ð892Þ−lþνlÞBðK�ð892Þ− → K0

Sπ
−Þ�.

Finally, the K−π0 system contains a significant S-wave
component, whose properties can shed light on the nature
of scalar mesons, particularly the long-standing puzzle of
the K�

0ð700Þ [40]. This resonance is a member of the
lightest scalar meson nonet, together with the f0ð500Þ (also
known as σ), f0ð980Þ, and a0ð980Þ [40–43]. The pole
parameters of the K�

0ð700Þ have been extracted through
dispersion relations [44–46], based on the only two data-
sets of the phase shift [47,48]. Thus, an additional
measurement of the Kπ phase shift in a clean environment
is also valuable to constrain the pole parameters of
the K�

0ð700Þ.
This Letter reports the first dynamics study and BF

measurement of D0 → K−π0eþνe using 20.3 fb−1 of eþe−
collision data collected at the center-of-mass energy offfiffiffi
s

p ¼ 3.773 GeV with the BESIII detector. An amplitude
analysis is used to decompose the K−π0 system into the
K�

0ð700Þ− and K�
0ð1430Þ− S-wave components, the

K�ð892Þ− P-wave component, the K�ð1410Þ− P0-wave
component, and the K�

2ð1430Þ− D-wave component.
Charge-conjugate modes are implied throughout this Letter.
A detailed description of the design and performance of

the BESIII detector is available in Refs. [49,50]. An
inclusive Monte Carlo (MC) sample, as outlined in
Ref. [22], is utilized to determine selection efficiencies
and estimate background contributions. This inclusive MC
sample includes the production of DD̄, non-DD̄ decays of
the ψð3770Þ, the initial state radiation production of the
J=ψ and ψð3686Þ, and continuum processes. In the gen-
eration of the signal, D0 → K−π0eþνe, we take into
account the knowledge of the amplitude results obtained
in this Letter. The final state radiative effect has been
considered in the MC samples using the PHOTOS pack-
age [51].
Near open-charm threshold at

ffiffiffi
s

p ¼ 3.773 GeV, DD̄
mesons are produced in pairs. The D̄0 (single-tag, ST) is
fully reconstructed first in three channels D̄0 → Kþπ−,
D̄0 → Kþπ−π0, and D̄0 → Kþπ−π−πþ. In the presence of

the ST D̄0, the D0 → K−π0eþνe decay is reconstructed
from the remaining tracks recoiling against the D̄0 meson to
form double-tag (DT) candidates. More details of this DT
method are given in Appendix A. Detailed descriptions of
the selection criteria for π�, K�, e�, γ, and π0 candidates
are provided in Ref. [22].
To separate ST D̄0 mesons from combinatorial back-

grounds, a beam-constrained mass defined as MBC ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ffiffiffi

s
p

=2Þ2=c4 − jp⃗D̄0 j2=c2
p

is used, where p⃗D̄0 represents
the momentum of the D̄0 meson candidate. To improve
signal significance, the kinematic variable jΔEj ¼ jED̄0 −ffiffiffi
s

p
=2j is required to be within a certain range for each

mode. Here ED̄0 is the energy of the D̄0 candidate. For each
ST mode and charm, if multiple D̄0 candidates are found in
an event, only the one with the minimum jΔEj is retained
for further analysis. The D̄0 meson yields in each mode
are determined through a binned maximum likelihood
fit to the MBC distributions. The signal is modeled
using the MC simulated shape convolved with a double
Gaussian function, while an ARGUS function describes
the combinatorial background. The total D̄0 yield is
Ntot

ST ¼ ð15; 362� 4Þ × 103. Details of jΔEj and MBC

requirements, efficiencies, and yields in each ST mode
are listed in Supplemental Material [52].
The missing neutrino, νe, in the D0 reconstruction

can be characterized by the variable Umiss ¼
Emiss − jp⃗missjc, where Emiss and p⃗miss are the energy
and momentum of the missing neutrino inferred from
energy and momentum conservation [22], respectively. To
suppress backgrounds, several selection criteria are
imposed. The backgrounds of D0 → K−eþνe and D0 →
K−πþπ0 are rejected by two requirements of Uπ0

miss >
0.04 GeV and M

K−π0eþ < 1.70 GeV=c2. Here, Uπ0
miss is

analogous to Umiss but with the π0 candidate excluded
from the final state (i.e., it peaks at zero for D0 → K−eþνe
decays) and MK−π0eþ represents the invariant mass of the
K−π0eþ system. A further background arises due to the
exchange of the π0 from D− → Kþπ−π−π0 with the πþ

