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Using 20.3 fb−1 of eþe− collision data taken at the center-of-mass energy of
ffiffiffi
s

p ¼ 3.773 GeV, we
report the first experimental constraint on the scalar current in the D0ðþÞ → K̄lþνl transitions, based on a
simultaneous fit to the first measured forward-backward asymmetries and precisely determined partial
decay rates. The parameters of the scalar current are determined to be ReðcμSÞ ¼ 0.017� 0.008stat �
0.006syst and ImðcμSÞ ¼ �ð0.077� 0.011stat � 0.009systÞ, which deviates from the standard model by a

significance of 2.3σ. The branching fractions of D0ðþÞ → K̄lþνl, the hadronic form factor fþð0Þ, and the
modulus of the c → s Cabibbo-Kobayahsi-Maskawa matrix element jVcsj are also determined with
improved precision. In addition, lepton flavor universality is tested via the ratios of the decay rates between
semimuonic and semielectronic decays in the full momentum transfer range and in subranges.

DOI: 10.1103/2ygw-n5b1

In the standard model (SM), the couplings between the
gauge bosons and the three families of leptons are expected
to be the same, known as lepton flavor universality (LFU).
Any observation of LFU violation indicates potential new
physics (NP) effects beyond the SM. In recent years,
several hints of lepton nonuniversal effects have been
reported in the B meson semileptonic decays via
b → cτþντ [1–5] and b → slþl− (l ¼ e, μ) [6–10] tran-
sitions. While some of these violations disappear after
further update measurements, some anomalies remain.
Various theoretical scenarios involving two-Higgs-doublet
models [11,12] and leptoquark models [13,14], as well as
model independent investigations [15], suggest that the
violations could be attributed to a scalar current in the weak
interaction. Given the weak interaction in the SM is only
contributed by vector and axial-vector currents, such a
scalar current would be a clear sign of NP. While con-
strained in Bmeson decays [10,15], its magnitude in charm
decays remains virtually unexplored. References [16–20]
state that the scalar current could also cause a deviation
from the SM in the c → slþνl transition. The partial decay
rates ðdΓ=dq2Þ and the forward-backward asymmetries
AFBðq2Þ of the semileptonic (SL) decays D0ðþÞ → K̄lþνl
are sensitive to the scalar current contributions in the
c → slþνl transition. Therefore, experimental studies of
these decays are important to explore the parameter space

of the scalar current, which may reveal unknown scalar
boson contributions beyond the SM [11–14].
In addition, precise measurements of the D0ðþÞ →

K̄lþνl decay dynamics are critical to determine the
hadronic transition form factor (FF) fþð0Þ and the modulus
of the c → s Cabibbo-Kobayashi-Maskawa (CKM) matrix
element jVcsj. A precisely measured fþð0Þ allows for
stringent tests of different theoretical predictions [21–31],
and an accurately determined jVcsj is important for testing
the CKM matrix unitarity. Also, the full and partial decay
widths ΔΓl¼e;μ of D0ðþÞ → K̄lþνl, measured with
improved precision, provide an important test of the
LFU via the ratio Rμ=e ≡ ðΔΓμ=ΔΓeÞ.
Previously, the branching fraction (BF) and the decay

dynamics of D0ðþÞ → K̄lþνl have been widely investi-
gated by BES [32–34], BABAR [35], Belle [36], CLEO
[37–40], and BESIII Collaborations [41–48]. However, no
experimental study of the scalar current and the forward-
backward asymmetry ofD0ðþÞ → K̄lþνl has been reported
yet. With 20.3 fb−1 of eþe− collision data taken at the
center-of-mass energy of

