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One of the main goals of studying semileptonic decays in flavor physics is to gain a better understanding
of hadronic transitions in the nonperturbative region of Quantum Chromodynamics. This involves
measuring Cabibbo-Kobayashi-Maskawa matrix elements, understanding form factors, and comparing
them with theoretical predictions. We report a first study of the semileptonic decay D0 → K−π0μþνμ by
analyzing an eþe− annihilation data sample of 7.93 fb−1 collected at the center-of-mass energy of
3.773 GeV with the BESIII detector. The absolute branching fraction of D0 → K−π0μþνμ is measured for
the first time, providing necessary input for extracting the c → s Cabibbo-Kobayashi-Maskawa matrix
element through this process. This measurement allows us to test lepton flavor universality, with no
indication of violation found. Furthermore, a series of hadronic form factors have been determined and
compared with theoretical predictions, which will impose stricter constraints on theoretical models.
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Studies of the semileptonic (SL) decays of charmed
mesons provide an ideal laboratory to explore the weak and
strong interactions in mesons composed of heavy quarks
[1]. The SL partial decay width is related to the product of
the hadronic form factors (FFs) describing the strong
interactions in the initial and final hadrons, including
non-perturbative effects of Quantum Chromodynamics
(QCD), and a Cabibbo-Kobayashi-Maskawa (CKM)
matrix element [2,3]. Thus, precise measurements of FFs
are important for testing the theoretical predictions where
decay rates are calculated from first principles [4,5]. It is
worth mentioning that in the study of hadronic transition
FFs in the D → Vlνl decays, where V refers to a vector
meson, these transitions are notoriously difficult to model
due to theoretical complexity. Therefore, for the decay
D0 → K�ð892Þ−lþνl, different theoretical models provide
varying predictions for the FFs [6–10], making experimen-
tal input indispensable for advancing our understanding.
However, the FF measurements have only been performed
in the K�ð892Þ− → K̄0π− decay mode, and the measure-
ment precision is poor for the muonic decay channel
(lþ ¼ μþ) [11]. In light of these challenges, it is interesting
to study the dynamics of D0 → K�ð892Þ−μþνμ in a differ-
ent decay mode, such as K�ð892Þ− → K−π0, which will
provide more precise FF results and a more rigorous
validation for theoretical calculations.

In the standard model (SM), SL D decays also offer an
excellent opportunity to test lepton flavor universality (LFU)
[12–15]. References [14,15] note that there may indeed be
observable LFU violation effects in SL decays mediated via
c → slν. In particular, for the D → Vlνl decays, the
multiple polarization states of vector mesons provide more
physical information, allowing for a more detailed exami-
nation of the differences between different types of leptons.
This helps to better understand the mechanisms of weak
interactions and potential new physics effects, making the
testing of LFU violations more reliable and significant.
Theoretical studies have shown great interest in the D0 →
K�ð892Þ−lþνl decay process and the ratio ½BðD0 →
K�ð892Þ−μþνμÞ=BðD0 → K�ð892Þ−eþνeÞ� is predicted to
be 0.92–0.99 [6,7,15–18]. There are significant differences
among various theoretical models [6,16,18] in the predicted
branching fraction (BF) results for D0 → K�ð892Þ−μþνμ,
varying in the range (1.93–3.09)%. Hence, it is important to
measure the D0 → K�ð892Þ−μþνμ decay with high preci-
sion to distinguish among these theories and also test
μ − e LFU.
In this Letter, we report the first measurement of the

absolute BF for the D0 → K−π0μþνμ decay and investigate
its dynamics. When measuring the absolute BF of theD0 →
K−π0μþνμ decay, the dominant component arises from the
decay chainD0 → K�ð892Þ−μþνμ,K�ð892Þ− → K−π0. The
process involving the intermediate K�ð892Þ− meson is
referred to as the Pwave, while the direct transition without
the K�ð892Þ− meson is denoted as the S wave in this
analysis. These measurements are performed using an
eþe− annihilation data sample corresponding to an inte-
grated luminosity of 7.93 fb−1 [19–21] produced at the
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center-of-mass energy of
ffiffiffi
s

p ¼ 3.773 GeV with the
BEPCII collider and collected with the BESIII detector.
Charge-conjugate modes are implied throughout this Letter.
A description of the design and performance of the