from Dþ → K−πþeþνe. A quantity Mnew
BC , defined for the

decay D− → Kþπ−π−π0, is required to lie outside
ð1.863; 1.877Þ GeV=c2. After applying all selection cri-
teria, the signal yield is extracted through an unbinned
maximum likelihood fit to the Umiss distribution. In the fit,
the signal is modeled using the signal MC simulated
shape, while the background is derived from the inclusive
MC sample, and both are convolved with a Gaussian
smearing function. All parameters are free in the fit, shown
in Fig. 1, and the signal yield is determined to
be 28; 896� 230.
The averaged D0 reconstruction efficiency is

ð24.06� 0.02Þ%, including a correction due to the
combined discrepancy between data and MC simulation.
The BF of D0 → K−π0eþνe is determined to be
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ð7.914� 0.064stat � 0.048systÞ × 10−3 based on the DT
method described in Appendix A, where the first uncer-
tainty is statistical and the second is systematic.
The dominant systematic uncertainties on the BF arise

from the efficiency differences between data and MC
simulation. The uncertainties due to tracking and PID
for the eþ, 0.14%, and the K−, 0.14%, as well as π0

reconstruction, 0.2%, are evaluated using eþe− → γeþe−

events and DT DD̄ hadronic events, respectively. The
uncertainties associated with the MK−π0eþ (0.1%), Uπ0

miss
(0.1%), and Mnew

BC (0.2%) requirements are estimated by
smearing the signal MC sample. The signal MC model
uncertainty is 0.3%, estimated by varying the MC generator
parameters by �1σ based on the nominal result in Table I.
Besides, the uncertainty from ST yields is estimated as
0.3% by varying the shape of signal and background in the
MBC fit; the uncertainty from the Umiss fit is negligible by
varying the combinatorial background shape. In the BF
calculation, the uncertainty propagated accordingly from
the inputted Bðπ0 → γγÞ ¼ 98.823� 0.034 [29] is also

negligible. Furthermore, the uncertainty in MC statistics is
determined to be 0.1%. The total systematic uncertainty of
BF is 0.6%, from the sum of all contributions in quadrature.
To study the dynamics of D0 → K−π0eþνe, the candi-

date events are further required to be within
Umiss ∈ ð−0.06; 0.06Þ GeV, while the maximum energy
of additional photons Emax

extraγ unrelated to the π0 in both tag
and signal sides is required to be less than 0.4 GeV. A
sample of 25,665 candidate events with a purity of ð94.5�
0.14Þ% is obtained.
The differential decay width for Dl4 decays is given in

Refs. [21,53], and can be expressed in terms of five
kinematic variables mK−π0 , q, cos θK , cos θe, and χ [53].
The variablesmK−π0 and q are the invariant masses of K−π0

and eþνe, respectively. There are two helicity angles, the
decay angle θK between the K− flight direction in the K−π0

rest frame and the K−π0 system boost direction in the D0

frame, and θe, defined analogously for the eþνe system.
The acoplanarity angle χ is the orientation between the
decay planes of the K−π0 and eþνe. The S, P, P0, and
D-wave contributions are considered in the amplitude
analysis. The S-wave phase employs the LASS parameter-
ization [47] δSðmK−π0Þ ¼ δBG þ δK�

0
ð1430Þ− , incorporating

the K�
0ð1430Þ− contributions. The phase δBG is determined

by scattering length a1=2S;BG and effective range b1=2S;BG. The
S-wave magnitude following Ref. [21] is governed by
the constant rS of the overall S-wave amplitude and the

dimensionless coefficient rð1ÞS describing the magnitude
variation versus mK−π0 together with the K�

0ð1430Þ con-
tribution. The P, P0, and D-wave amplitudes are described

TABLE I. The parameters of the nominal solution, where the
first and second uncertainties are statistical and systematic,
respectively. No systematic uncertainty is reported for
mK�ð892Þ− due to the lack of a suitable energy calibration.