ffiffiffi
s

p ¼ 3.773 GeVwith the BESIII
detector, this Letter presents the first experimental con-
straint on the scalar current in the D0ðþÞ → K̄lþνl tran-
sition, based on a simultaneous fit to the first measured
forward-backward asymmetries and precisely determined
partial decay rates. The BFs of D0ðþÞ → K̄lþνl, as well as
the product of the FF fþð0Þ and the modulus of the CKM
matrix element jVcsj are determined with improved pre-
cision. The results supersede those reported in Ref. [48],
which was based on a portion of the data sample used in
this Letter. Charge conjugate modes are implied throughout
this Letter.
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Details about the design and performance of BESIII
detector are given in Refs. [49,50]. The inclusive
Monte Carlo (MC) samples, described in Refs. [51–56],
are used to estimate the background in this analysis. The
signal MC samples ofD0ðþÞ → K̄lþνl are simulated with a
specific two-parameter series expansion model [57] using
parameters obtained in this Letter.
At

ffiffiffi
s

p ¼ 3.773 GeV, the D and D̄ mesons are produced
in pairs without accompanying particles in the final state.
This property allows us to study SL D decays with the
double-tag (DT) method [58]. First, the single-tag (ST) D̄
mesons are reconstructed with the hadronic decay modes
D̄0 → Kþπ−, Kþπ−π0, Kþπ−π−πþ, K0

Sπ
þπ−, Kþπ−π0π0,

and Kþπ−π−πþπ0; D− → Kþπ−π−, K0
Sπ

−, Kþπ−π−π0,
K0

Sπ
−π0, K0

Sπ
þπ−π−, and KþK−π−. In the presence of

the ST D̄mesons, candidates for the signal decaysD0ðþÞ →
K̄lþνl are selected to form DT events, in which K̄0 is
reconstructed via K0

S → πþπ− and the lepton l denotes the
electron and muon. The BF of the signal decay is
determined by

Bsig ¼
NDT

Ntot
ST × ϵ̄sig × Bsub

: ð1Þ

Here, Ntot
ST ¼ P

i N
i
ST and NDT are the total ST

and DT yields after summing over all tag modes; ϵ̄sig ¼P
iðNi

ST=N
tot
STÞðϵiDT=ϵiSTÞ is the averaged signal efficiency

of selecting D0ðþÞ → K̄lþνl in the presence of ST D̄
mesons, where ϵiST and ϵiDT are the ST and DT efficiencies
for the ith tag mode, respectively; Bsub ¼ BðK̄0 →
K0

S; K
0
S → πþπ−Þ [59] for Dþ channels and Bsub ¼ 1 for

D0 channels.
The selection criteria of π�; K�; K0

S; γ, and π
0 candidates

are the same as those in Ref. [60]. Two kinematic variables,
the energy difference ΔE≡ ED̄ − Ebeam and the beam-
constrained mass MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam − jp⃗D̄j2

p
, are used to

distinguish the ST D̄ mesons from combinatorial back-
grounds, where Ebeam is the beam energy and ðED̄; p⃗D̄Þ is
the four momentum of the ST D̄ in the eþe− rest frame. The
combination with the smallest jΔEj is chosen if there are
multiple combinations in an event.
The ST candidates must satisfy tag mode

requirements for ΔE, corresponding to about�3.5σ around
the fitted peaks. The ST yields in data for each tag mode
are obtained by fitting individual MBC distributions.
Candidates with MBC ∈ ½1.859; 1.873� GeV=c2 for D̄0

and MBC ∈ ½1.863; 1.877� GeV=c2 for D− are retained
for further analysis [61]. The ΔE requirements, the ST
yields in data, and the ST efficiencies for different tag
modes are provided in Ref. [60]. Summing over all the tag
modes, Ntot

ST is determined to be ð10646.9� 3.8Þ × 103 for
D− and ð20226.3� 5.5Þ × 103 for D̄0.

