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Using 2.93 fb−1 of eþe− collision data collected with the BESIII detector at a center-of-mass energy of
3.773 GeV, we measure the absolute branching fractions of the decays D0 → K−eþνe and Dþ → K̄0eþνe
to be ð3.567� 0.031stat � 0.025systÞ% and ð8.68� 0.14stat � 0.16systÞ%, respectively. Starting with the
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process eþe− → DD̄, a new reconstruction method is employed to select events that contain candidates
for both D → K̄eþνe and D̄ → Ke−ν̄e decays. The branching fractions reported in this work are
consistent within uncertainties with previous BESIII measurements that selected events containing
D → K̄eþνe and hadronic D̄ decays. Combining our results with the lifetimes of the D0 and Dþ mesons
and the previous BESIII measurements leads to a ratio of the two decay partial widths of
Γ̄D0→K−eþνe
Γ̄Dþ→K̄0eþνe

¼ 1.039� 0.021. This ratio supports isospin symmetry in the D0 → K−eþνe and Dþ →

K̄0eþνe decays within 1.9σ.

DOI: 10.1103/PhysRevD.104.052008

I. INTRODUCTION

Experimental studies of semileptonic D0ðþÞ decays are
important for our understanding of the strong and weak
interactions in charmed meson decays. Among all exclu-
sive semileptonic D0ðþÞ decays, the D0 → K−eþνe and
Dþ → K̄0eþνe decays have the largest branching fractions,
the cleanest experimental signatures, and the highest event
yields. Precise measurements of these decay branching
fractions probe nonperturbative effects in heavy meson
decays, and can be used to validate the theoretical pre-
dictions [1–4] shown in Table I. Moreover, an accurate
measurement of the ratio of branching fractions of
the decays D0 → K−eþνe and Dþ → K̄0eþνe is an
important test of isospin symmetry in the context of
weak decays. Finally, as pointed out in Ref. [5], semi-
leptonic branching fractions can be used to determine
the product of the hadronic form factor fKþð0Þ and the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element
jVcsj. Measuring fKþð0Þ tests key predictions from lattice
QCD calculations, and measuring jVcsj probes the
unitarity of the CKM matrix.
Direct measurements of the branching fractions of the

D0 → K−eþνe and Dþ → K̄0eþνe decays have previously
been reported by BES [10,11], Belle [12], CLEO [6],
and BESIII [7,8,13,14], and indirect measurements of the
D0 → K−eþνe decay have previously been presented by
E691 [15], CLEO [16,17], and BABAR [18]. In this work, a
new technique is used to determine the absolute branching
fractions of the decays D0 → K−eþνe and Dþ → K̄0eþνe
by reconstructing both D → K̄eþνe and D̄ → Ke−ν̄e
within the same events. We use 2.93 fb−1 of eþe− collision
data collected with the BESIII detector at a center-of-mass
energy of

ffiffiffi
s

p ¼ 3.773 GeV.

II. MEASUREMENT METHOD

The ψð3770Þ resonance decays predominately into DD̄
meson pairs and our new method finds candidate events
that either include D0→K−eþνe and D̄0→Kþe−ν̄e decays
or Dþ→ K̄0eþνe and D−→K0e−ν̄e decays. These are
called neutral and charged double-tag (DT) events, respec-
tively. The yield of the DT signal events is given by

NDT ¼ NDD̄ · B2
SL · ϵDT; ð1Þ

where NDD̄ is the total number of D0D̄0 or DþD− pairs in
the data set, BSL is the branching fraction of the signal
D0 → K−eþνe or Dþ → K̄0eþνe decay, and ϵDT is the
efficiency of detecting the DT signal events. The branching
fraction of the D0 → K−eþνe or Dþ → K̄0eþνe decay can
then be determined by

BSL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NDT=ðNDD̄ · ϵDTÞ

p
: ð2Þ

In our previous work, we have determined ND0D̄0 ¼
ð10597� 28� 98Þ × 103 and NDþD− ¼ ð8296� 31�
65Þ × 103 using hadronic D decays [19]. Therefore, the
semileptonic signal events used in this analysis are inde-
pendent of the quoted numbers of ND0D̄0 and NDþD− .

