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CNRS/IN2P3, F-74941 Annecy-Le-Vieux, France

2Universitat de Barcelona, Facultat de Fisica, Departament ECM, E-08028 Barcelona, Spain
3INFN Sezione di Bari and Dipartimento di Fisica, Università di Bari, I-70126 Bari, Italy
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45cScuola Normale Superiore di Pisa, I-56127 Pisa, Italy

46Princeton University, Princeton, New Jersey 08544, USA
47aINFN Sezione di Roma, I-00185 Roma, Italy
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We report the observation of the rare charm decay D0 → K−πþeþe−, based on 468 fb−1 of eþe−

annihilation data collected at or close to the center-of-mass energy of theϒð4SÞ resonance with the BABAR
detector at the SLAC National Accelerator Laboratory. We find the branching fraction in the invariant mass
range 0.675 < mðeþe−Þ < 0.875 GeV=c2 of the electron-positron pair to be BðD0 → K−πþeþe−Þ ¼
ð4.0� 0.5� 0.2� 0.1Þ × 10−6, where the first uncertainty is statistical, the second systematic, and the
third due to the uncertainty in the branching fraction of the decay D0 → K−πþπþπ− used as a
normalization mode. The significance of the observation corresponds to 9.7 standard deviations including
systematic uncertainties. This result is consistent with the recently reported D0 → K−πþμþμ− branching
fraction, measured in the same invariant mass range, and with the value expected in the standard model. In a
set of regions of mðeþe−Þ, where long-distance effects are potentially small, we determine a 90% con-
fidence level upper limit on the branching fraction BðD0 → K−πþeþe−Þ < 3.1 × 10−6.

DOI: 10.1103/PhysRevLett.122.081802

The decay D0 → K−πþeþe− [1] is expected to be very
rare in the standard model (SM) as it cannot occur at
tree level [2]. Short-distance contributions to the D0 →
K−πþeþe− branching fraction proceed through loop and
box diagrams [3] and are expected to be Oð10−9Þ.
However, decays with long-distance contributions, such
as D0 → VX, where V is a vector or pseudoscalar meson
decaying to two leptons and X is an accompanying particle
or particles, could contribute at the level of Oð10−6Þ
through photon pole amplitudes or vector meson domi-
nance [3–7].
Certain physics models beyond the standard model, such

as minimal supersymmetric or R-parity-violating super-
symmetric theories, predict branching fractions as high as
Oð10−5Þ [3,7–10]. As virtual particles can enter in the one-
loop processes, this type of decay can be used to study new
physics processes at large mass scales. These processes
could potentially be detected in regions where the decays of
intermediate mesons do not dominate.
Over the last few years there have been a number of

measurements of the decays of B mesons to final states
involving one or more charged leptons. Some of these
measurements suggest a possible deviation from the
assumption that all leptons couple equally [11–20]. The
possibility therefore exists that a deviation from lepton
universality will be seen in D meson decays.

Recently, the LHCb Collaboration measured
BðD0 → K−πþμþμ−Þ ¼ ð4.17� 0.12� 0.40Þ × 10−6 in
the mass range 0.675 < mðμþμ−Þ < 0.875 GeV=c2, where
the decay is dominated by the ρ0 and ω resonances [21].
For modes involving electrons, the CLEO Collaboration set
90% confidence level (C.L.) limits on the branching
fractions BðD0 → Xlþl−Þ in the range ð4.5–118Þ × 10−5,
where X represents a π0, K0

S, η, ρ
0, ω, or ϕ meson and

l ¼ e or μ [22]. The E791 Collaboration has reported
BðD0 → K−πþeþe−Þ < 38.5 × 10−5 at the 90% C.L. in the
full mðK−πþÞ invariant mass range and BðD0 →
K−πþeþe−Þ < 4.7 × 10−5 in the mðK−πþÞ mass range
within 55 MeV=c2 of the K̄�ð892Þ0 mass [23,24].
We report here the observation of the decay D0 →

K−πþeþe− [1] with data recorded with the BABAR detector
at the PEP-II asymmetric-energy eþe− collider operated at
the SLAC National Accelerator Laboratory. The data
sample corresponds to 424 fb−1 of eþe− collisions col-
lected at the center-of-mass energy of the ϒð4SÞ resonance
(on peak) and an additional 44 fb−1 of data collected
40 MeV below the ϒð4SÞ resonance (off peak) [25].
The signal branching fraction BðD0 → K−πþeþe−Þ is
measured relative to the normalization decay
D0 → K−πþπþπ−. The D0 mesons are reconstructed from
the decay D�þ → D0πþ produced in eþe− → cc̄ events.
The use of this decay chain increases the purity of the
sample at the expense of a smaller number of reconstructed
D0 mesons.
The BABAR detector is described in detail in Ref. [26].