In the presence of the tagged D̄, candidates for
D0 → K−eþνe, D0 → K−μþνμ, Dþ → K̄0eþνe, and
Dþ → K̄0μþνμ are selected from the residual tracks and
showers, with the same selection criteria as those in
Ref. [48] except that the MK̄μ requirements are optimized
to MK−μþ < 1.56 GeV=c2 for D0 → K−μþνμ and
MK0

Sμ
þ < 1.59 GeV=c2 for Dþ → K̄0μþνμ. The detailed

descriptions are available in Ref. [60].
Since the neutrino is undetectable by the BESIII detector,

its four momentum ðEmiss; p⃗missÞ is obtained by calculating
the missing energy and momentum, defined as Emiss ≡
Ebeam − EK̄ − Elþ and p⃗miss ≡ p⃗D − p⃗K̄ − p⃗lþ , where
ðE; p⃗Þ is the four momentum of K̄ or lþ. A kinematic
variable Umiss ≡ Emiss − jp⃗missj is defined to obtain the
signal yield. To further improve the resolution of the
neutrino, the momentum of the D meson is constrained

as p⃗D ¼ −p̂D̄

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

D̄

q
, where p̂D̄ is the unit vector in

the momentum direction of the ST D̄ meson and mD̄ is the
known D̄ mass [59].
The signal yields ofD0ðþÞ → K̄lþνl are determined from

binned maximum likelihood fits to the Umiss distributions of
the accepted candidates, as shown in Fig. 1. In the fits, the
signals are modeled by the MC-simulated shape convolved
with Gaussian resolution functions with free parameters to
account for the difference between data and MC simulation.
The peaking backgroundsD → K̄πþπ0 for theD → K̄μþνμ
are described with the simulated shape convolved with the
same Gaussian functions with floating yields. The other
background components are modeled by the inclusive MC
sample. Both the yields of signal and backgrounds are
floated in the fits. The fitted signal yields in data, the
averaged signal efficiencies corrected for the data-MC
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FIG. 1. Fits to the Umiss distributions of D0ðþÞ → K̄lþνl. The
points with error bars are data. The blue solid lines denote the
total fits. The red, blue, and black dashed lines show the signal,
peaking background, and other background contributions, re-
spectively.
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differences [60] on tracking and particle identication (PID)
efficiencies, and the BFs are summarized in Table I. Input
and output checks have been performed with MC simulation
to ensure the analysis workflow is correct. Based on these,
we determine the ratios of the BFs between semimuonic
and semielectronic D decays: RD0

μ=e ¼ 0.971� 0.003stat �
0.004syst and RDþ

μ=e ¼ 0.982� 0.004stat � 0.002syst, which
are consistent with the LFU predicted value of 0.975�
0.001 [62] within 1.5σ.
The systematic uncertainties in the BF measurements

include the uncertainties due to ST yields (0.3%), K0
S

reconstruction (0.4%), correction factors for data-MC
differences on tracking (0.1%) and PID (0.1%) efficiencies,
requirements on maximum energy of the extra photon

(0.1%) and MKl (negligible), Umiss fit (0.08%–0.29%),
quoted Bsub (0.07%), MC statistics (0.04%), and MCmodel
(0.04%–0.15%). The detailed descriptions and values are
available in Ref. [60].
The q2-binned partial decay rates in the ith q2

interval ΔΓi ¼
R q2

maxðiÞ
q2
minðiÞ

ðdΓ=dq2Þdq2 are determined using

ΔΓi ¼ Ni
prd=ðτD · Ntot

STÞ, where Ni
prd is the number of

produced events in the ith q2 interval and τD is the D
lifetime [59]. Ni

prd ¼
P

jðϵ−1ij ÞNj
obs is obtained by perform-

ing similar fits to the Umiss distributions in each q2 interval
to determine the numbers of observed events Nj

obs and then
transforming them into the produced ones with the effi-
ciency matrix ϵij, based on MC simulation [60]. The
systematic uncertainty studies are performed with similar
approaches as those for the BF measurement with details
shown in Ref. [60]. The measured partial decay rates of
D0ðþÞ → K̄lþνl as well as the calculated ratios Rμ=e are
shown in the top and bottom panels of Fig. 2, respectively.
The q2-binned forward-backward asymmetry in the ith

q2 interval,

AFB;i ¼
Z

q2
maxðiÞ

q2
minðiÞ

AFBðq2Þ
dΓ
dq2

dq2=
Z

q2
maxðiÞ

q2
minðiÞ

dΓ
dq2

dq2; ð2Þ

TABLE I. The fitted signal yields in data (NDT), the averaged
signal efficiencies corrected for data-MC differences (ϵ̄sig), and
the BFs (Bsig), where the first uncertainties are statistical and the
second systematic.