BESIII detector can be found in Refs. [22,23]. The
inclusive Monte Carlo (MC) sample, described in
Refs. [24–29], is used to determine the selection efficien-
cies and estimate backgrounds. In the generation of
simulated signals D0 → K−π0μþνμ, we take into account
the knowledge of the FFs obtained in this Letter.
The analysis utilizes both “single-tag” (ST) and “double-

tag” (DT) samples of D decays. At
ffiffiffi
s

p ¼ 3.773 GeV, the
ψð3770Þ resonance decays mainly into a DD̄ pair. If a D̄
meson is fully reconstructed, the presence of a D meson is
guaranteed. Thus, in the system recoiling against a D̄
meson, theD0 → K−π0μþνμ candidate can be selected. The
ST samples are reconstructed in six hadronic final states
listed in Table I, which are referred to as the tag modes.
A subset of events is selected within each ST sample, where
the other tracks in the event correspond to the decay
D0 → K−π0μþνμ, denoted as the DT sample. The BF for
the D0 → K−π0μþνμ decay is expressed as

BSL ¼ NDT

Ntot
ST · ϵ̄SL

; ð1Þ

where NDT and Ntot
ST ¼ P

6
i¼1 N

i
ST are the total

DT and ST yields summing over tag mode i, ϵ̄SL ¼P
6
i¼1ðNi

ST=N
tot
STÞ · ðϵiDT=ϵiSTÞ is the averaged efficiency of

reconstructing the D0 → K−π0μþνμ decay, where ϵiST and
ϵiDT are the ST and DT efficiencies for the ith tag mode,
respectively.
A detailed description of the selection criteria for π�,

K�, γ, K0
S, and π0 candidates for the ST is provided in

Refs. [30,31]. Two variables are calculated for each
possible ST candidate: the beam-constrained mass
MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam=c

4 − jp⃗D̄0 j2=c2p
and the energy difference

ΔE≡ ED̄0 − Ebeam, where Ebeam is the beam energy, and
ED̄0 and p⃗D̄0 are the total energy and momentum of the ST
D̄0 meson candidate in the eþe− center-of-mass frame,
respectively. For each ST mode, if there are multiple

candidates in an event, only the one with the smallest
jΔEj is kept for further analysis. The ΔE requirements and
ST efficiencies are summarized in Table I. The tagged
decay yields are determined separately for the six tag
channels. The yields are obtained by fitting the signal and
background contributions to the MBC distribution (Fig. 1)
of the events passing the ΔE cuts. The signal shape is
modeled by the MC simulated shape convolved with a
double Gaussian function, while the background shape is
described by the ARGUS function [32]. The yields (listed
in Table I) are determined by subtracting the numbers of
background events from the total numbers of events in the
MBC signal region. Summing over all ST modes, we obtain
the total ST yield Ntot

ST ¼ ð7895.8� 3.4Þ × 103.
Candidates for the D0 → K−π0μþνμ decay are selected

from the remaining tracks recoiling against the ST D̄0

mesons. Candidates for K− and π0 are identified with the
same criteria as those used in the ST selection. A kinematic
fit, constraining Mγγ to the known π0 mass [27], is
performed. In the case of multiple π0 candidates, only
the one with the smallest χ2 is retained. Particle identi-
fication (PID) for the μþ includes the measurements of the
specific ionization energy loss by the drift chamber, the
flight time by the time-of-flight system, and the energy

TABLE I. The ΔE requirements, the ST efficiencies, ϵiST, and
the obtained ST D̄0 yields in the data,Ni

ST. The efficiencies do not
include the BFs for K0

S → πþπ− and π0 → γγ. The uncertainties
are statistical only.

