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We search for 15 rare decays of D mesons to hadrons accompanied by an electron-positron pair
D → hðhð0ÞÞeþe−, 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 at BEPCII. No significant signals are observed, and the corresponding
upper limits on the branching fractions at the 90% confidence level are determined. The sensitivities of the
results are at the level of 10−6 ∼ 10−7. The upper limits on the branching fractions for the Dþ → ρþeþe−,
Dþ → K�þeþe−, D0 → K0

SK
0
Se

þe−, D0 → π0π0eþe− and D0 → η0eþe− decay channels are measured for
the first time. For the D0 → π0eþe−, D0 → ηeþe−, D0 → ωeþe−, D0 → K0

Se
þe−, Dþ → πþπ0eþe−,

Dþ → Kþπ0eþe−, Dþ → πþK0
Se

þe− and Dþ → KþK0
Se

þe− decay channels, the upper limits on the
branching fractions are determined, with an improvement of at least a factor of four compared to previous
searches. The upper limits on the branching fractions for the D0 → ρ0eþe− and D0 → ϕeþe− decay
channels are set at 0.7 × 10−6 and 4.6 × 10−6, respectively.
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I. INTRODUCTION

In the Standard Model (SM), the flavor-changing-neu-
tral-current (FCNC) processes are strongly suppressed by
the Glashow-Iliopoulos-Maiani (GIM) mechanism [1] and
can only occur at loop level. Such processes have been
observed in K and B meson decays, e.g., the decays
K� → π�μþμ− [2], and B0 → K�0μþμ− [3], where heavy
virtual quarks, particularly the top quark, contribute sig-
nificantly in the loops. By contrast, in the charm sector
there is no heavy particle like the top quark in the loop
diagram c → ulþl− (l ¼ e or μ). Consequently, the GIM
suppression in charm FCNC decays is much stronger than
that in the corresponding processes of B and K mesons,
leading to a theoretically very small branching fraction
(BF) that would not exceed the level of 10−9 [4–6].
On the other side, possible new physics (NP) can

significantly increase the decay rates of these short-distance
(SD) processes. Hence, they can serve as clean channels in
experiments to search for NP [4,5]. However, these decay
rates of D mesons also receive substantial contribution
from long distance (LD) effects through vector meson (V)
decays, like D → hV; V → lþl−, where h is a hadron.
These LD effects can mimic the signal and typically yield

branching fractions of order 10−6 [5,6], thereby overshad-
owing the SD component. To disentangle the SD effects, a
measurement of the angular dependence or CP asymmetry
[6] is essential. Moreover, comparing the electron and
muon channels in these decays provides a clean test of
lepton flavor universality, another key prediction of the
SM [6,7].
Comprehensive experimental measurements of other

three- and four-body decays to different hadronic final
states are still of great interest. Theoretically, potential NP
contributions can interfere with the hadronic interactions in
various forms and magnitudes thereby affecting the sensi-
tivity to relevant NP effects [8,9]. Recently, the LHCb
Collaboration reported the latest results on the search for
D0 meson decays to πþπ−eþe− and KþK−eþe− final states
[10]. The results are consistent with the BFs of the
D0 → πþπ−μþμ− and D0 → KþK−μþμ− decays [11] mea-
sured by the LHCb Collaboration, thereby verifying lepton
flavor universality at the current experimental precision.
The decay D0 → πþπ−eþe− has been observed for the first
time where the eþe− pair originates from the decay of a ϕ
or ρ0=ω meson [10]. However, no evidence is found for the
decay D0 → KþK−eþe− [10]. The same long-distance
resonant contributions ρ0=ω → eþe− have been observed
in the decay D0 → K−πþeþe− by BABAR and Belle II
Collaboration [12,13]. Based on the 2.93 fb−1 dataset
collected at

ffiffiffi
s

p ¼ 3.773 GeV, BESIII Collaboration has
performed a study of the D → hðhð0ÞÞeþe− processes,
benefiting from the clean sample of charm-meson decays
and adopting the double-tag (DT) method [14], where hð0Þ
are hadrons. The most stringent upper limits have been set
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on the BFs for those involving neutral π0, η and K0
S mesons

in the final state [15]. More precise measurements for these
D → hðhð0ÞÞeþe− decays based on the larger dataset at
BESIII would help to further drive theoretical progress and
bridge the current gaps in detailed theoretical calculations.
In this paper, with an integrated luminosity of 20.3 fb−1