Channel NDT (×103) ϵ̄sig (%) Bsigð%Þ
D0 → K−eþνe 489.8� 0.8 68.25� 0.02 3.548� 0.006� 0.017
D0 → K−μþνμ 403.9� 0.8 57.96� 0.02 3.445� 0.007� 0.017
Dþ → K̄0eþνe 149.3� 0.4 45.39� 0.02 8.928� 0.025� 0.050
Dþ → K̄0μþνμ 125.1� 0.4 38.74� 0.02 8.770� 0.029� 0.053

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

(h)(g)(f)(e)

(i) (j)

FIG. 2. Simultaneous fit to the measured partial decay rates (a) to (d), forward-backward asymmetries (e) to (h) of D0ðþÞ → K̄lþνl,
and the fit projections on the ratios of differential decay ratesRμ=e (i) and (j). The black points with red error bars are data, the solid lines
are the fit projections with scalar current (SC) contribution included, and the dashed lines are the fit projections without scalar current
contribution.
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is measured by AFB;i ¼ ½ðNi
prd;f − Ni

prd;bÞ=ðNi
prd;f þ Ni

prd;bÞ�,
where Ni

prd;ðf;bÞ is the number of produced forward

(cos θW > 0) and backward (cos θW < 0) events in the
ith q2 interval obtained using the similar approach as that
of partial decay rates, where θW is the angle between the
flight direction of the lepton and opposite flight direction of
D in the lνl rest frame. Some systematic uncertainties
cancel, except for the Umiss fit [ð1 − 8Þ × 10−4], correction
factors related to lepton (1 × 10−4), requirements on MKl

(negligible), and MC statistics (< 7 × 10−4), where the
values correspond to absolute uncertainties. The measured
forward-backward asymmetries of D0ðþÞ → K̄lþνl are
shown in Fig. 2.
The scalar current contribution is obtained via a simul-

taneous fit to the partial decay rates ðdΓ=dq2Þ and forward-
backward asymmetries AFBðq2Þ, the explicit expressions of
which are written as [17,30]

dΓ
dq2

¼ N ðq2Þ
�
1 −

m2
l

q2

�
2
��

1þ m2
l

2q2

�
jh0ðq2Þj2

þ 3m2
l

2q2
jhtðq2Þj2

�
; ð3Þ

and

AFBðq2Þ ¼
3N ðq2Þ

2

1

dΓl=dq2

�
1 −

m2
l

q2

�
2

×
m2

l

q2
Re

�
h0ðq2Þh�t ðq2Þ

�
; ð4Þ

respectively. Here, N ðq2Þ ¼ ðG2
FjVcsj2jqjq2=96π3m2

DÞ is
the factor including the Fermi coupling constant GF, the
CKM matrix element Vcs, and the mass of D meson mD; q
is the four momentum of the lνl system in the D rest
frame, and jqj is the magnitude of the three momentum
of q; ml is the mass of the lepton. With scalar currents
included, the hadronic helicity amplitudes h0ðtÞðq2Þ are
modified as

h0ðq2Þ ¼
2mDjqjffiffiffiffiffi

q2
p fþðq2Þ;