Variable Value

rSðGeVÞ−1 −6.98� 0.23� 0.23

rð1ÞS
0.216� 0.042� 0.038

a1=2S;BGðGeV=cÞ−1 1.90� 0.11� 0.13

b1=2S;BGðGeV=cÞ−1 0.79� 0.64� 0.38

mAðGeV=c2Þ 2.69� 0.18� 0.11
mVðGeV=c2Þ 1.711� 0.117� 0.023
rV 1.432� 0.050� 0.017
r2 0.786� 0.037� 0.027
mK�ð892Þ−ðMeV=c2Þ 892.8� 0.2

Γ0
K�ð892Þ− (MeV) 46.78� 0.50� 0.42

rBWðGeV=cÞ−1 2.98� 0.17� 0.15
rDðGeVÞ−4 10.20� 1.93� 1.66
ϕD (degree) −23.89� 8.48� 4.35
fS (%) 5.76� 0.19� 0.23
fP (%) 94.08� 0.17� 0.29
fD (%) 0.157� 0.056� 0.042

/n.d.o.f. = 1.04

/n.d.o.f. = 0.90

/n.d.o.f. = 1.19 /n.d.o.f. = 1.26

/n.d.o.f. = 0.91

/n.d.o.f. = 1.27

FIG. 1. The data and fits for Umiss and the projections onto the
five kinematic variables of D0 → K−π0eþνe decay; the dots with
error bars represent the data, the blue curves indicate the total fit,
and the filled gray histograms show the background contribu-
tions. The dashed violet, dashed red, and dash-dotted orange lines
correspond to the S-, P-, and D-wave components, respectively.
Here n.d.o.f denotes the number of bins. For the χ2=n.d.o.f
calculation, we merge neighboring bins with very few entries
until at least 20 entries are accumulated.
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by the Breit-Wigner functions involving mass and width of
the Kπ resonance, as well as the barrier factor rBW [21]
reflecting the effective radius of the strong-interaction.
Moreover, the helicity FFs can in turn be related to the two
axial-vector FFs A1ðq2Þ, A2ðq2Þ, and a vector FF Vðq2Þ for
the P;P0 waves. The FFs of the D-wave also include two
axial-vector and one vector FFs, T1ðq2Þ, T2ðq2Þ and
TVðq2Þ. All of them are parametrized with the simple pole
form, with pole masses mA and mV . At q2 ¼ 0, the FF
ratios rV ¼ Vð0Þ=A1ð0Þ and r2 ¼ A2ð0Þ=A1ð0Þ are deter-
mined from the fit. For the K�

2ð1430Þ−, only the amplitude
magnitude rD and phase ϕD are floated, while the FFs
r2V ¼ TVð0Þ=T1ð0Þ and r22 ¼ T2ð0Þ=T1ð0Þ are fixed to 1
[54–56], and the masses and widths of K�ð1410Þ− and
K�

2ð1430Þ− are fixed to their PDG values [29].
The amplitude analysis is performed on the differential

decay width using the unbinned maximum likelihood fit
method. The negative log-likelihood function is defined as

− lnL ¼ −
XN
i¼1

ln

�
ð1 − fbÞ

ωðξ; ηÞϵðξÞR4ðξiÞR
dξωðξ; ηÞϵðξÞR4ðξiÞ

þfb
BϵðξÞϵðξÞR4ðξiÞR
dξBϵðξÞϵðξÞR4ðξiÞ

�
; ð1Þ

where ωðξ; ηÞ represents the dynamic part of Dl4 density
function [22], and R4ðξiÞ is an element of four-body phase
space; their product defines the signal probability density
function (PDF); following Ref. [57], the term BϵðξÞ denotes
the efficiency-corrected background PDF described by the
inclusive MC sample, and the background fraction fb is
obtained from the Umiss fit; the efficiency ϵðξÞ is evaluated
using the signal MC sample generated in phase space, by
binning the five-dimensional variables and calculating the
efficiency in each bin. Here, ξ and η correspond to the five-
dimensional kinematic variables and the fit parameters,
respectively. The integrals in the denominators are per-
formed using the same signal MC samples used for signal
and background PDFs.
The statistical significances of the D- and P0-waves are

evaluated via the likelihood ratio ΛD ¼ −2 ln ðLSP=LSPDÞ
and ΛP0 ¼ −2 ln ðLSPD=LSPDP0 Þ, respectively, where LSP ,
LSPD, and LSPDP0 denote the maximum likelihood values
obtained by including the S-wave and P-wave components
only, with the D-wave added, and with both D-wave and
P0-waves added, respectively. Assuming that ΛD follows a
χ2 distribution with two degrees of freedom and one degree
of freedom for ΛP0, the D- and P0-wave components have
significances of 7.9σ and 2.5σ, respectively. Consequently,
the amplitude analysis including only the S-, P-, and
D-wave components is taken as the nominal solution.
The nominal fit results are summarized in Table I, with