III. BESIII DETECTOR AND MONTE CARLO

The BESIII detector is a magnetic spectrometer [20]
located at the Beijing Electron Positron Collider (BEPCII)
[21,22]. The cylindrical core of the BESIII detector 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 superconducting solenoidal magnet

TABLE I. Branching fractions (in %) ofD0 → K−eþνe andDþ → K̄0eþνe predicted by the covariant confined quark model (CCQM)
[1], chiral unitary approach (HMχT) [2], light-front quark model (LFQM) [3], and light-cone QCD sum rules (LCSR) [4], as well as
comparison with the CLEO, BESIII, and world average values.

Decay CCQM [1] HMχT [2] LFQM [3] LCSR [4] CLEO-c [6] BESIII [7,8] PDG [9]

D0 → K−eþνe 3.63 3.4 � � � 3.20þ0.47
−0.43 3.50� 0.03� 0.04 3.505� 0.014� 0.033 3.542� 0.035

Dþ → K̄0eþνe 9.28 8.4 10.32� 0.93 8.12þ1.19
−1.08 8.83� 0.10� 0.20 8.60� 0.06� 0.15 8.73� 0.10
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providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identifier modules interleaved with steel.
The acceptance of charged particles and photons is 93%
over the 4π solid angle. The charged-particle momentum
resolution at 1 GeV=c is 0.5%, and the specific energy loss
(dE=dx) resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is 68 ps,
while that of the end cap part is 110 ps.
Simulated event samples, produced with the GEANT4-

based [23] Monte Carlo (MC) package and including the
geometric description of the BESIII detector and the
detector response, are used to determine the detection
efficiency and estimate the backgrounds. The simulation
includes the beam-energy spread and initial-state radia-
tion (ISR) in the eþe− annihilations modeled with the
generator KKMC [24]. The inclusive MC samples consist
of the production of DD̄ pairs with consideration of
quantum coherence for all neutral D modes, the non-DD̄
decays of the ψð3770Þ, the ISR production of the J=ψ and
ψð3686Þ states, and the continuum processes. The known
decay modes are modeled with EVTGEN [25] using
the branching fractions taken from the Particle Data
Group (PDG) [9], and the remaining unknown decays
from the charmonium states are modeled with
LundCharm [26]. Final-state radiation from charged
final-state particles is incorporated with the PHOTOS
package [27]. The D0 → K−eþνe and Dþ → K̄0eþνe
decays are simulated with the modified pole model
[28] with the pole mass fixed to the D�þ

s nominal mass
[9] and the other parameters taken from our measure-
ments in Refs. [7,8], respectively.

IV. EVENT SELECTION

The selection criteria of charged and neutral kaons as
well as electrons (eþ or e−) are the same as those used in
Refs. [13,29–38]. All charged tracks are required to be
within a polar angle (θ) region of jcos θj < 0.93. All
charged tracks not from K0

S decays are required to originate
from the interaction point with a distance of closest
approach less than 1 cm in the transverse plane
perpendicular to the MDC axis and less than 10 cm along
the MDC axis.
Particle identification (PID) of charged kaons is per-

formed by combining dE=dx and TOF information. For
electron candidates, EMC information is also incorporated.
Charged tracks satisfying confidence levels CLe > 0.001
and CLe=ðCLe þ CLπ þ CLKÞ > 0.8 are assigned as elec-
tron candidates. Kaon candidates are required to satisfy
CLK > CLπ , but must fail to satisfy the electron PID
requirements. This reduces background from Bhabha
scattering events with a radiative photon converting into

an eþe− pair. To suppress misidentification between
electrons and hadrons, the ratio of the deposited energy
in the EMC of an electron candidate to its momentum in the
MDC is required to be within (0.8, 1.2).
Neutral kaon candidates are reconstructed by using the