htðq2Þ ¼
�
1þ clS

q2

mlðms −mcÞ
�
m2

D −m2
Kffiffiffiffiffi

q2
p f0ðq2Þ; ð5Þ

where fþ;0ðq2Þ are the form factors; clS ¼ clR þ clL is the
scalar combination of Wilson coefficients for the right- and
left-handed scalar currents [17]; mc ¼ 1.273 GeV=c2 and
ms ¼ 93.5 MeV=c2 [59] are the MS masses at the energy
scale μ ¼ mc and 2 GeV, respectively; mK is the mass of
kaon. The FF fþðq2Þ is parametrized in the two-parameter
series expansion approach [57] as

fþðq2Þ ¼
1

Pðq2ÞΦðq2Þ
fþð0ÞPð0ÞΦð0Þ
1þ r1ðt0Þzð0; t0Þ

× f1þ r1ðt0Þ½zðq2; t0Þ�g; ð6Þ

where the parameters r1ðt0Þ and fþð0Þ are floated in the fit.
The FF f0ðq2Þ is modeled with the one-parameter series
expansion as

f0ðq2Þ ¼
1

Pðq2ÞΦðq2Þ f0ð0ÞPð0ÞΦð0Þ; ð7Þ

where the usual kinematic constraint fþð0Þ ¼ f0ð0Þ [17] is
used in this fit. The detailed definitions of variables shown
in Eqs. (6) and (7) are given in Ref. [60]. The Wilson
coefficient clS is generally allowed to be complex, thus two
parameters ReðcμSÞ and ImðcμSÞ are introduced for the muon
channels. For the positron one, the partial decay rates are
only sensitive to the modulus jceSj and the forward-
backward asymmetry is not sensitive to the scalar current
contribution, thus only one parameter jceSj is considered.
The fit is performed by minimizing the χ2 function

constructed as

χ2 ¼ χ2ΔΓ þ χ2AFB
: ð8Þ

The decay rate part χ2ΔΓ is defined as

X
i;j

ðΔΓmsr
i − ΔΓfit

i ÞðC−1
ΔΓÞijðΔΓmsr

j − ΔΓfit
j Þ; ð9Þ

which sums over all four signal channels and takes the
correlations between different q2 intervals and signal
channels into consideration with the sum of statistical
and systematic covariance matrices Cij ¼ Cstat

ij þ Csyst
ij .

Here, ΔΓmsr and ΔΓfit are the measured and fitted decay
rates, respectively. The forward-backward asymmetry part
χ2AFB

is defined similarly as

X
i;j

ðAmsr
FB;i − Afit

FB;iÞðC−1
FBÞijðAmsr

FB;j − Afit
FB;jÞ; ð10Þ

where the correlations between different signal channels are
ignored, since the only correlated uncertainty caused by the
correction factors of lþ is limited.
First, two different fits are performed with and without

the scalar current contribution, with the clS shown in Eq. (5)
allowed to float and fixed to zero, respectively.
Corresponding fit projections are shown in Fig. 2, and
the fitted parameters are summarized in Table II. No
significant deviation from the SM is found in the positron
channels with the fitted jceSj consistent with zero. For the
muon channels, cμS is found to deviate from zero as shown
in Fig. 3(a), especially on its imaginary part.
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Since LFU may not hold for the scalar current, the
coupling to muons may be significantly larger than that to
positrons. Therefore, to estimate the significance of non-
zero cμS alone, a third fit is performed in which cμS is float
while jceSj ¼ 0 is fixed to zero; this fit serves as the
alternative hypothesis and yields χ2=ndf ¼ 135.9=140.
Comparing this with the null hypothesis, which assumes
no scalar current and gives χ2=ndf ¼ 143.5=142, we
obtained Δχ2 ¼ 7.6 and Δndf ¼ 2, corresponding to a
significance of 2.3σ based on the Wilks’s theorem.
Further constraints on the right- and left-handed com-

ponents of the scalar current are obtained by combining
with the decay rates of Dþ

s → lþνl, which are sensitive
to the pseudoscalar combination of Wilson coefficients
clP ¼ clR − clL as [17]