Decay mode ΔE (GeV) ϵiST (%) Ni
ST (×103)

Kþπ− (−0.027, 0.027) 65.34� 0.01 1449.3� 1.3
Kþπ−π0 (−0.062, 0.049) 35.59� 0.01 2913.2� 2.0
Kþπþπ−π− (−0.026, 0.024) 40.83� 0.01 1944.2� 1.6
K0

Sπ
þπ− (−0.024, 0.024) 37.49� 0.01 447.7� 0.7

Kþπ−π0π0 (−0.068, 0.053) 14.83� 0.01 690.6� 1.3
Kþπþπ−π−π0 (−0.057, 0.051) 16.17� 0.01 450.9� 1.1
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FIG. 1. Fits to the MBC distributions of the ST D̄0 candi-
dates. The points are data, the blue curves are the best fits, and
the red dashed curves are the fitted combinatorial background
shapes. The pair of red arrows show the MBC signal window
of ð1.859; 1.873Þ GeV=c2.
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deposited in the electromagnetic calorimeter (EMC). Based
on these measurements, we calculate the combined con-
fidence levels for positron (Le), muon (Lμ), pion (Lπ), and
kaon (LK) hypotheses for each charged track. The muon
candidate must satisfy Lμ > Lπ, Lμ > LK , Lμ > Le,
Lμ > 0.001, and EEMC ∈ ð0.10; 0.28Þ GeV, where EEMC

represents the energy deposition in the EMC. The two
requirements Lμ > Lπ and EEMC together suppress about
85% of background at the cost of 46% of signal. To
suppress backgrounds from hadronic D decays, the maxi-
mum energy of any photon that is not used in the SL
selection, Emax

extra γ, is required to be less than 0.25 GeV, and
the number of extra unused charged tracks, Nchar

extra, and extra
π0 from two unused photons, Nπ0

extra, must both be zero.
Here, the selection criteria for photon, charged tracks, and
π0 are consistent with Refs. [30,31].
The energy Emiss and momentum p⃗miss of the missing

neutrino are reconstructed using energy and momentum
conservation. They are calculated by Emiss ≡ Ebeam −P

j Ej and p⃗miss ≡ p⃗D0 −
P

j p⃗j in the initial eþe− rest
frame. The index j sums over the K−, π0, and μþ of the
signal candidate, and Ej and p⃗j are the energy and
momentum of the jth particle, respectively. The D0

momentum is given by p⃗D0 ≡ −p̂D̄0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
D̄0c2

q
,

where p̂D̄0 is the momentum direction of the ST D̄0 and
mD̄0 is the known D̄0 mass [27]. The presence of the
undetected neutrino is inferred by using the variable Umiss
defined by

Umiss ≡ Emiss − jp⃗missjc: ð2Þ

The potential background from D0 → K−πþπ0 is sup-
pressed by the requirements of MK−π0μþ < 1.80 GeV=c2

and U0
miss > 0.04 GeV, where MK−π0μþ is the K−π0μþ in-

variant mass and U0
miss is defined U0

miss ≡ E0
miss − jp⃗0

missjc.
Here, E0

miss ≡ Ebeam −
P

j Ej and p⃗0
miss ≡ p⃗D0 −

P
j p⃗j,

and j only sums over the K− and μþ candidates of the
signal candidate. To suppress the background from
D0 → K−πþπ0π0, the opening angle between the missing
momentum and the most energetic unused shower when
found, θp⃗miss;γ, is required to satisfy cos θp⃗miss;γ < 0.48.
After imposing all above selection criteria, the resulting

Umiss distribution of the accepted candidates is exhibited in
Fig. 2. To obtain the signal yield, an unbinned maximum
likelihood fit to theUmiss distribution is performed. In the fit,
the signal is modeled by theMC-simulated shape convolved
with a Gaussian function with free parameters. The peaking
background from D0 → K−πþπ0 is fixed according to the
MC simulation and the yield of the dominant background
fromD0 → K−πþπ0π0 is floated. Both of these background
shapes are smeared with the sameGaussian function as used
for the signal. Other backgrounds, mainly from open charm

production and continuum qq̄, are evaluated using the MC
simulation. The number of DT events is found to be
NDT ¼ 6436� 119stat. The averaged detection efficiency
ϵ̄SL is estimated to be ð11.25� 0.02Þ%. The efficiency does
not include the BFs for K�ð892Þ− → K−π0 and π0 → γγ
[27]. Using Eq. (1), the corresponding BF is determined
as BðD0 → K−π0μþνμÞ ¼ ð0.733� 0.014statÞ%.
The systematic uncertainties in the BF measurement are