Charged particles are reconstructed as tracks with a five-
layer silicon vertex detector and a 40-layer drift chamber
inside a 1.5 T solenoidal magnet. An electromagnetic
calorimeter comprised of 6580 CsI(Tl) crystals is used
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to identify electrons and photons. A ring-imaging
Cherenkov detector is used to identify charged hadrons
and to provide additional lepton identification information.
Muons are identified with an instrumented magnetic-flux
return.
Monte Carlo (MC) simulation is used to evaluate the

level of background contamination and selection efficien-
cies. Simulated events are also used to cross-check the
selection procedure and for studies of systematic effects.
The signal and normalization channels are simulated with
the EVTGEN package [27]. We generate the signal channel
decay with a phase-space model, while the normalization
mode includes two-body and three-body intermediate
resonances, as well as nonresonant decays. For background
studies, we generate eþe− → qq̄ (q ¼ u, d, s, c), dimuon,
Bhabha elastic eþe− scattering, BB̄ background, and two-
photon events [28,29]. The background samples are pro-
duced with an integrated luminosity approximately 6 times
that of the data. Final-state radiation is provided by PHOTOS

[30]. The detector response is simulated with GEANT4

[31,32]. All simulated events are reconstructed in the same
manner as the data.
Events are required to contain at least five charged

tracks. Candidate D0 mesons are formed from four charged
tracks reconstructed with the appropriate mass hypothesis
for the D0 → K−πþeþe− and D0 → K−πþπþπ− decays.
Particle identification (PID) is applied to the charged tracks
and the same criteria are applied to the signal and
normalization modes [26,33]. The four tracks must form
a good-quality vertex with a χ2 probability for the vertex fit
greater than 0.005. In the case of D0 → K−πþeþe−, a
bremsstrahlung energy recovery algorithm is applied to the
electrons, in which the energy of photon showers that are
within a small angle (typically 35 mrad) of the initial
electron direction are added to the energy of the electron
candidate. The electron-positron pair must have an invari-
ant mass mðeþe−Þ > 0.1 GeV=c2. The D0 candidate
momentum in the PEP-II center-of-mass system p� must
be greater than 2.4 GeV=c. The requirement for five
charged tracks strongly suppresses backgrounds from
QED processes. The p� criterion removes most sources
of combinatorial background and also charm hadrons
produced in B decays, which are kinematically limited
to less than ∼2.2 GeV=c.
The candidate D�þ is formed by combining the D0

candidate with a charged pion with a momentum in the
laboratory frame greater than 0.1 GeV=c. The pion is
required to have a charge opposite to that of the kaon in
the D0 decay. A vertex fit is performed with the D0 mass
constrained to its known value and the requirement that the
D0 meson and the pion originate from the interaction
region. The χ2 probability of the fit is required to be greater
than 0.005. The D0 meson mass mðD0Þ must be in the
range 1.81 < mðD0Þ < 1.91 GeV=c2 and the mass differ-
ence, Δm ¼ mðD�þÞ −mðD0Þ, between the reconstructed

masses of the D�þ and D0 candidates is required to satisfy
0.143 < Δm < 0.148 GeV=c2. The regions around the
peak positions in mðD0Þ and Δm in data are kept hidden
until the analysis steps are finalized.
To reject misreconstructed D0 → K−πþeþe− candidates

that originate from D0 hadronic decays with large branch-
ing fractions where one or more charged tracks are
misidentified by the PID the candidate is reconstructed
assuming the kaon or pion mass hypothesis for the leptons.
If the resulting candidate mðD0Þ is within 20 MeV=c2 of
the known D0 mass [34] and jΔmj < 2 MeV=c2, the event
is discarded. After these criteria are applied, the back-
ground from these hadronic decays is negligible. Multiple
candidates occur in less than 4% of simulated D0 →
K−πþπþπ− decays and in less than 2% of D0 →
K−πþeþe− decays. If two or more candidates are found
in an event, the one with the highest vertex χ2 probability is
selected.
After the application of all selection criteria and correc-