K̄0 → K0
S → πþπ− decay mode. For two charged pion

candidates, the distance of the closest approach to the
interaction point is required to be less than 20 cm along
the MDC axis. They are assigned as πþπ− without
PID requirements. The two charged pion candidates are
constrained to originate from a common vertex and
are required to have an invariant mass within
ð0.486; 0.510Þ GeV=c2, which corresponds to about 3
times the resolution. The decay length of the K0

S candidate
is required to have a decay vertex more than two standard
deviations away from the interaction point.
Electrons often produce final-state radiation and brems-

strahlung (collectively named FSR in the following) in the
innermost parts of the detector. We identify FSR photons as
EMC showers that occur within 15° of the electron’s initial
direction (before curving in the magnetic field). We
further require the FSR photons deposit greater than
0.025 GeV in the barrel region of the EMC or greater
than 0.050 GeV in the end cap region, and that their
shower time is within 700 ns of the event start time. The
four-momenta of these FSR candidates are then added
back to the electron tracks. This is called FSR recovery. To
suppress backgrounds associated with a photon con-
verting into an eþe− pair, especially from the radiative
Bhabha events for neutral DT candidates, the opening
angles between electron and positron candidates and
between Kþ and K− candidates are required to satisfy
cos θeþe− < 0.95 and cos θKþK− < 0.95.
Figure 1 shows the MKK̄eþe− distributions of the candi-

date events selected from data and the inclusive MC
sample. To further reject backgrounds from Bhabha
scattering events and eþe− → ðγÞKþK−eþe− events,
which concentrate around 4.05 and 3.773 GeV=c2 in the
MKþK−eþe− distribution, respectively,MKþK−eþe− is required
to be less than 3.50 GeV=c2.
The main source of background for the neutral DT

channel are events with D0 → K−π0eþνe and D̄0 →
Kþe−ν̄e. For the charged DT channel, the main background
comes from events with Dþ → K0

Sπ
0eþνe and D−→

K0
Se

−ν̄e. The processes D0→K−π0eþνe and Dþ →
K0

Sπ
0eþνe are dominated by D0 → K�ð892Þ−eþνe and

Dþ → K̄�ð892Þ0eþνe, respectively. To suppress back-
ground processes with extra photon(s) and π0ðsÞ, we
require that the maximum energy of any extra photon
(Emax

extraγ) is less than 0.25 GeV and there is no extra π0

candidate in the event (Nextraπ0). The π0 candidates are
reconstructed via the π0 → γγ decay and the opening angle
between the photon candidate and the nearest charged track
is required to be greater than 10°. Any photon pair with an
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invariant mass between ð0.115; 0.150Þ GeV=c2 is regarded
as a π0 candidate, and a kinematic fit is imposed on the
photon pair to constrain its invariant mass to the π0 nominal
mass [9].

V. DATA ANALYSIS

The numbers of DT candidate events for the neutral and
charged channels are measured using the missing mass
squared:

M2
miss ≡ E2

miss − jp⃗missj2;

where Emiss and p⃗miss are the missing energy and momen-
tum in the eþe− center-of-mass frame, respectively. They
are calculated using

Emiss ¼ 2Ebeam −
X

i

Ei;

and

jp⃗missj ¼
���
X

i

p⃗i

���;

where Ebeam is the beam energy and Ei and p⃗i are the
measured energy and momentum of particle i in the eþe−

center-of-mass frame, summing over K, K̄, eþ, and e−. The
M2

miss distributions of the candidate events surviving in
data and the inclusive MC sample are shown in Fig. 2.
Good consistency between data and the MC simulation
can be seen. Signal events appear in a wide range,
ð−0.02; 2.50Þ GeV2=c4, due to the two missing neutrinos
in the final state. The numbers of events in the signal region
for neutral and charged DT candidate events are 4449 and
1317, respectively.