BðDþ
s → lþνlÞ ¼ τDs

mDs

8π
f2Ds

�
1 −

m2
l

m2
Ds

�
2

G2
F

× jVcsj2m2
l

����1 − clP
m2

Ds

ðmc þmsÞml

����
2

:

ð11Þ

Here, the measured BFs BðDþ
s → lþνlÞ are taken from the

Particle Data Group [59], and the inputs of fDs
¼ 249.9�

0.5 MeV from a lattice quantum chromodynamics (LQCD)
calculation [63] and jVcsj ¼ 0.973 49� 0.000 16 from the
global SM fit [59] are used. Since the Dþ

s → lþνl decay
cannot constrain the real and imaginary parts of clP
simultaneously, the Wilson coefficient clRðLÞ is assumed

to be real with T parity conserved here. As shown in
Figs. 3(b) and 3(c), both the real parts of the right- and left-
handed Wilson coefficients clR and clL are consistent
with zero.
Furthermore, the simultaneous fit without a NP contri-

bution gives the product of the FF fþð0Þ and the modulus
of the CKM matrix element jVcsj to be fþð0ÞjVcsj ¼
0.7183� 0.0007stat � 0.0014syst. Taking jVcsj ¼
0.973 49� 0.000 16 given by the Particle Data Group
[59] as input, we determine fþð0Þ ¼ 0.7378�
0.0007stat � 0.0014syst, which results in a stringent test
of various theoretical calculations. Conversely, taking
fþð0Þ ¼ 0.7452� 0.0031 calculated with LQCD [26],
we obtain jVcsj ¼ 0.9639� 0.0009stat � 0.0018syst �
0.0040LQCD, which is important for testing the CKMmatrix
unitarity.
In summary, by analyzing 20.3 fb−1 of eþe− collision

data taken at
ffiffiffi
s

p ¼ 3.773 GeV by BESIII, we report the
first measurement of the forward-backward asymmetries as
well as the precise measurements of the partial decay rates
of D0ðþÞ → K̄lþνl. A simultaneous fit to these kinematic
variables gives the first experimental constraint on the
scalar current contribution in the D0ðþÞ → K̄lþνl
transition (l ¼ e, μ). The complex Wilson coefficient is
determined to be ReðcμSÞ ¼ 0.017� 0.008stat � 0.006syst
and ImðcμSÞ ¼ �ð0.077� 0.011stat � 0.009systÞ, which
deviates from the SM by 2.3σ. This result provides an
important constraint on the scalar current contribution in

(a) (b) (c)

FIG. 3. The confidence regions of (a) the scalar combination of complex Wilson coefficients cμS with probabilities of 68%, 95%, and
99% from D0ðþÞ → K̄lþνl, as well as (b),(c) the right- and left-handed real Wilson coefficients clR and clL with probabilities of 95% by
combining with the Dþ

s → lþνl decay rate. The red dot indicates the SM value.

TABLE II. Fitted parameters and overall quality of fits with and
without a scalar current (SC) contribution, where the first
uncertainties are statistical and the second are systematic.

Variable With SC Without SC

fþð0ÞjVcsj 0.7193� 0.0008� 0.0014 0.7183� 0.0007� 0.0014
r1 −2.23� 0.04� 0.02 −2.28� 0.02� 0.02
jceSj 0.02� 0.02� 0.02
ReðcμSÞ 0.017� 0.008� 0.006

ImðcμSÞ �ð0.077� 0.011� 0.009Þ
χ2=ndf 135.8=139 143.5=142
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the SL charmed meson decays, further provides new
insights into the anomalies observed in the beauty sector
[1–10], and facilitates the search for new scalar bosons
beyond the standard model under various new-physics
scenarios. Besides, the improved measurements of the
BFs and tests of LFU in D0ðþÞ → K̄lþνl decays, the
hadronic transition FFs fþð0Þ, as well as the CKM matrix
element jVcsj, which are in the highest precision to date, are
also presented.
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