discussed below. The efficiencies of μþ and K− tracking,
PID, and π0 reconstruction are verified using eþe− →
γμþμ− events and DT DD̄ hadronic events, respectively.
We assign the uncertainties of μþ tracking (PID), K−

tracking (PID), and π0 reconstruction to be 0.1% (0.4%),
0.2% (0.1%), and 0.7%, respectively. The total uncertainty
associated with the Emax

extra γ , Nπ0
extra, and Nchar

extra requirements
are estimated to be 0.5% by using the control sample of
D0 → K−πþπ0. The efficiency of the U0

miss requirement is
very high and the uncertainty is thus negligible. The
uncertainty associated with the MK−π0μþ requirement is
estimated to be 0.6% by analyzing the DT events of
D0 → K−π0eþνe. The uncertainty associated with the
cos θp⃗miss;γ requirement is estimated to be 0.5% by analyzing
the DT sample D0 → K0

Sπ
−eþνe. The uncertainty associ-

ated with the fit to the Umiss distribution is estimated to be
0.7% by varying the signal shape, the combinational
background shape and the quoted BF of the fixed
K−πþπ0 peaking background by �1σ. The uncertainty
from the ST yield is determined to be 0.1% [33]. The
uncertainty related to the signal MC model is estimated to
be 0.5% by comparing the DT efficiencies with variations
in the input FF parameters by �1σ. The uncertainty due to

 (GeV)missU
-0.2 -0.1 0 0.1 0.2

E
ve

nt
s/

(0
.0

1 
G

eV
)

0

500

1000

1500
Data
Total fit
Signal process

0+-K0D
00+-K0D

Other BKG

FIG. 2. Fits to Umiss distributions of the candidate events for
D0 → K−π0μþνμ. Points with error bars represent data. The blue
solid curve denotes the total fit, and the violet solid curve shows
the signal process. Green short-dashed, black long-dashed, and
dash-dotted red curves are the background contributions from
D0 → K−πþπ0, D0 → K−πþπ0π0, and the other sources, respec-
tively. The pair of red arrows show the signal window of
jUmissj < 0.015 GeV used for the amplitude analysis.
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the limited MC statistics is 0.2%. The uncertainties due to
the quoted BF of π0 → γγ is 0.1%. The systematic
uncertainty contributions are summed in quadrature to
obtain the total systematic uncertainty of 1.5%.
To study the K−π0 system and measure the FF, we

require jUmissj < 0.015 GeV to select samples with high
purity for the amplitude analysis; this leads to 3375 events
with a background fraction fb ¼ ð12.6� 0.7Þ%. The
differential decay rate can be expressed in terms of five
kinematic variables [34,35]: the square of the invariant
mass of the K−π0 system (M2

K−π0
), the square of the

invariant mass of the μþνμ system (q2), the angle between
the momentum of the K− in the K−π0 rest frame and the
momentum of the K−π0 system in the D0 rest frame (θK−),
the angle between the momentum of the μþ in the μþνμ rest
frame and the momentum of the μþνμ system in the D0 rest
frame (θμ), and χ, the angle between the normals of the
decay planes defined in the D0 rest frame by the K−π0 pair
and the μþνμ pair. The differential decay rate as a function
of these variables is given in Ref. [35]. Modifications due to
the nonzero muon mass are detailed in Ref. [36]. For the
amplitude of the Pwave, we use a Breit-Wigner function to
describe K�ð892Þ− resonance. A barrier factor, rBW, related
to the meson effective radii is included in the decay
amplitude, which is fixed to be 3.07 GeV−1 [37]. The
helicity FFs can in turn be related to the two axial-
vector FFs, A1ðq2Þ and A2ðq2Þ, as well as the vector FF,
Vðq2Þ. The A1;2ðq2Þ and Vðq2Þ are all described as the
simple pole form A1;2ðq2Þ ¼ A1;2ð0Þ=ð1 − q2=M2