VI. BACKGROUND ANALYSIS

Background events are divided into three categories.
The first category comes from ψð3770Þ → DD̄ decays. The
corresponding background yields are estimated from the
number of D0D̄0 or DþD− pairs in the data, the relevant
branching fractions for the D and D̄ decays, and the
individual MC-determined misidentification rates. The
branching fractions used for Dþ → K0

Sl
þνl (l ¼ e or μ)

and Dþ → K0
Ll

þνl are taken as half the world average
value of the branching fraction for Dþ → K̄0lþνl. The
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D0 → K−π0eþνe and D0 → K0
Lπ

−eþνe decay branching
fractions have not been (well) measured so we use half
of the world average value of the branching fraction for
D0 → K̄0π−eþνe [dominated by D0 → K�ð892Þ−eþνe]
using isospin symmetry. The Dþ → K0

Sπ
0eþνe and Dþ →

K0
Lπ

0eþνe decays also have poor or no information in the
PDG [9], so we use one quarter of the world average value
branching fraction for Dþ → K−πþeþνe [dominated by
Dþ → K̄�ð892Þ0eþνe], using isospin symmetry. For the
other D decays, the branching fractions used are directly
taken from the PDG [9]. For neutral DT candidates, the two
largestDD̄ background sources are from events withD0 →
K−π0eþνe and D̄0 → Kþe−ν̄e þ c:c. (79.1%) and events
with D0 → K−π0eþνe and D̄0 → πþe−ν̄e þ c:c. (3.7%).
For charged DT candidates, the largest two DD̄ back-
ground sources are from events with Dþ→K0

Sπ
0eþνe and

D−→K0
Se

−ν̄eþc:c. (79.7%) and events with Dþ →
K0

Se
þνe and D− → Kþπ−e−ν̄e þ c:c. (9.7%). For each of

the other sources, the background yield constitutes no more
than 2.7% of the total DD̄ background yield.
The second category of backgrounds comes from the

processes eþe− → qq̄ (q ¼ u, d, s), ISR production of J=ψ
and ψð3686Þ, ψð3770Þ → non-DD̄ decays, and the proc-
esses eþe− → ðγÞlþl− (l ¼ e, μ, τ). The numbers of these
background events are determined by using the integrated
luminosity, the observed cross section of the background
processes at

ffiffiffi
s

p ¼ 3.773 GeV, and the misidentification
rates based on the MC simulation.
The third category, which is only present in neutral DT

events, is from the eþe− → ðγÞKþK−eþe− process. Since
the cross section for eþe− → ðγÞKþK−eþe− is not well
known, we estimate the background yield in the mass
region MKþK−eþe− ∈ ð0; 3.50Þ GeV=c2 by using the num-
ber of events in the data with MKþK−eþe− ∈
ð3.50; 3.90Þ GeV=c2 and the MC-determined ratio of the
background yields between these two regions.

The sources and the estimated yields of the various
background modes for the neutral and charged DT events
are summarized in Table II. The uncertainties in the
background yields include statistical and systematic uncer-
tainties added in quadrature. The systematic uncertainties
considered include the uncertainties on the number of
D0D̄0 or DþD− pairs and the external branching fractions
(or the cross section and the integrated luminosity), as well
as the tracking and PID efficiencies. The total background
yields are 409� 23 and 145� 11 for the neutral and
charged DT events, respectively.

VII. BRANCHING FRACTIONS

Subtracting the background yields from the numbers
of candidate events in the data, the yields of the neutral
and charged DT events (NDT) become 4040� 70 and
1172� 38, respectively.
The efficiencies of finding the neutral and charged

DT signal events (ϵDT) are ð29.97�0.03Þ% and
ð15.67�0.03Þ%, respectively. For the branching fraction
determination, the efficiency for Dþ decay needs to be
corrected by the K̄0 → K0

S → πþπ− [9] decay branching
fraction squared. To guarantee the reliability of the signal
efficiencies, the momentum and cos θ (θ is the polar angle
in the eþe− rest frame) distributions of K, K̄, eþ, and e− of
the accepted candidate events were examined. The data
distributions are found to be well modeled by the MC
simulation [7,8].
Inserting the numbers forNDT,NDD̄, and ϵDT into Eq. (2)

yields

BD0→K−eþνe ¼ ð3.567� 0.031statÞ%
and

BDþ→K̄0eþνe ¼ ð8.68� 0.14statÞ%:

TABLE II. Background sources and the numbers of estimated background events for the neutral and charged DT
channels.