projections of the five variables that characterize the
decay rate shown in Fig. 1. The fractions of the S-, P-,
andD-wave components (fS;P;D) are shown in Table I. The

amplitudes for waves of different spin are ortho-
gonal and do not interfere in the total rate. The correspond-
ing BFs are BðD0→ðK−π0ÞS-waveeþνe) = ð0.456�
0.016stat�0.016systÞ×10−3, BðD0 → ðK−π0ÞP-waveeþνe ¼
ð7.445� 0.061stat � 0.048systÞ × 10−3 and BðD0→
ðK−π0ÞD-wavee

þνeÞ¼ð1.241�0.442stat�0.032systÞ×10−5.
The correlation matrix for the fitted parameters is provided
in Ref. [52].
We also obtain the product of jVcsjA1ð0Þ ¼ 0.619�

0.009stat � 0.009syst based on the nominal solution. The
details can be found in Appendix B. Taking the jVcsj ¼
0.97345� 0.00016 from the global SM fit [29], we
find A1ð0Þ ¼ 0.636� 0.009stat � 0.009syst.
The nominal parametrization of the S-wave includes

only the K�
0ð1430Þ− resonance explicitly. However, the

lighter scalar resonance K�
0ð700Þ is also expected to

contribute to the Kπ system [44–46]. Since the K�
0ð700Þ

remains a long-standing puzzle, a model-independent
determination of the S-wave amplitude is particularly
valuable. To get the phase shift and magnitude of the
S-wave in a model-independent way and validate its
nominal parameterization model, we perform another fit
by dividing the mK−π0 spectrum into 12 bins with free
phases and magnitudes of the S-wave. The results are
illustrated in Fig. 2; they are consistent with the nominal
solution. Details are given in Ref. [52].
The systematic uncertainties in the amplitude analysis

are estimated by comparing the nominal solution to those
obtained by varying relevant input parameters or condi-
tions, and the largest deviation is assigned as the corre-
sponding systematic uncertainty. First, the fixed parameters
r2V , r22, as well as the mass and width of theK�

2ð1430Þ− are
varied by �0.5 and �1σ [29], respectively. The back-
ground fraction fb and the background shapes including
eþe− → qq̄ and eþe− → DD̄ are also varied by�1σ based
on the Umiss fit and Refs. [58–60], respectively. The
efficiency-corrected effect on BϵðξÞ is also considered by
varying the bin width of the five variables space which
affects efficiency table for correction based on phase space
MC samples. The efficiency corrections related to PID and

FIG. 2. S-wave phase (left) and magnitude (right) versus
mK−π0 . The dots with error bars represent the fit results from
the model-independent measurement, and the black solid line
corresponds to the nominal solution based on Table I, while the
dashed lines reflect the propagated �1σ uncertainties.
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tracking are applied to the signal MC sample. The FF
parametrization is changed with two alternative models
[6,7]. The relative values can be found in Ref. [52].
In summary, this Letter presents the first amplitude

analysis of D0 → K−π0eþνe by analyzing eþe− annihila-
tion data corresponding to an integrated luminosity of
20.3 fb−1 collected at

ffiffiffi
s

p ¼ 3.773 GeV with the BESIII
detector. The K�

2ð1430Þ− component is observed for
the first time with a significance of 7.9σ. The BF
is measured to be BðD0→K�

2ð1430Þ−eþνeÞ¼ ð7.46�
2.66stat�0.21systÞ×10−5, where BðK�

2ð1430Þ−→ðKπÞ−Þ¼
ð49.9�1.2Þ% is taken from Ref. [29], assuming isospin
symmetry. This result is consistent within 3σ with the
predictions based on SU(3) flavor symmetry [32] and the
RQM [33]. In addition, the FFs rV and r2 of the D0 →
K�ð892Þ− transition are measured with high precision. A
comparison with the PDG average [29], recent BESIII
measurements [24,26] and various theoretical calculations
is shown in Fig. 3. These results help to discriminate
various models and provide more stringent constraints
on them. The product of jVcsjA1ð0Þ is measured to be
0.619� 0.009stat � 0.009syst, which can provide an
independent determination of the jVcsj to improve its
precision with the theoretical input A1ð0Þ [3].
Combining the BF of BðD0→K�ð892Þ−μþνμ;K�ð892Þ−→
K−π0Þ¼ ð6.87�0.13stat�0.11systÞ×10−3 from the pre-
vious BESIII measurement [25], we obtain the ratio
RLFU¼BðD0→K�ð892Þ−μþνμÞ=BðD0→K�ð892Þ−eþνeÞ¼
0.928�0.020stat�0.012syst, where correlated systematic
uncertainties have been canceled. This result is compatible
at 2.7% precision level with the theoretical predictions
in the SM 0.921–0.945 [8,12,13,17]. Furthermore, by
combining with BðD0 → K�ð892Þ−eþνe; K�ð892Þ− →
K0

Sπ
−Þ ¼ ð6.81� 0.06stat � 0.04systÞ × 10−3 from the

latest BESIII measurement [61], we obtain RK�− ¼
BðK�ð892Þ− → K−π0Þ=BðK�ð892Þ− → K0

Sπ
−Þ ¼ 1.087�

0.013stat � 0.009syst [62]. This ratio is consistent with the
value RK�− ¼ 1.064� 0.020stat � 0.026syst, derived from
the measurements in the muon channel [25,26]. These ratio
values indicate that the isospin-breaking effect in the
K�ð892Þ− decay may need to be reconsidered, assuming
the maximal breaking effect with a few percent. We also
extract the phase shift of the S-wave with the mK−π0 in a
model-independent way, which provides unique insight
into the nature of K�

0ð700Þ.
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FIG. 3. Comparison of the measured FFs, PDG values and
theoretical predictions from Refs. [4–16]. The inner, middle, and
outer ellipses correspond to uncertainty ranges of 1σ, 2σ, and 3σ
deviations, respectively.

PHYSICAL REVIEW LETTERS 137, 191903 (2026)

191903-5



Data availability—The data that support the findings of
this article are openly available [1], embargo periods
may apply.

[1] M. Antonelli et al., Phys. Rep. 494, 197 (2010).
[2] B. C. Ke, J. Koponen, H. B. Li, and Y. H. Zheng, Annu. Rev.

Nucl. Part. Sci. 73, 285 (2023).
[3] J. L. G. Santiago and G. L. Castro, Eur. Phys. J. C 86, 812

(2026).
[4] D. Melikhov and B. Stech, Phys. Rev. D 62, 014006 (2000).
[5] W. Y. Wang, Y. L. Wu, and M. Zhong, Phys. Rev. D 67,

014024 (2003).
[6] A. Abada, D. Becirevic, P. Boucaud, J. M. Flynn, J. P.

Leroy, V. Lubicz, and F. Mescia (SPQcdR Collaboration),
Nucl. Phys. B, Proc. Suppl. 119, 625 (2003).

[7] S. Fajfer and J. Kamenik, Phys. Rev. D 72, 034029 (2005).
[8] Y. L. Wu, M. Zhong, and Y. B. Zou, Int. J. Mod. Phys. A 21,

6125 (2006).
[9] R. C. Verma, J. Phys. G 39, 025005 (2012).

[10] T. Palmer and J. O. Eeg, Phys. Rev. D 89, 034013 (2014).
[11] H. Y. Cheng and X.W. Kang, Eur. Phys. J. C 77, 587

(2017).
[12] N. R. Soni and J. N. Pandya, Phys. Rev. D 96, 016017

(2017).
[13] M. A. Ivanov, J. G. Körner, J. N. Pandya, P. Santorelli, N. R.

Soni, and C. T. Tran, Front. Phys. (Beijing) 14, 64401
(2019).

[14] H. B. Fu, W. Cheng, L. Zeng, D. D. Hu, and T. Zhong, Phys.
Rev. Res. 2, 043129 (2020).

[15] R. N. Faustov, V. O. Galkin, and X.W. Kang, Phys. Rev. D
101, 013004 (2020).

[16] H. A. Ahmed, Y. D. Chen, and M. Huang, Phys. Rev. D 109,
026008 (2024).

[17] W. Lin, X. E. Huang, S. Cheng, and D. L. Yao, Phys. Rev. D
111, 113005 (2025).

[18] Z. Bai et al. (MARK-III Collaboration), Phys. Rev. Lett. 66,
1011 (1991).

[19] J. M. Link et al. (FOCUS Collaboration), Phys. Lett. B 544,
89 (2002).

