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We report a study of the semileptonic decays Dþ → K0
Sπ

0lþνl (l ¼ e, μ) based on 20.3 fb−1 of eþe−

collision data collected at the center-of-mass energy of 3.773 GeV with the BESIII detector. The Dþ →

K0
Sπ

0μþνμ decay is observed for the first time, with a branching fraction of ð0.896� 0.017stat � 0.008systÞ%,

and the branching fraction of Dþ → K0
Sπ

0eþνe is determined with the improved precision as
ð0.943� 0.012stat � 0.010systÞ%. From the analysis of the dynamics, we observe that the dominant

K̄�ð892Þ0 component is accompanied by an S-wave contribution, which accounts for ð7.10� 0.68stat �
0.41systÞ% of the total decay rate of the μþ channel and ð6.39� 0.17stat � 0.14systÞ% of the eþ channel.
Assuming a single-pole dominance parametrization, the hadronic form factor ratios are extracted to be
rV ¼ Vð0Þ=A1ð0Þ ¼ 1.42� 0.03stat � 0.02syst and r2 ¼ A2ð0Þ=A1ð0Þ ¼ 0.75� 0.03stat � 0.01syst. Based
on the first comprehensive angular and the decay-rateCP asymmetry analysis, the full set of averaged angular
and CP asymmetry observables are measured as a function of the momentum-transfer squared; they are
consistent with expectations from the standard model. No evidence for violation of μ − e lepton-flavor
universality is observed in either the full range or the five chosen bins of momentum-transfer squared.
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Experimental studies of semileptonic decays of heavy
mesons provide important opportunities for rigorously
testing the standard model (SM) and probing for potential
new physics (NP). In recent years, some anomalies have
been observed in semileptonic B decays mediated by the
charged current b → clν̄l, deviating from SM predictions
by 2 to 3 standard deviations [1,2], indicating possible
violations of lepton flavor universality (LFU). Various NP
scenarios, including W0 models [3,4], leptoquark models
[5], and charged Higgs models [6], proposed to resolve
these tensions—can modify both branching fractions (BFs)
and detailed angular distributions. Key observables there-
fore include BF ratios, and the full set of angular coef-
ficients, which together constrain the relevant parameters.
By contrast, no anomalies have been observed experi-

mentally inD mesons to date [7], yet the same NP operators
invoked to explain the B anomalies [8,9] may impact the
semileptonicD decays [10–15]. Some observables—such as
LFU violation [16], forward-backward asymmetry [17] and
lepton (hadron) polarization [18]—have been proposed as
sensitive probes. In particular, experimental analysis of the

BF ratios and the angular distributions in Dþ → K̄�0lþνl
(l ¼ e, μ) could reveal subtle NP effects [19].
The unique mass range of charmed hadronic states allows

for rich nonperturbative hadronic physics [20–22], making
precision studies of heavy-to-light form factors (FFs) a key
component in testing the SM. The FFs are inherently
nonperturbative and describe strong interaction effects in
the initial and final hadrons; theoretical predictions within
the SM can only be calculated by nonperturbative
approaches, such as lattice quantum chromodynamics
(LQCD) [23–27], quark models [28–30], and QCD sum
rules [31]. Precise experimental determination of these
hadronic transition FFs and their comparison with theoretical
predictions not only provides stringent tests of the SM, but
also offers a means to constrain or validate NP models.
Experimental measurements of the BFs and hadronic

transition FFs of Dþ → K̄�0lþνl (l ¼ e, μ) via K̄�0 →
K−πþ have been reported by several experiments [32–43].
This Letter presents the first measurement of averaged
angular observables and CP asymmetries in the full set of
angular distributions and asymmetries in the decay rates of
Dþ → K̄�0lþνl as well as the BF and FF measurements,
via K̄�0 → K0