Source D0 → K−eþνe and D̄0 → Kþe−ν̄e Dþ → K̄0eþνe and D− → K0e−ν̄e

D0 → K−eþνe and D̄0 → Kþπ0e−ν̄e 309.7� 21.9 � � �
D0 → K−eþνe and D̄0 → πþe−ν̄e 14.6� 3.6 � � �
Dþ → K̄0eþνe and D− → K0π0e−ν̄e � � � 115.1� 10.6
Dþ → K̄0eþνe and D− → Kþπ−e−ν̄e � � � 14.0� 3.6
ψð3770Þ → other DD̄ decays 67.0� 2.9 15.4� 1.2
ðγÞKþK−eþe− 14.2� 2.7 � � �
qq̄ 1.7� 0.5 0.1� 0.1
ðγISRÞJ=ψ and ðγISRÞψð3686Þ 1.3� 0.4 0.3� 0.2
ψð3770Þ → non-DD̄ decays 0.4� 0.2 0.1� 0.1
ðγÞlþl− Negligible Negligible
Total 408.9� 22.6 145.0� 11.3

The listed eþe− → ψð3770Þ → DD̄ decays include the charge-conjugate modes.
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VIII. SYSTEMATIC UNCERTAINTIES

The sources of the systematic uncertainties in the
D0 → K−eþνe and Dþ → K̄0eþνe branching fraction mea-
surements are summarized in Table III. They are assigned
relative to the measured branching fractions and are
discussed below.
The uncertainties in the numbers of D0D̄0 and DþD−

pairs in the data are 0.9% and 0.8% [19], respectively.
Using error propagation, their effects on the measured
branching fractions of D0 → K−eþνe and Dþ → K̄0eþνe
are 0.45% and 0.40%, respectively.
The tracking (PID) efficiencies of e� and K� are studied

with eþe− → γeþe− events and DT hadronic DD̄ events,
respectively. A small difference between the tracking (PID)
efficiency of data and MC simulation (called the data/MC
difference) is observed. The averaged data/MC differences
of e� tracking and PID efficiencies, weighted by the
two-dimensional (momentum and cos θ) distributions of
signal MC events, are ð0.0� 0.2Þ% and ð−0.7� 0.2Þ%,
respectively. The averaged data/MC differences of K�
tracking and PID efficiencies, weighted by the corres-
ponding momentum spectra from signal MC events, are
ð0.8� 0.2Þ% and ð0.5� 0.2Þ%, respectively. After cor-
recting the MC efficiencies for these averaged data/MC
differences, the systematic uncertainties of tracking and
PID efficiencies per e� (K�) are assigned as 0.2% (0.2%)
and 0.2% (0.2%), respectively.
The efficiency of K0

S reconstruction was estimated by the
control samples of J=ψ → K�ð892Þ∓K� (K�ð892Þ� →
K0

Sπ
�) and J=ψ→ϕK0

SK
�π∓ [14]. The difference of K0

S
reconstruction efficiencies between data and MC simula-
tion, which has been weighted by the K0

S momentum of the
Dþ → K̄0eþνe decay, is determined to be 1.6% per K0

S and
is taken as the associated systematic uncertainty. The
uncertainties of the Emax

extraγ and Nextraπ0 requirements are

estimated to be 0.3% and 0.6% for the neutral and charged
DT events, respectively. These are obtained by analyzing
DT hadronic DD̄ events of D0 → K−πþ and D̄0 →
Kþe−ν̄e and Dþ → K−πþπþ and D− → K0

Se
−ν̄e.