tions for small differences between data and MC simulation
in tracking and PID performance, the average
reconstruction efficiency for the D0 → K−πþπþπ− decay
is ϵ̂norm ¼ ð20.1� 0.2Þ%, where the uncertainty is due to
the limited size of the simulation sample. For the D0 →
K−πþeþe− decay, the average reconstruction efficiency ϵ̂sig
varies between 5.0% and 8.9% depending on the mðeþe−Þ
mass range. The remaining background comes predomi-
nantly from eþe− → cc̄ events. No evidence is found in
MC simulation for backgrounds that peak in themðD0Þ and
Δm signal region.
The D0 → K−πþeþe− branching fraction is determined

relative to that of the normalization decay channel D0 →
K−πþπþπ− using

BðD0 → K−πþeþe−Þ
BðD0 → K−πþπþπ−Þ ¼

ϵ̂norm
Nnorm

Lnorm

Lsig

XNsig

i

1

ϵisig
; ð1Þ

where BðD0 → K−πþπþπ−Þ is the branching fraction of
the normalization mode [34], and Nnorm and ϵ̂norm are the
D0 → K−πþπþπ− fitted yield and the reconstruction effi-
ciency calculated from simulated D0 → K−πþπþπ−
decays, respectively. The fitted D0 → K−πþeþe− signal
yield is represented by Nsig, and ϵisig is the reconstruction
efficiency for each signal candidate i, calculated from MC
simulated D0 → K−πþeþe− decays as a function of
mðeþe−Þ and mðK−πþÞ. The symbols Lsig and Lnorm
represent the integrated luminosities used for the signal
D0 → K−πþeþe− decay (468.2� 2.0 fb−1) and the nor-
malization D0 → K−πþπþπ− decay (39.3� 0.2 fb−1),
respectively [25]. The signal mode uses both the on-peak
and off-peak data samples while the normalization mode
uses only a subset of the off-peak data.
The D0 → K−πþeþe− and D0 → K−πþπþπ− yields are

determined from extended unbinned maximum likelihood
fits to the Δm and the four-body mass distributions. The
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Δm and the four-body mass distributions are not correlated
and are treated as independent observables in the fit. For the
D0 → K−πþeþe− signal, a Gaussian-like function with
different lower and upper widths is used for both Δm and
mðK−πþeþe−Þ. This asymmetric function is used in order
to describe the imperfect bremsstrahlung energy recovery
for the electrons. The background in the D0 → K−πþeþe−
channel is modeled with an ARGUS threshold function
[35] for Δm and a first-order Chebyshev polynomial for
mðK−πþeþe−Þ. For the D0 → K−πþπþπ− normalization
mode, the Δm and mðK−πþπ−πþÞ distributions are each
represented by two Cruijff functions with shared means
[36]. The background is represented by an ARGUS thresh-
old function for Δm and a second-order Chebyshev
polynomial for mðK−πþπ−πþÞ. All yields and shape
parameters are allowed to vary in the fits except for the
ARGUS function threshold end point, which is set to the
kinematic threshold for the D�þ → D0πþ decay.
Decays of intermediate mesons to the final state eþe−γ

can potentially appear in the mðeþe−Þ spectrum as the
photon is not reconstructed. However, the constraint
mðD0Þ > 1.81 GeV=c2 is effective in reducing the back-
ground from these decays despite their relatively high
branching fractions. We investigate the backgrounds by
generating simulation samples D0 → K−πþV, with inter-
mediate decays ρ0=ω=ϕ → eþe− and η=η0 → eþe−γ. In the
simulations, QED radiative corrections are provided by
PHOTOS [30]. The branching fractions are taken from
Ref. [34], except for the unknown BðD0 → K−πþηÞ, which
is estimated to be ð1.8� 0.9Þ% from the related decay
D0 → K0

Sπ
0η. After applying the selection criteria, we

expect to find 0.3� 0.2 eþe−γ background decays in the
0.675 < mðeþe−Þ < 0.875 GeV=c2 range.
The fitted yield for the D0 → K−πþπþπ− normalization

data sample is 260870� 520. For the D0 → K−πþeþe−
signal mode, the fitted yield, after the subtraction
of the eþe−γ background, is 68� 9 in the range
0.675 < mðeþe−Þ < 0.875 GeV=c2. The significance S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Δ lnL

p
of the signal yield in this mass range, including

statistical and systematic uncertainties, is 9.7 standard
deviations (σ), where Δ lnL is the change in the log-
likelihood from the maximum value to the value when
the number of D0 → K−πþeþe− signal decays is set to
Nsig ¼ 0.
Figure 1 shows the results of the fit to themðK−πþeþe−Þ

and Δm distributions of the D0 → K−πþeþe− signal mode
in the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2.
Figure 2 shows the projection of the fit to the D0 →
K−πþeþe− signal mode as a function of mðeþe−Þ and
mðK−πþÞ, where the background has been subtracted using
the sPlot technique [37]. A peaking structure is visible in
mðeþe−Þ centered near the ρ0 mass. A broader structure is
seen in mðK−πþÞ near the known mass of the K̄�ð892Þ0
meson. Both distributions are similar to the distributions
shown in Ref. [21] for the decay D0 → K−πþμþμ−.