Sπ
0. This K̄�0 decay mode avoids large mis-

identification rate between πþ and μþ for K̄�0 → K−πþ. In
addition, we test μ − e LFU for Dþ → K̄�0lþνl in the full
q2 range and in five q2 intervals.
Our measurement is based on five independent kinematic

variables: the squared invariant masses of the dihadron and
dilepton systems, m2 ≡m2ðK0

Sπ
0Þ and q2 ≡m2ðlþνlÞ,
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and three decay angles θl, θK , and χ (see Fig. 1 in
Supplemental Material [44]). The decay angles are defined
as follows: θK is the angle between the momentum of the
kaon in the Kπ rest frame and the direction of the Kπ
system in the D rest frame; θl is the angle between the
momentum of the charged lepton in the lνl rest frame and
the direction of the lνl system in the D rest frame; and χ is
the angle between the normals to the planes defined in the

D rest frame by the Kπ and lνl pairs, respectively [47].
When analyzing D− decays, the sign of χ is reversed.
The five-dimensional differential decay rate for Dþ →

K0
Sπ

0lþνl can be expressed in terms of nine angular
coefficients I1−9, which depend on m2, q2, and cos θK
[47–52], as

d5Γ
dm2dq2d cos θKd cos θldχ

¼ G2
FjVcsj2

ð4πÞ6m3
D
λβmβl

�
I1 þ I2 cos 2θl þ I3sin2θl cos 2χ þ I4 sin 2θl cos χ þ I5 sin θl cos χ

þ I6 cos θl þ I7 sin θl sin χ þ I8 sin 2θl sin χ þ I9sin2θl sin 2χ

�
: ð1Þ

The prefactor contains Fermi coupling constant GF,
CKM matrix element Vcs, and the mass of D (mD).
Other parameters include λ ¼ pKπmD, with pKπ the Kπ
momentum in the D rest frame, βm ¼ 2p�=m, where p� is
the kaon momentum in the Kπ rest frame and m the Kπ
invariant mass, and βl defined analogously to βm but for the
lνl system.
Hadronic transition FFs are measured by performing an

unbinned maximum likelihood fit to the decay rate
expressed in terms of the SM helicity amplitudes [see
Eqs. (6) and (7) in Supplemental Material [44] ]. The
amplitude analysis includes components for the K̄�0 res-
onance and a ðK0

Sπ
0ÞS−wave [see Eqs. (11) and (15) in

Supplemental Material [44] ].
The asymmetry of the total decay widths, Γ, between

Dþ and D− decays is defined as ACP ≡ f½ΓðDþ →
K̄�0lþνlÞ − ΓðD− → K�0l−ν̄lÞ�=½ΓðDþ → K̄�0lþνlÞ þ
ΓðD− → K�0l−ν̄lÞ�g. The eight coefficients I2−9 can be
obtainedbydefiningpiecewiseangular-integration ranges inχ
and cos θl. For example, the unnormalized coefficient I2 is
obtained as

I2 ¼
Z

π

−π
dχ

�Z
−0.5

−1
d cos θl þ

Z
1

0.5
d cos θl

−
Z

0.5

−0.5
d cos θl

�
d5Γ

dq2dm2d cos θKd cos θldχ
: ð2Þ

Corresponding integration ranges to obtain unnormalized
I3−9 are listed in Supplemental Material [44]. Since the term
I1 has no dependence on the decay angles, it provides only a
normalization factor and is not considered in this Letter. The
normalized and integrated observables hI ii are defined as

hI2;3;6;9i ¼
1

Γ

Z
q2max

q2min

dq2
Z

m2
max

m2
min

dm2

Z þ1

−1
d cos θKI2;3;6;9;

hI4;5;7;8i ¼
1

Γ

Z
q2max

q2min

dq2
Z

m2
max

m2
min

dm2

�Z þ1

0

d cos θK

−
Z

0

−1
d cos θK

�
I4;5;7;8: ð3Þ

In addition to the full q2 range, five different integration
ranges (bins) in q2 are defined. The integration in cos θK is