[20] J. M. Link et al. (FOCUS Collaboration), Phys. Lett. B 607,
67 (2005).

[21] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 83, 072001 (2011).

[22] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 94,
032001 (2016).

[23] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 10 (2024) 199.

[24] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 03 (2025) 197.

[25] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
134, 011803 (2025).

[26] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
135, 111803 (2025).

[27] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
135, 171801 (2025).

[28] Y. L. Wang, J. N. Fan, X. Y. Hao, and Y. K. Hsiao, Phys.
Lett. B 879, 140689 (2026).

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

[30] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 37,
123001 (2013).

[31] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 48,
123001 (2024).

[32] Y. Qiao, Y. X. Liu, Y. G. Xu, and R. M. Wang, Eur. Phys. J.
C 84, 1110 (2024).

[33] V. O. Galkin and I. S. Sukhanov, Phys. Rev. D 111, 093001
(2025).

[34] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
109, 101802 (2012).

[35] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 88,
072012 (2013).

[36] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 113,
151601 (2014).

[37] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
08 (2017) 55.

[38] M. Huschle et al. (Belle Collaboration), Phys. Rev. D 92,
072014 (2015).

[39] M. Alston, L. W. Alvarez, P. Eberhard, M. L. Good, W.
Graziano, H. K. Ticho, and S. G. Wojcicki, Phys. Rev. Lett.
6, 300 (1961).

[40] D. L. Yao, L. Y. Dai, H. Q. Zheng, and Z. Y. Zhou, Rep.
Prog. Phys. 84, 076201 (2021).

[41] R. L. Jaffe, Phys. Rep. 409, 1 (2005).
[42] M. R. Pennington, AIP Conf. Proc. 1257, 27 (2010).
[43] J. R. Pelaez and A. Rodas, Phys. Rev. D 93, 074025 (2016).
[44] Z. Y. Zhou and H. Q. Zheng, Nucl. Phys. A775, 212 (2006).
[45] S. Descotes-Genon and B. Moussallam, Eur. Phys. J. C 48,

553 (2006).
[46] C. B. Lang, L. Leskovec, D. Mohler, and S. Prelovsek, Phys.

Rev. D 86, 054508 (2012).
[47] D. Aston et al., Nucl. Phys. B296, 493 (1988).
[48] P. Estabrooks, R. K. Carnegie, A. D. Martin, W.M.

Dunwoodie, T. A. Lasinski, and D.W. G. S. Leith, Nucl.
Phys. B133, 490 (1978).

[49] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).

[50] K. X. Huang, Z. J. Li, Z. Qian, J. Zhu, H. Y. Li, Y. M. Zhang,
S. S. Sun, and Z. Y. You, Nucl. Sci. Tech. 33, 142 (2022).

[51] P. Golonka, and Z. Was, Eur. Phys. J. C 45, 97 (2005).
[52] See Supplemental Material at http://link.aps.org/suppleme

ntal/10.1103/ngfq-f3t7 for additional analysis information.
[53] C. L. Y. Lee, M. Lu, and M. B. Wise, Phys. Rev. D 46, 5040

(1992).
[54] A. K. Leibovich, Z. Ligeti, I. W. Stewart, and M. B. Wise,

Phys. Rev. D 57, 308 (1998).
[55] J. Charles, A. Le Yaouanc, L. Oliver, O. Pene, and J. C.

Raynal, Phys. Rev. D 60, 014001 (1999).
[56] L. L. Chen, Y.W. Ren, L. T. Wang, and Q. Chang, Eur.

Phys. J. C 82, 451 (2022).
[57] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.

122, 062001 (2019).
[58] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 42,

083001 (2018).
[59] M. Ablikim et al. (BES Collaboration), Phys. Rev. D 76,

122002 (2007).
[60] M. Ablikim et al. (BES Collaboration), Phys. Lett. B 641,

145 (2006).