We test the performance of the maximum likelihood fit
by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles is
taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution and
all fit parameters are allowed to vary. No significant bias is
observed in the normalization mode. The largest fit bias
observed in the signal mode is 0.4� 0.1. The biases are
much smaller than the statistical uncertainties in the yields.
The fit biases are subtracted from the fitted yields before
calculating the signal branching fractions.
To cross-check the normalization procedure, the signal

mode D0 → K−πþeþe− in Eq. (1) is replaced with the
decay D0 → K−πþ, which has a well-known branching
fraction [34]. The D0 → K−πþ decay is selected using the
same criteria as used for the D0 → K−πþπþπ− mode,
which is used as the normalization mode. The D0 →
K−πþ yield is determined using an unbinned maximum
likelihood fit to Δm and the two-body invariant mass
mðK−πþÞ. Three Crystal Ball functions [38] with shared
means are used for the D0 → K−πþ signal Δm and
mðK−πþÞ distributions. The backgrounds are represented
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FIG. 1. Fits to D0 → K−πþeþe− data distributions for
(a) mðK−πþeþe−Þ and (b) Δm mass for candidates with
0.675 < mðeþe−Þ < 0.875 GeV=c2.
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by an ARGUS function for Δm and a second-order
Chebyshev polynomial for mðK−πþÞ. The D0 → K−πþ
signal yield is 1881950� 1380 with an average
reconstruction efficiency of ϵ̂sig ¼ ð27.4� 0.2Þ%. We
determine BðD0 → K−πþÞ ¼ ð3.98� 0.08� 0.10Þ% using
Eq. (1), where the uncertainties are statistical and system-
atic, respectively; the current world average is ð3.89�
0.04Þ% [34]. Similar compatibility with the BðD0 →
K−πþÞ world-average, but with larger uncertainties, is
achieved when the normalization mode D0 →
K−πþπþπ− in Eq. (1) is replaced with the four-body decay
modes D0 → K−Kþπþπ− or D0 → π−πþπþπ−.
The main sources of systematic uncertainty are associ-

ated with the model parametrizations used in the fits and
the normalization procedure, signal MC model, fit bias,
tracking and PID efficiencies, luminosity, backgrounds
from intermediate decays to eþe−γ, and the normalization
mode branching fraction. Some of the tracking and PID
systematic effects cancel in the branching fraction deter-
mination since they affect both the signal and normaliza-
tion modes.
Systematic uncertainties associated with the model

parametrization are estimated by repeating the fit with

the D0 → K−πþeþe− signal parameters for the Δm and
four-body distributions fixed to values taken from simu-
lation. Alternative fits are also performed with the default
peaking and background functions for the signal and
normalization modes replaced with alternative functions.
The resulting uncertainties are 1.9% and 1.0% for the signal
and normalization yields, respectively.
In the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2,

we replace the signal phase-space simulation model with
a model assuming D0 → K̄�ð892Þ0ρ0 with K̄�ð892Þ0 →
K−πþ and ρ0 → eþe− and assign half the difference with
the default reconstruction efficiency as a systematic uncer-
tainty, equivalent to a relative change of 1.8%. We also use
this number as an estimate of the relative change in other
regions of mðeþe−Þ and mðK−πþÞ where no suitable
alternative simulation model exists.
The systematic uncertainty in the fit bias for the signal

yield is taken from the ensemble of fits to the MC
pseudodata samples and we attribute a value of half the
largest fit bias found, �0.2. To account for imperfect
knowledge of the tracking efficiency, we assign an uncer-
tainty of 0.8% per track for the leptons and 0.7% for the
kaon and pion [39]. For the PID, we estimate an uncertainty
of 0.7% per electron, 0.2% per pion, and 1.1% per kaon
[26]. A systematic uncertainty of 0.8% is associated with
the knowledge of the luminosity ratio, Lnorm=Lsig [25].
The overall systematic uncertainty in the yields is 5.3%