defined to optimize the sensitivity to beyond-SM effects by
integrating out contributions from the dominant P-wave
K̄�0 resonance in the dihadron system, the integration
regions differ since I2;3;6;9 are even in cos θK , while
I4;5;7;8 are odd. Experimentally, the observables are deter-
mined by measuring the decay-rate asymmetries in the data
split according to piecewise-defined angular regions. As an
example, from Eqs. (2) and (3), hI2i is measured as

hI2i ¼
1

Γ
½Γðj cos θlj > 0.5Þ − Γðj cos θlj < 0.5Þ�: ð4Þ

The observables hI ii, measured separately for Dþ and D−

mesons, are labeled as hI ii and hĪ ii, respectively. TheirCP
average Si and asymmetry Ai are defined as hSii ¼
½hI ii þ hĪ ii� and hAii ¼ ½hI ii − hĪ ii�. The well-known
forward-backward asymmetry AFB [53] and triple-product
asymmetry ATP [54] are related to hS6i and hS9i, respec-
tively. If only SM amplitudes contribute to the decay
processes, the CP-averaged observables hS7;8;9i are pre-
dicted to vanish and constitute SM null tests together with
the CP asymmetries hA2−9i.
The BESIII detector [55,56] consists of a helium-based

multilayer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The inclusive Monte Carlo (MC) sample, described in
Refs. [57–61], detailed in Supplemental Material [44], has
been validated for background simulation. The signal
decays Dþ → K0

Sπ
0lþνl are generated with the helicity

amplitude of K̄�0 and LASS formalism of ðK0
Sπ

0ÞS−wave
[62,63], with parameters obtained in this Letter.
At

ffiffiffi
s

p ¼ 3.773 GeV, the DD̄ meson pairs are produced
without accompanying particles in the final state. This
property allows us to study semileptonic D decays with the
double-tag (DT) method. In this method, a single-tag (ST)
event is one in which a D− meson is fully reconstructed via
one of the six hadronic decay modes Kþπ−π−; K0

Sπ
−,

Kþπ−π−π0, K0
Sπ

−π0, K0
Sπ

þπ−π−, and KþK−π−. A DT
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event is selected by reconstructing the signal-side decay
Dþ → K0

Sπ
0lþνl, where K0

S → πþπ−, in the presence of
an ST candidate. The BF of the signal decay is determined
by Bsig ¼ ðNDT=Ntot

STϵ̄sigÞ, where Ntot
ST ¼ P

j N
j
ST is the

total number of ST events summed over all tag modes,
and NDT is the total number of DT events; ϵ̄sig ¼P

jðNj
ST=N

tot
STÞðϵjDT=ϵjSTÞ is the averaged signal efficiency

of selectingDþ → K0
Sπ

0lþνl in the presence of the ST D−

meson, where ϵjST and ϵjDT are the ST and DT efficiencies
for the jth ST mode, respectively. A correction factor is
applied to account for data-MC discrepancies in the signal
efficiencies [44].
The selection criteria of π�; K�; K0

S; γ, and π
0 candidates

are widely used in our previous works [64,65], and
details are provided in Supplemental Material [44]. Two
kinematic variables, the energy difference ΔE≡ ED− −
Ebeam and the beam-constrained mass MBC≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

4 − jp⃗D− j2=c2p
, are used to distinguish the ST

D− mesons from combinatorial backgrounds, where Ebeam
is the beam energy and ðED− ; p⃗D−Þ is the four-momentum
of the ST D− in the eþe− rest frame. The combination with
the smallest jΔEj is chosen if multiple combinations are in
an event.
The ST candidates are required to satisfy mode-depen-

dent requirements on ΔE corresponding to �3.5σ around
the fitted peaks. The STyields in data for each ST mode are
extracted by fitting individual MBC distributions.
Candidates withMBC ∈ ½1.863; 1.877� GeV=c2 are retained
for further analysis. The ΔE requirements, the ST yields in
data, and the ST efficiencies for different ST modes are
listed in Supplemental Material [44]. Summing over all ST
modes yields a total of Ntot