[16] collected with the BESIII detector at
ffiffiffi
s

p ¼ 3.773 GeV,
we search for 15 rare decays ofD → hðhð0ÞÞeþe−. To reduce
possible bias, a blind analysis is carried out based on
Monte Carlo (MC) simulations to validate the analysis
strategy, and the results are obtained only after the analysis
strategy is fixed.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [17] records symmetric eþe−
collisions provided by the BEPCII storage ring [18] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [16,19–21]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a time-of-flight system (TOF), and a CsI(Tl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and
the dE=dx resolution is 6% for 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 in the plastic scintillator TOF
barrel region is 68 ps, while that in the end cap region was
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps, which benefits 85% of the
data used in this analysis [22].
Simulated event samples produced with the GEANT4-

based [23] MC package which includes 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 radiation (ISR) in the eþe− anni-
hilations modeled with the generator KKMC [24]. The
inclusive MC sample includes the production of DD̄ pairs
(including quantum coherence for the neutral D channels),
the non-DD̄ decays of the ψð3770Þ, the ISR production of
the J=ψ and ψð3686Þ states, and the continuum processes
incorporated in KKMC [24]. All particle decays are modeled
with EVTGEN [25] using the BFs either taken from the
Particle Data Group [26], when available, or otherwise
estimated with LUNDCHARM [27]. Final-state radiation

(FSR) from charged particles is incorporated with the
PHOTOS package [28]. Signal MC simulation is utilized
for the study of detection efficiency. The signal simulation
incorporates both the primary LD contribution from the
hðhð0ÞÞω;ω → eþe− process and the SD contribution
described by a phase space (PHSP) model across different
eþe− mass regions.

III. METHOD

The DT method is used in this work [14]. Atffiffiffi
s

p ¼ 3.773 GeV, the D0D̄0 or DþD− meson pairs are
produced from ψð3770Þ decays without accompanying
hadrons, which provides an ideal opportunity to study rare
decays of D mesons. In the first step, the single-tag (ST) D̄0

mesons are reconstructed via the hadronic-decay modes of
D̄0 → Kþπ−, Kþπ−π0, and Kþπ−π−πþ; while the ST D−

mesons are reconstructed via the decays D− → Kþπ−π−,
K0

Sπ
−, Kþπ−π−π0, K0

Sπ
−π0, K0

Sπ
þπ−π−, and KþK−π−.

Then the signal D candidates are reconstructed with the
remaining trackswhich have not been used in the ST selection.
The event, in which the rare decay D → hðhð0ÞÞeþe−
is reconstructed in the system recoiling against the ST D̄
meson, is called a DT event [14]. The BFs of the
D → hðhð0ÞÞeþe− decays are determined by

B ¼ nsig;tag
P

in
i
tag ·

εisig;tag
εitag

: ð1Þ

Here, i denotes the different STmodes of hadronic decays, and
nitag is the yield of the D̄meson of ST tag mode i. nsig;tag is the
number ofD rare decay signal events inwhich an STDmeson
is detected. Finally, εitag and εisig;tag are the corresponding ST
and DT detection efficiencies. Note that in this paper, charge
conjugated modes are always implied.

IV. SINGLE TAG SELECTION

Charged tracks detected in the MDC (except for those
used forK0

S reconstruction) are required to be within a polar
angle (θ) range of j cos θj < 0.93, where θ is defined with
respect to the z axis, which is the symmetry axis of the
MDC. The distance of closest approach to the interaction
point (IP) along the z axis, jVzj, must be less than 10 cm,
and in the transverse plane, jVxyj, less than 1 cm.
Charged kaons and pions are identified using likelihoods
LðhÞðh ¼ K; πÞ constructed frommeasurements of specific
ionization energy loss (dE=dx) in the MDC and flight time
in the TOF. A track is assigned as a kaon if LðKÞ > LðπÞ,
and as a pion if LðπÞ > LðKÞ.
Each K0

S candidate is reconstructed from two oppositely
charged tracks satisfying jVzj < 20 cm. The two charged
tracks are assigned as πþπ− without imposing PID criteria.
They are constrained to originate from a common vertex,
requiring an invariant mass within ð0.487; 0.511Þ GeV=c2.
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The decay length of the K0
S candidate is required to be

separated from the IP by more than twice the vertex
resolution, which encompasses both the primary and
secondary vertices. The quality of the vertex fits (pri-
mary-vertex fit and secondary-vertex fit) is ensured by
requiring χ2 < 100.
Photon candidates are identified using showers in the

EMC. The π0 candidates with both photons from the end
cap are rejected because of poor resolution. The deposited
energy of each shower must be more than 25 MeV in the
barrel region (j cos θj < 0.80) and more than 50 MeV in the
end-cap region (0.86 < j cos θj < 0.92). Showers are
required to be separated from charged tracks by an angle
greater than 10° in order to eliminate activity induced by
charged particles. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC
time and the event start time is required to be within [0,
700] ns. For π0 candidates, the invariant mass of the photon
pair is required to be within ð0.115; 0.150Þ GeV=c2. To
improve the resolution, a kinematic fit is performed, where
the diphoton invariant mass is constrained to the known π0

mass [26]. The χ2 of the fit is required to be less than 50.
The momenta obtained from the kinematic fit are used in
the subsequent analysis.
In the selection of D̄0 → Kþπ− events, cosmic rays and