for the signal and 3.6% for the normalization mode. As the
PID and tracking systematic uncertainties of the kaons and
pions are correlated and cancel, the combined systematic
uncertainty in the D0 → K−πþeþe− branching fraction is
3.8%, where the uncertainty in the D0 → K−πþπþπ−
branching fraction is excluded [34].
The branching fraction BðD0 → K−πþeþe−Þ in the mass

range 0.675 < mðeþe−Þ < 0.875 GeV=c2 is determined to
be ð4.0� 0.5� 0.2� 0.1Þ × 10−6, where the first uncer-
tainty is statistical, the second systematic, and the third
comes from the uncertainty in BðD0 → K−πþπþπ−Þ [34].
This result is compatible within the uncertainties with
BðD0 → K−πþμþμ−Þ reported in Ref. [21].
In the region 0.1 < mðeþe−Þ < 0.2 GeV=c2, the fitted

signal yield is 175� 14, with the distribution dominated by
the decay D0 → K−πþπ0, π0 → eþe−γ, where the photon
has not been reconstructed.
Figure 3 shows the projection of the signal yield as a

function of mðeþe−Þ for the fit to Δm and mðK−πþeþe−Þ
in the mass range mðeþe−Þ > 0.2 GeV=c2 above the π0 →
eþe−γ decay region, where the background has been
subtracted using the sPlot technique.
We determine the signal yield in the region of the ϕ

meson by repeating the fit to Δm and mðK−πþeþe−Þ with
the mðeþe−Þ distribution restricted to the mass range
1.005 < mðeþe−Þ < 1.035 GeV=c2. This range corre-
sponds to �3 times the ϕ mass width, based on simulation
and taking into account the detector resolution. The fitted
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FIG. 2. Projections of the fits to the D0 → K−πþeþe− data
distributions onto (a) mðeþe−Þ and (b) mðK−πþÞ for candidates
with 0.675 < mðeþe−Þ < 0.875 GeV=c2. The background has
been subtracted using the sPlot technique [37].
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yield is 3.8þ2.7
−1.9 , where the uncertainty is statistical only; the

statistical significance S is 1.8σ. The branching fraction is
determined to be ð2.2þ1.5

−1.1 � 0.6Þ × 10−7, where the second
uncertainty is systematic and is dominated by the uncer-
tainty on the model parametrization. We use the frequentist
approach of Feldman and Cousins [40] to determine a
90% C.L. branching fraction upper limit of 0.5 × 10−6.
We repeat the fit to Δm and mðK−πþeþe−Þ in the

continuummðeþe−Þ region that is predicted to be relatively
unaffected by intermediates states, and is defined by
excluding the followingmðeþe−Þmass ranges:mðeþe−Þ <
0.2 GeV=c2, 0.675 < mðeþe−Þ < 0.875 GeV=c2, 0.491 <
mðeþe−Þ < 0.560 GeV=c2, 0.902<mðeþe−Þ<0.964GeV=
c2, and 1.005 < mðeþe−Þ < 1.035 GeV=c2. These corre-
spond to ranges dominated by the decays of the π0 and
ρ0=ω mesons or potentially affected by the decays of η, η0,
and ϕ mesons, respectively. Simulation samples of D0 →
K−πþη andD0 → K−πþη0, with η=η0 → eþe−γ, are used to
determine the asymmetric mðeþe−Þ mass ranges centered
on the known η and η0 masses. Thesemðeþe−Þmass ranges
exclude 90% of any remaining simulated η and η0 candi-
dates that pass the selection criteria. The number of
background decays from intermediate states in the con-
tinuum region is predicted to be 9.9� 0.9, dominated
by the decay ρ0=ω → eþe− with mðeþe−Þ less than
0.675 GeV=c2. The fitted yield in the continuum region,
after the subtraction of this background, is 19� 7, with a
statistical significance S ¼ 2.6σ. This corresponds to a
branching fraction ð1.6� 0.6� 0.7Þ × 10−6, where the
second uncertainty is systematic and is dominated by
our knowledge of the model parametrization. The result
is not significant and we determine a 90% C.L. branching
fraction upper limit of 3.1 × 10−6.
In summary, we have presented the first observation

of the decay D0 → K−πþeþe−. The branching fraction in
the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2 is

ð4.0� 0.5� 0.2� 0.1Þ × 10−6, compatible with the result
for BðD0 → K−πþμþμ−Þ [21], and with theoretical pre-
dictions for the SM contribution [6] for this mass region.
We have placed 90% C.L. branching fraction upper limits
on the decayD0 → K−πþeþe− in themðeþe−Þmass region
of the ϕ meson and in mðeþe−Þ mass regions where long-
distance effects are potentially small.
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