PHYSICAL REVIEW LETTERS 137, 191903 (2026)

191903-6

https://doi.org/10.1016/j.physrep.2010.05.003
https://doi.org/10.1146/annurev-nucl-110222-044046
https://doi.org/10.1146/annurev-nucl-110222-044046
https://doi.org/10.1140/epjc/s10052-026-16037-9
https://doi.org/10.1140/epjc/s10052-026-16037-9
https://doi.org/10.1103/PhysRevD.62.014006
https://doi.org/10.1103/PhysRevD.67.014024
https://doi.org/10.1103/PhysRevD.67.014024
https://doi.org/10.1016/S0920-5632(03)01643-8
https://doi.org/10.1103/PhysRevD.72.034029
https://doi.org/10.1142/S0217751X06033209
https://doi.org/10.1142/S0217751X06033209
https://doi.org/10.1088/0954-3899/39/2/025005
https://doi.org/10.1103/PhysRevD.89.034013
https://doi.org/10.1140/epjc/s10052-017-5170-5
https://doi.org/10.1140/epjc/s10052-017-5170-5
https://doi.org/10.1103/PhysRevD.96.016017
https://doi.org/10.1103/PhysRevD.96.016017
https://doi.org/10.1007/s11467-019-0908-1
https://doi.org/10.1007/s11467-019-0908-1
https://doi.org/10.1103/PhysRevResearch.2.043129
https://doi.org/10.1103/PhysRevResearch.2.043129
https://doi.org/10.1103/PhysRevD.101.013004
https://doi.org/10.1103/PhysRevD.101.013004
https://doi.org/10.1103/PhysRevD.109.026008
https://doi.org/10.1103/PhysRevD.109.026008
https://doi.org/10.1103/jp8y-j9g8
https://doi.org/10.1103/jp8y-j9g8
https://doi.org/10.1103/PhysRevLett.66.1011
https://doi.org/10.1103/PhysRevLett.66.1011
https://doi.org/10.1016/S0370-2693(02)02386-9
https://doi.org/10.1016/S0370-2693(02)02386-9
https://doi.org/10.1016/j.physletb.2004.12.037
https://doi.org/10.1016/j.physletb.2004.12.037
https://doi.org/10.1103/PhysRevD.83.072001
https://doi.org/10.1103/PhysRevD.83.072001
https://doi.org/10.1103/PhysRevD.94.032001
https://doi.org/10.1103/PhysRevD.94.032001
https://doi.org/10.1007/JHEP10(2024)199
https://doi.org/10.1007/JHEP10(2024)199
https://doi.org/10.1007/JHEP03(2025)197
https://doi.org/10.1007/JHEP03(2025)197
https://doi.org/10.1103/PhysRevLett.134.011803
https://doi.org/10.1103/PhysRevLett.134.011803
https://doi.org/10.1103/zfxr-dlzg
https://doi.org/10.1103/zfxr-dlzg
https://doi.org/10.1103/w9vz-4fq9
https://doi.org/10.1103/w9vz-4fq9
https://doi.org/10.1016/j.physletb.2026.140689
https://doi.org/10.1016/j.physletb.2026.140689
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1088/1674-1137/37/12/123001
https://doi.org/10.1088/1674-1137/ad70a0
https://doi.org/10.1088/1674-1137/ad70a0
https://doi.org/10.1140/epjc/s10052-024-13387-0
https://doi.org/10.1140/epjc/s10052-024-13387-0
https://doi.org/10.1103/PhysRevD.111.093001
https://doi.org/10.1103/PhysRevD.111.093001
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevLett.6.300
https://doi.org/10.1103/PhysRevLett.6.300
https://doi.org/10.1088/1361-6633/abfa6f
https://doi.org/10.1088/1361-6633/abfa6f
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1063/1.3483333
https://doi.org/10.1103/PhysRevD.93.074025
https://doi.org/10.1016/j.nuclphysa.2006.06.170
https://doi.org/10.1140/epjc/s10052-006-0036-2
https://doi.org/10.1140/epjc/s10052-006-0036-2
https://doi.org/10.1103/PhysRevD.86.054508
https://doi.org/10.1103/PhysRevD.86.054508
https://doi.org/10.1016/0550-3213(88)90028-4
https://doi.org/10.1016/0550-3213(78)90238-9
https://doi.org/10.1016/0550-3213(78)90238-9
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1007/s41365-022-01133-8
https://doi.org/10.1140/epjc/s2005-02396-4
http://link.aps.org/supplemental/10.1103/ngfq-f3t7
http://link.aps.org/supplemental/10.1103/ngfq-f3t7
http://link.aps.org/supplemental/10.1103/ngfq-f3t7
http://link.aps.org/supplemental/10.1103/ngfq-f3t7
http://link.aps.org/supplemental/10.1103/ngfq-f3t7
https://doi.org/10.1103/PhysRevD.46.5040
https://doi.org/10.1103/PhysRevD.46.5040
https://doi.org/10.1103/PhysRevD.57.308
https://doi.org/10.1103/PhysRevD.60.014001
https://doi.org/10.1140/epjc/s10052-022-10391-0
https://doi.org/10.1140/epjc/s10052-022-10391-0
https://doi.org/10.1103/PhysRevLett.122.062001
https://doi.org/10.1103/PhysRevLett.122.062001
https://doi.org/10.1088/1674-1137/42/8/083001
https://doi.org/10.1088/1674-1137/42/8/083001
https://doi.org/10.1103/PhysRevD.76.122002
https://doi.org/10.1103/PhysRevD.76.122002
https://doi.org/10.1016/j.physletb.2006.08.049
https://doi.org/10.1016/j.physletb.2006.08.049