Bhabha backgrounds are suppressed by applying the same
criteria described in Ref. [29]. The two charged tracks are
required to have a TOF time difference of less than 5 ns and
must not be identified as a muon–antimuon or electron–
positron pair. Furthermore, each event must contain either
at least one EMC shower with deposited energy exceeding
50 MeV, or at least one additional charged track detected in
the MDC.
To separate the ST D̄ mesons from combina-

torial backgrounds, we define the energy difference
ΔE≡ ED̄ − Ebeam and the beam-constrained mass
MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam=c

4 − jp⃗D̄j2=c2
p

, where Ebeam is the beam
energy, and ED̄ and p⃗D̄ are the total energy and momentum
of the D̄ candidate in the eþe− center-of-mass frame,
respectively. If there is more than one D̄ candidate in a
given ST mode, the candidate with the smallest value of
jΔEj is kept for the subsequent analysis. The ΔE require-
ments and ST efficiencies are listed in Table I.
The ST yields are extracted by performing unbinned

maximum likelihood fits to the corresponding MBC dis-
tribution. In the fit, the signal shape is derived from the
MC-simulated signal shape convolved with a double-
Gaussian function to compensate for the resolution differ-
ence between data and MC simulation. The background
shape is described by the ARGUS function [30], with the
endpoint parameter fixed at 1.8865 GeV=c2 corresponding
to Ebeam. Figure 1 shows the fits to theMBC distributions of
the accepted ST candidates in data for different ST modes.
The candidates with MBC within ð1.859; 1.873Þ GeV=c2

for D̄0 tags and ð1.863; 1.877Þ GeV=c2 for D− tags are
kept for further analyses. Summing over the tag modes
gives the total yields of ST D̄0 and D− mesons to be
ð1613.5� 0.5Þ × 104 and ð1064.7� 0.4Þ × 104, where the
uncertainties are statistical only.

V. SIGNAL SELECTION

Signal candidates of the 15 rare decays of D →
hðhð0ÞÞeþe− are reconstructed in the remaining charged
tracks and showers recoiling against the ST D mesons. The
selection criteria for the charged tracks and neutral showers
are the same as those used in the ST event selection.
Positrons and electrons are identified using a combined
likelihood L0 constructed from MDC, TOF, and EMC
information. The likelihood is evaluated under electron,
pion, and kaon hypotheses. An electron (positron) candi-
date is required to satisfy L0ðeÞ > 0.001 and
L0ðeÞ > L0ðeÞ=ðL0ðeÞ þ L0ðπÞ þ L0ðKÞÞ > 0.8. In addi-
tion, for the higher-momentum track in the pair, the ratio
of energy deposited in the EMC to momentum measured in
the MDC, E=p, must satisfy 0.8 < E=p < 1.2. Studies of
inclusive MC samples show that the selected eþe− pairs
predominantly arise from γ conversions, with the photons
originating from decays of intermediate states and the
conversions occurring around the beam pipe and the inner
wall of the MDC. To suppress these backgrounds, the eþe−
pair is required to originate from a vertex reconstructed
outside a cylindrical region of radius between 2.0 cm and
8.0 cm in the transverse plane.
For the K0

S candidate, in addition to the same criteria used
in the STevent selection, the candidate with the smallest χ2 is
retained under the requirement χ2 < 20. The η and π0 meson
candidates are reconstructed via their γγ decay modes,
requiring the invariant mass Mγγ to be within (0.505,
0.570) and ð0.115; 0.150Þ GeV=c2. The two-pion decay
modes are used to reconstruct ρ0 and ρþ candidates, with
requirements on the invariant mass set to the range (0.625,
0.925) and ð0.64; 0.89Þ GeV=c2, respectively. Similarly, the

TABLE I. The ΔE requirements, the measured ST D̄ yields in
the data (nitag), and the ST efficiencies (εitag) for nine tag modes.
The uncertainties are statistical only.