ST ¼ ð10646.9� 4.0Þ × 103 ST
candidates.
In the presence of the ST D−, candidates for Dþ →

K0
Sπ

0lþνl are selected from the remaining tracks and
showers. The selection criteria of K0

S, and π0 candidates are
the same as ST selection. The lþ candidates are selected by
performing PIDwith the specific ionization energy loss in the
MDC dE=dx, time of flight, EMC information, based on
which likelihoods for positron,muon, pion, and kaon hypoth-
eses Le;μ;π;K are calculated. The eþ is identified with Le >
0.8ðLK þ Le þ LπÞ and LðeÞ > 0.001, while the μþ candi-
datemust satisfyLðμÞ > LðeÞ,LðμÞ > LðKÞ,LðμÞ > LðπÞ,
andLðμÞ > 0.001. To further distinguishlþ candidates from
hadronic backgrounds, the requirements Eμ

EMC< 0.3GeV
and Ee

EMC=ðp ·cÞ∈ð0.4;1.4Þ are imposed on μþ and eþ

candidates, respectively where EEMC is the energy deposited
in the EMC and p is the MDC momentum. Furthermore, the
maximum energy of the extra photon, Emax

γ , is required to be
less than 0.2 GeV for the μþ channel and 0.5 GeV for the
eþ channel.
Since the neutrino cannot be directly detected, its four-

momentum ðEmiss; p⃗missÞ is obtained by calculating the

missing energy and momentum, defined as Emiss ≡ Ebeam −P
k Ek and p⃗miss ≡ p⃗D− −

P
k p⃗k. Here, the index k sums

over the K0
S; π

0 and lþ of the signal candidate and ðEk; p⃗kÞ
is the four-momentum of the kth particle. A kinematic
variable Umiss ≡ Emiss − jp⃗missjc is defined to extract the
signal yield. To further improve the resolution of the
missing momentum, the D− momentum is constrained as
p⃗D− ¼ −p̂D−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
D−c2

p
, where p̂D− is the unit

vector in the momentum direction of the STD− meson, and
mD− is the nominal mass of the D− meson [66].
The potential background from Dþ → K0

Sπ
þπ0 is sup-

pressed by requiring the K0
Sπ

0lþ invariant mass to satisfy
MK0

Sπ
0lþ < 1.6ð1.8Þ GeV=c2 for the μþ (eþ) channel.

The signal yields of Dþ → K0
Sπ

0μþνμ and Dþ →
K0

Sπ
0eþνe are determined to be 6767� 126stat and

11095� 137stat, from an unbinned maximum-likelihood
fit on the Umiss distributions of the accepted candidates, as
shown in Fig. 1. In the fit, the signal shape is modeled using
the MC simulation, convolved with a Gaussian resolution
function with free parameters, and the background shape is
derived from the inclusive MC sample. For the μþ channel,
the yield of peaking background Dþ → K0

Sπ
þπ0 is fixed

according to MC simulation, while the yields of both the
Dþ → K0

Sπ
þπ0π0 peaking background and other flatter

backgrounds are separately floating. For the eþ channel,
the yields of peaking backgrounds Dþ → K0

Sπ
þπ0,

Dþ → K0
Sπ

0μþνμ, andD0 → K0
Sπ

−eþνe are fixed according
to MC simulation, while the remaining background yield is
floated. The first two are due to the misidentification of
leptons, while the last one is due to particle exchange
between tag and signal sides. The signal efficiencies are
estimated to be (10.44� 0.04stat)% and (17.09� 0.05stat)%
for the μþ and eþ channels, based on signal MC samples
generated according to our amplitude analysis results for the
helicity amplitudes of K̄�0 and the LASS formalism for the
ðK0