[61] M. Ablikim et al. (BESIII Collaboration),
arXiv:2603.04136v1.

[62] For this ratio calculation, we use the BF in our channel from
the previous version [arXiv:2603.00743v1] considering the

radiative treatment in the final state with the same old
version of PHOTOS.

[63] https://cstr.cn/31109.02.BEPC.

End Matter

Appendix A: Branching fraction in DT method—
Based on the DT method, the BF of the D0 →
K−π0eþνe decay is expressed as

BSL ¼ NDT

Bπ0N
tot
STϵ̄SL

; ðA1Þ

where NDT and Ntot
ST ¼ P

3
i¼1 N

i
ST are the total DT and

ST yields summing over all tag modes, respectively; Bπ0

is the BF of the decay π0 → γγ [29]; ϵ̄SL ¼P
3
i¼1ðNi

ST=N
tot
STÞ½ϵiDT=ϵiST� is the averaged efficiency of

reconstructing the D0 → K−π0eþνe decay, where ϵiDT
and ϵiST are the DT and ST efficiencies for the i th tag
mode, respectively.

Appendix B: Extracting the product of jVcsjA1ð0Þ—
The differential decay width of the P-wave K�ð892Þ− is
integrated over three angles yielding

dΓ
dq2dm2

K−π0
¼ 1

3

G2
FjVcsj2

ð4πÞ5m2
D0

βpK−π0

×

�
2

3

�
jF 11j2 þ jF 21j2 þ jF 31j2

��
: ðB1Þ

In this expression, GF is the Fermi coupling constant,
mD is the mass of D0 meson, Vcs is the c → s CKM
matrix element, F i1 are the FF terms corresponding to
the P wave component, and β ¼ 2p�=mK−π0 , where p�

is the momentum of K− in the K−π0 rest frame and
pK−π0 is the momentum of the K−π0 system in the D0

rest frame.
Replacing The F i1 in Eq. (B1) with helicity FFs trans-

forms this decay width into

dΓ
dq2dm2

K−π0
¼ G2

FjVcsj2
96π4m2

D0

p�BK�

mK−π0

pKπq2

p�
0Γ0

×

�
jH0j2 þ jHþj2 þ jH−j2

�
jAðmK−π0Þj2:

ðB2Þ

Here, BK� ¼ 0.352� 0.003 denotes the BF ofK�ð892Þ− →
K−π0 considering the ratio RK� measured in this Letter.
The amplitude-squared term jAðmK−π0Þj2 describing the
K�ð892Þ− is given by

jAðmK−π0Þj2 ¼
ðm0Γ0F1ðmK−π0ÞÞ2

ðm2
0 −m2

K−π0
Þ2 þ ðm0ΓðmK−π0ÞÞ2

; ðB3Þ

where m0 and Γ0 are the mass and width of K�ð892Þ−,
respectively, F1ðmK−π0Þ ¼ ðp�=p�

0Þ½B1ðp�Þ=B1ðp�
0Þ� with

the Blatt-Weisskopf damping factor B1ðp�Þ ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − rBWp�p

. The decay width is

Γ ¼ ℏBðD0 → K�ð892Þ−eþνeÞBðK�ð892Þ− → K−π0Þ
τD0

;

ðB4Þ

where τD0 is the lifetime of D0 meson, ℏ is the Planck
constant, and the BF product is measured in this analysis.
Finally, by constraining to the decay width, a two-

dimensional integration of Eq. (B2) is performed with
the parameters from the nominal solution to extract the
product of jVcsjA1ð0Þ. The systematical are mainly pro-
duced from the amplitude analysis solution and the
uncertainty from PDG value.
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