AÞ and
Vðq2Þ ¼ Vð0Þ=ð1 − q2=M2

VÞ, with pole masses MV ¼
MD�

sð1−Þ ¼ 2.1 GeV=c2 and MA¼MD�
sð1þÞ¼2.5GeV=c2

[27]. At q2 ¼ 0, the FF ratios, rV ¼ Vð0Þ=A1ð0Þ and
r2 ¼ A2ð0Þ=A1ð0Þ, are determined from the fit to the
differential decay rate. The S-wave parametrization is
described in Refs. [37,38], in which the scattering length,
a1=2S;BG, and the relative intensity, rS, are determined by the

amplitude analysis. The dimensionless coefficient rð1ÞS and

the effective range b1=2S;BG are fixed to the values obtained
from the Dþ → K−πþeþνe analysis [37] analogously to
what was done in Ref. [39].
The amplitude analysis is performed using an unbinned

maximum likelihood fit. The negative log likelihood is
defined as [40]

− lnL ¼ −
XN
i¼1

ln

�
ð1 − fbÞ

ωðξi; ηÞR
ωðξi; ηÞϵðξiÞR4ðξiÞdξi

þ fb
BϵðξiÞR

BϵðξiÞϵðξiÞR4ðξiÞdξi

�
; ð3Þ

where ξi denotes the five kinematic variables characterizing
an event and η denotes the fit parameters such as rV and r2;
ωðξi; ηÞ is the decay intensity, BϵðξiÞ is defined to be the

background distribution corrected by the acceptance func-
tion ϵðξiÞ, and R4ðξiÞ is an element of four-body phase
space. The background shape is modeled with the inclusive
MC sample and its fraction fb is fixed according to the
result of the Umiss fit. The normalization integral in the
denominator is calculated by MC integration [37].
The nominal solution of the amplitude analysis fit,

together with the fractions of both components, is sum-
marized in Table II. The amplitudes of S wave and P wave
are orthogonal, therefore the interference between them
is 0. The projected distributions of the fit onto the fitted
variables are shown in Fig. 3. The possible contributions of
the K�ð1410Þ and K�

2ð1430Þ are consistent with zero, and
are hence ignored with current statistics.

TABLE II. The fit results, where the first uncertainties are
statistical and the second are systematic.

Variable Value

rV 1.37� 0.09� 0.03
r2 0.76� 0.06� 0.02
MK�ð892Þ− (MeV=c2) 892.89� 0.56� 0.07
ΓK�ð892Þ− (MeV) 47.65� 1.26� 0.36
rS ðGeVÞ−1 −8.40� 0.34� 0.38

a1=2S;BG ðGeV=cÞ−1 1.71� 0.22� 0.12
fK�ð892Þ− (%) 94.24� 0.35� 0.29
fSwave (%) 5.76� 0.35� 0.29
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FIG. 3. Projections onto five kinematic variables (a) MK−π0 ,
(b) q2, (c) cos θK , (d) cos θμ, and (e) χ for D0 → K−π0μþνμ. The
dots with error bars are data, the blue lines are the fit results, and
the dashed lines show the sum of the simulated background
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The systematic uncertainties of the fitted parameters and
the fractions of S wave and K�ð892Þ− components are
evaluated as the difference between the fit results in
nominal conditions and those obtained after changing a
variable or a condition by an amount corresponding to the
estimated uncertainty of that quantity. The systematic
uncertainties due to the background fraction and back-
ground shape requirements are estimated by varying the
background fraction fb by �1σ and varying the cross
section of the dominant background from eþe− → qq̄ [41],
respectively. The systematic uncertainties in the fixed

parameters of rð1ÞS , b1=2S;BG, and rBW are estimated by varying
their input values by �1σ [39]. The systematic uncertain-
ties in the fixed parameters of mV and mA are estimated by
varying their input values by �100 MeV=c2 [37]. To
estimate the systematic uncertainty of experimental effects
related to the reconstruction efficiency, the fit is performed
by varying the PID and tracking efficiencies according to
their uncertainties. These differences are assigned as the
systematic uncertainties and summarized in Table III,
where the total systematic uncertainties are obtained by
adding all contributions in quadrature.