Sπ
0ÞS−wave. The BFs of Dþ → K0

Sπ
0μþνμ and Dþ →

K0
Sπ

0eþνe are determined to be 0.896� 0.017stat �
0.008syst and 0.943� 0.012stat � 0.010syst, respectively.
The systematic uncertainties in the BF measurement are

discussed below. The uncertainties of μþðeþÞ tracking,
0.2% (0.2%), PID, 0.3% (0.2%), K0

S reconstruction, 0.2%
(0.2%), and π0 reconstruction, 0.2% (0.2%), are estimated

FIG. 1. Fits to the Umiss distributions of the accepted candi-
dates.
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using eþe− → γμþμ− events, eþe− → γeþe− events and
DT D−Dþ hadronic events, respectively. The uncertainties
associated with the Emax

γ , Ntrack
extra, and Nπ0

extra requirements
andMK0

Sπ
0lþ requirements are estimated to be 0.6% (0.6%)

with a control sample of Dþ → K0
Sπ

þπ0ðπ0Þ. The uncer-
tainty associated with the fit to the Umiss distribution is
estimated to be 0.3% (0.7%) by varying the shapes and
fixed normalizations. The common uncertainty in the ST
D− yield is due to the fit to the MBC distributions assigned
as 0.3% by varying the signal and background shapes. The
uncertainty related to the signal MC model is taken as 0.2%
(0.2%), which is the change of the DT efficiencies via
varying the input parameters by �1σ. Common uncertain-
ties due to the limited MC statistics, 0.2%, and the quoted
BF of K0

S → πþπ−, 0.1%, are also included. The total
systematic uncertainties are 0.9% and 1.1% for the μþ and
eþ channels, respectively.
Using the SM helicity-amplitude expansion, we perform

an unbinned maximum-likelihood fit to extract the hadronic
transition FFs. To select high-purity samples, a strict
requirement jUmissj < 0.02ð0.05Þ GeV is used for the μþ
(eþ) channel. After selection, 4170 μþ and 8929 eþ
candidate events survive with background fractions of
ð13.3� 0.3Þ% and ð9.1� 0.2Þ%, respectively. The helicity
FFs are expressed in terms of two axial-vector FFs, A1ðq2Þ
and A2ðq2Þ, and one vector FF, Vðq2Þ. The FFs are all
described with a simple pole form A1;2ðq2Þ ¼ A1;2ð0Þ=ð1 −
q2=M2

AÞ and Vðq2Þ ¼ Vð0Þ=ð1 − q2=M2
VÞ, with pole

massesMV ¼ 1.81 GeV=c2 andMA ¼ 2.61 GeV=c2 fixed
according to Ref. [42]. The FF ratios, rV ¼ Vð0Þ=A1ð0Þ
and r2 ¼ A2ð0Þ=A1ð0Þ, are determined from the fit.
The S-wave amplitude parameterization is taken from
Refs. [41,42], in which the scattering length, a1=2S;BG, and
the relative intensity, rS, are determined by the fit. The

dimensionless coefficient, rð1ÞS , and the effective range,

b1=2S;BG, are fixed to 0.08 and −0.81 ðGeV=cÞ−1 [42]. The
background shape is modeled with the inclusive MC

sample using the XGBoost algorithm [67]. Simultaneous
fits are performed to the μþ and eþ channels by minimizing
the sum of their negative log-likelihood functions. Figure 2
shows the projections of the nominal fit result. The fitted
parameters and the fit fractions are summarized in Table I.
The systematic uncertainties are evaluated as the differ-

ence between the nominal fit results and those obtained
after changing a variable or a condition by an amount
corresponding to the estimated uncertainty of that quantity.
The detailed fitting systematic studies are discussed in
Supplemental Material [44].
Each angular observable, and ACP, is determined from

the partial decay rate dΓi=dq2i ðTagÞ, where “Tag” refers to
the angular and flavor tags defined by the piecewise
integration from Eqs. (2) and (3). The partial decay rate
depends on the yield in each Tag and q2 bin, and the yields
are measured independently through the same fit methods
used for the BF measurement but with the candidates split
by Tag and q2 region. The fits use the same modeling
described earlier, including the same treatment of floating
components, but with shapes determined independently in
each Tag and q2 region. The results for hAii, hSii, and ACP,
including both statistical and systematic uncertainties