The uncertainty of the quoted branching fraction of
K0

S → πþπ− is 0.1%. The uncertainty in the MC model due
toD → K̄eþνe is estimated to be 0.1% by varying the form
factor parameters by �1σ [7,8]. The impact of the MC
model of D → K̄π0eþνe on the branching fraction meas-
urement is assigned as 0.1% by varying the form factor
parameters by �1σ [39,40]. The limited numbers of MC
events give uncertainties of 0.1% and 0.2% for D0 →
K−eþνe and Dþ → K̄0eþνe, respectively.
The uncertainties due to the requirements of cos θKþK− ,

cos θeþe− , MKþK−eþe− , and M2
miss are examined by

choosing the alternative requirements of cos θKþK− <
0.93 or 0.98, cos θeþe− < 0.93 or 0.98, MKþK−eþe− <
3.30 or 3.40 GeV=c2, and M2

miss ∈ ð0.00; 3.00Þ or
ð−0.02; 2.80Þ GeV2=c4, respectively. For each source,
the largest change of the branching fraction is less than
the statistical uncertainty after taking correlations in the
samples into account, so these associated uncertainties are
neglected, as discussed in Ref. [41].
A summary of the assigned systematic uncertainties is

given in Table III. The total relative uncertainties are
determined to be 0.7% and 1.8% for D0 → K−eþνe and
Dþ → K̄0eþνe, respectively, obtained by adding the indi-
vidual uncertainties quadratically.

IX. SUMMARY

Using an eþe− collision data sample corresponding to
an integrated luminosity of 2.93 fb−1 collected with the
BESIII detector at

ffiffiffi
s

p ¼ 3.773 GeV, the absolute branch-
ing fractions of D0 → K−eþνe and Dþ → K̄0eþνe are
determined with a new method to be ð3.567� 0.031stat �
0.025systÞ% and ð8.68� 0.14stat � 0.16systÞ%. The double-
tag signal samples used in this work are independent of
those adopted in our previous measurements with hadronic
D̄0 or D− tags [7,8,13,14], and the newly obtained
branching fractions have larger statistical uncertainties
and smaller systematic uncertainties. The reported branch-
ing fractions are consistent with the CCQM [1], HMχT [2],
LFQM [3], and LCSR [4] predictions within 2.5σ. Figure 3
gives a comparison of this measurement to the world data.
Good consistency can be seen. Combining the obtained
branching fractions for D0 → K−eþνe and Dþ → K̄0eþνe
with our previous measurements of D0 → K−eþνe [7]
and Dþ → K̄0eþνe [8,13,14], we obtain B̄D0→K−eþνe ¼
ð3.531� 0.024� 0.017Þ% and B̄Dþ→K̄0eþνe ¼ ð8.62�
0.07� 0.14Þ%, where the first error is the combined
statistical and independent systematic uncertainty, while
the second error is the common systematic uncertainty.
Here, the systematic uncertainties due to tracking and PID

TABLE III. Relative systematic uncertainties (in %) in the
branching fraction measurements.

Source BD0→K−eþνe BDþ→K̄0eþνe

NDD̄ 0.45 0.4
K� tracking 0.2 � � �
K� PID 0.2 � � �
e� tracking 0.2 0.2
e� PID 0.2 0.2
K0

S reconstruction � � � 1.6
Emax
extraγ and Nextraπ0 requirements 0.3 0.6

BK0
S→πþπ− � � � 0.1

MC model of D → K̄eþνe 0.1 0.1
MC model of D → K̄π0eþνe 0.1 0.1
MC statistics 0.1 0.2

Total 0.7 1.8

M. ABLIKIM et al. PHYS. REV. D 104, 052008 (2021)

052008-8



efficiencies of K− and eþ, the K0
S reconstruction and the

quoted branching fraction as well as the MC model
associated with form factors are regarded as common
systematic uncertainties. Combining the reweighted
branching fractions of D0 → K−eþνe and Dþ → K̄0eþνe
with the lifetimes of D0 and Dþ mesons (τD0 and τDþ), the
ratio of the two decay partial widths is determined to be

Γ̄D0→K−eþνe

Γ̄Dþ→K̄0eþνe
¼ 1.039� 0.021: ð3Þ

Here, the uncertainties due to the tracking and PID
efficiencies of e� cancel, while the additional uncertainties
arising from τD0 and τDþ are included. This result supports
isospin conservation in the D0 → K−eþνe and Dþ →
K̄0eþνe decays within 1.9σ.
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