In summary, the SL decay D0 → K−π0μþνμ is studied
for the first time using 7.93 fb−1 of data collected at

ffiffiffi
s

p ¼
3.773 GeV with the BESIII detector. Benefiting from the
much larger dataset compared to the previous experiment
[11], we perform the first amplitude analysis for the D0 →
K−π0μþνμ decay and observe an S-wave component with
a fraction fSwave ¼ ð5.76� 0.35stat � 0.29systÞ%, resul-
ting in B½D0 → ðK−π0ÞSwaveμþνμ� ¼ ð4.223� 0.268stat�
0.222systÞ × 10−4. The dominant P-wave component is
observed with a fraction of fK�ð892Þ− ¼ ð94.24� 0.35stat�
0.29systÞ%, leading to BðD0 → K�ð892Þ−μþνμÞ ¼
ð2.073� 0.039stat � 0.032systÞ% after considering
B½K�ð892Þ− → K−π0� ¼ 1=3 [27]. This result is consistent
with previous measurement [11] and has improved in
precision by a factor of 5 over the current world average
[27]. Benefiting from the improved precision, our result
disfavors the covariant quark model (CQM) and the
covariant confining quark model (CCQM) calculations
for the first time [6,18], while it supports the so-called chi-
ral unitary approach (χUA) and light-cone sum rules
(LCSR) calculations [7,16,17]. Combining with the

TABLE III. Systematic uncertainties (in %) of the fitted parameters.

Source rV r2 rS mK�ð892Þ− Γ0
K�ð892Þ− a1=2S;BG fK�ð892Þ− fSwave

Background fraction 0.03 0.51 0.73 < 0.01 0.51 1.13 0.04 0.72
Background shape 0.06 0.13 0.04 < 0.01 0.06 0.06 0.04 0.12

rð1ÞS
0.17 0.11 4.14 0.01 0.32 1.06 0.26 4.28

b1=2S;BG
0.18 0.73 0.42 < 0.01 0.04 6.90 0.04 0.59

rBW 0.31 0.38 1.26 < 0.01 0.46 0.22 0.13 2.23
mV 1.13 0.05 0.05 0.01 0.01 0.09 0.01 0.13
mA 1.48 2.45 0.66 < 0.01 0.01 0.43 0.02 0.21
Experimental effects 0.61 0.57 0.49 < 0.01 0.11 0.08 0.04 0.56

Total 2.00 2.71 4.48 0.01 0.76 7.09 0.31 4.96

TABLE IV. Measured the BF and FF ratios of D0 → K�ð892Þ−μþνμ, and compared them with theoretical
calculations and previous measurements.

Theory B (%) rV r2

LCSR [7,16] 2.01þ0.09
−0.08 1.39 0.60

χUA [17] 1.98 � � � � � �
CCQM [6] 2.80 1.22� 0.24 0.92� 0.18
CQM [8,18] 3.09 1.56 0.74
LFQM [9] � � � 1.36 0.83
HMχT [10] � � � 1.60 0.50

Experiments B (%) rV r2

BESIII [39] � � � 1.46� 0.07� 0.02 0.67� 0.06� 0.01
FOCUS [11] 1.89� 0.24 1.71� 0.68� 0.34 0.91� 0.37� 0.10
This Letter 2.073� 0.039� 0.032 1.37� 0.09� 0.03 0.76� 0.06� 0.02

PHYSICAL REVIEW LETTERS 134, 011803 (2025)

011803-5



previously most precise measurement of BðD0 →
K�ð892Þ−eþνeÞ [39], the ratio of the BFs is ½BðD0 →
K�ð892Þ−μþνμÞ=BðD0 → K�ð892Þ−eþνeÞ� ¼ 1.020�
0.030stat � 0.028syst. No evidence of LFU violation is
found with current statistics. Furthermore, the most precise
FF ratios of theD0 → K�ð892Þ−μþνμ decay are determined
to be rV ¼ 1.37� 0.09stat � 0.03syst and r2 ¼ 0.76�
0.06stat � 0.02syst. The results are consistent with the
CQM, the CCQM, the light-front quark model (LFQM),
and the LCSR calculations [6–9], and they disfavor the
HMχT model (based on the combination of heavy meson
and chiral symmetries) calculation [10]. All predictions and
measurement results are summarized in Table IV. Our high-
precision measurements have effectively advanced the
study of the dynamics of SL decays of charmed mesons
in the nonperturbative region, providing stricter constraints
for the development of QCD theory.
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