(a) (b) (c) (d) (e)

FIG. 2. Projections of the data and amplitude analysis fits for the (top) μþ and (bottom) eþ channels.

TABLE I. The fitted parameters for the amplitude analysis,
where the first and second uncertainties are statistical and
systematic, respectively.

Variable Dþ → K0
Sπ

0eþνe Dþ → K0
Sπ

0μþνμ

mK̄�0 (MeV=c2) 897.3� 0.3� 2.2
ΓK̄�0 (MeV=c2) 45.2� 0.6� 0.5
rV 1.42� 0.03� 0.02
r2 0.75� 0.03� 0.01
a1=2S;BG ðGeV=cÞ−1 2.32� 0.11� 0.25 1.47� 0.25� 0.22

rS ðGeVÞ−1 −8.44� 0.13� 0.37 −9.59� 0.46� 0.58
fS-wave 6.39� 0.17� 0.14 7.10� 0.68� 0.41
fK̄�0 93.50� 0.18� 0.28 92.81� 0.67� 0.47
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added in quadrature, are shown in Fig. 3. A tabulated
version is given in Supplemental Material [44]. In general,
the null-test observables show agreement with the SM
predictions of zero.
The systematic uncertainties typically range from neg-

ligible to 50% of the statistical uncertainty, depending on
the observable and the q2 region. These arise from the
following sources: the model used in the Umiss fits, the D−

ST yield, the input Dþ lifetime, the estimation of the
efficiency correction, and the limited size of the MC
simulation sample. The leading systematic uncertainties
are from the Umiss fits; these are evaluated by repeating the
analysis after either changing the simulation shape or fixed
yield, the largest contribution from the background shape,
or the fixed peaking background yield.
The ratio of the BFs between Dþ → K0

Sπ
0μþνμ and

Dþ → K0
Sπ

0eþνe is determined to be Rμ=e ¼ 0.94�
0.02stat � 0.01syst, which is consistent with the SM pre-
dictions from 0.92 to 0.95 [18]. The values of Rμ=e in
different q2 intervals are shown in Fig. 3. Here, the
correlated systematic uncertainties associated with the
reconstruction of K0

S and π0, Emax
γ ; Ntrack

extra; N
π0
extra, and

K0
Sπ

0lþ requirements, as well as the quoted BF and MC
model, largely cancel out. The results in q2 bins are all
consistent with the SM predictions.
In summary, using 20.3 fb−1 [68] of eþe− collision data

taken at
ffiffiffi
s

p ¼ 3.773 GeV with the BESIII detector, the
first measurement of full set of CP asymmetries and
averaged angular observables with ACP in the decays
Dþ → K̄�0lþνl via K̄�0 → K0

Sπ
0 is reported. All measured

null-test observables ACP, hS7−9i and hA2−9i are in agree-
ment with the SM predictions, with the largest deviation
being 1.7σ. These results help constrain the parameters of
physics models extending the SM. In addition, the absolute
BF of Dþ → K0

Sπ
0μþνμ is measured for the first time, and

the absolute BF of Dþ → K0
Sπ

0eþνe is measured with
improved precision. By analyzing the Dþ → K0

Sπ
0lþνl

decay dynamics, the fraction of the P-wave component and
the hadronic FF ratios ofDþ → K̄�0 are presented. We have
also tested LFU with Dþ → K̄�0lþνl integrated over q2 as
well as in five q2 intervals, and no LFU violation is
observed.
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