Tag mode ΔE (GeV) nitagð×103Þ εitagð%Þ
D̄0 → Kþπ− ð−0.027; 0.027Þ 3725.7� 2.0 65.10� 0.01
D̄0 → Kþπ−π0 ð−0.062; 0.049Þ 7422.3� 3.2 35.60� 0.00
D̄0 → Kþπ−π−πþ ð−0.026; 0.024Þ 4987.5� 2.5 40.94� 0.01

D− → Kþπ−π− ð−0.025; 0.024Þ 5552.8� 2.5 51.10� 0.00
D− → K0

Sπ
− ð−0.025; 0.026Þ 656.5� 0.8 51.42� 0.01

D− → Kþπ−π−π0 ð−0.057; 0.046Þ 1723.7� 1.8 24.40� 0.00
D− → K0

Sπ
−π0 ð−0.062; 0.049Þ 1442.4� 1.5 26.45� 0.00

D− → K0
Sπ

−π−πþ ð−0.028; 0.027Þ 790.2� 1.1 29.59� 0.01
D− → KþK−π− ð−0.024; 0.023Þ 481.4� 0.9 40.91� 0.01
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KþK− and πþπ−π0 decay modes are used to reconstruct ϕ
and ω candidates, with requirements on the invariant mass
set to (1.01, 1.03) and ð0.720; 0.840Þ GeV=c2. Candidates

for the K�þ and η0 mesons are reconstructed via two decay
modes each. For the K�þ, the reconstruction requires the
invariant mass of the Kþπ0 or πþK0

S to fall within
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FIG. 1. Fits to the MBC distributions of the ST D̄ candidates. In each plot, the points with error bars correspond to the data, the blue
curves are the best fits, and the dashed red curves describe the fitted combinatorial background shapes. The pair of black arrows indicate
the MBC signal window.

TABLE II. TheΔEsig requirements, theMsig
BC signal regions, the numbers of observed events nobs, and the estimated background yields

nSBbkg1 and nMC
bkg2 � σMC

bkg2 in the Dþ and D0 signal modes.

Decays ΔEsig (GeV) Msig
BC (GeV=c2) nobs nSBbkg1 nMC

bkg2 � σMC
bkg2

Dþ → πþπ0eþe− ð−0.060; 0.030Þ (1.864, 1.877) 11 2 10.9� 2.0
Dþ → Kþπ0eþe− ð−0.063; 0.037Þ (1.862, 1.877) 0 0 1.5� 0.4
Dþ → πþK0

Se
þe− ð−0.038; 0.020Þ (1.865, 1.877) 4 0 3.5� 1.0

Dþ → KþK0
Se

þe− ð−0.038; 0.021Þ (1.865, 1.875) 0 0 0.2� 0.1
Dþ → ρþeþe− ð−0.060; 0.030Þ (1.864, 1.877) 4 0 4.3� 1.3
Dþ → K�þ

Kþπ0e
þe− ð−0.063; 0.037Þ (1.862, 1.877) 0 0 0.4� 0.1

Dþ → K�þ
πþK0

S
eþe− ð−0.038; 0.020Þ (1.865, 1.877) 1 0 1.2� 0.7

D0 → π0eþe− ð−0.094; 0.031Þ (1.853, 1.877) 3 0 2.5� 0.4
D0 → ηeþe− ð−0.086; 0.035Þ (1.854, 1.878) 1 0 1.8� 0.3
D0 → K0

Se
þe− ð−0.043; 0.020Þ (1.858, 1.873) 4 0 1.6� 0.3

D0 → ωeþe− ð−0.076; 0.035Þ (1.854, 1.878) 4 1 3.4� 0.6
D0 → K0

SK
0
Se

þe− ð−0.056; 0.041Þ (1.858, 1.873) 0 0 0.1� 0.1
D0 → π0π0eþe− ð−0.113; 0.067Þ (1.853, 1.879) 8 0 14.6� 6.0
D0 → ϕeþe− ð−0.044; 0.015Þ (1.858, 1.872) 0 0 0.1� 0.1
D0 → ρ0eþe− ð−0.053; 0.020Þ (1.857, 1.873) 4 0 4.1� 0.4
D0 → η0γπþπ−e

þe− ð−0.050; 0.039Þ (1.854, 1.878) 6 0 5.4� 1.8

D0 → η0ηπþπ−e
þe− ð−0.067; 0.044Þ (1.854, 1.878) 0 0 0.2� 0.1
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ð0.8; 1.0Þ GeV=c2. For the η0, the invariant masses of the
γπþπ− and ηπþπ− are required to be in the ranges of (0.939,
0.974) or ð0.943; 0.972Þ GeV=c2, respectively.
Similar to the ST selection, ΔE and MBC for the signal

candidates of the rare D decays in DT events, denoted as
ΔEsig andM

sig
BC, are calculated. For each signal mode,ΔEsig

is required to be within 3σ of the nominal value, as listed in
Table II, and only the combination with the smallest jΔEsigj
is kept. A dominant background arises from π0 → γeþe−

and η → γeþe− decays, where the photon escapes
reconstruction. For π0 decays, this background is sup-
pressed by requiring the invariant mass of the electron-
positron pair Meþe− > 0.2 GeV=c2, which reduces the
contribution to below 1% of its original level. For η
decays, the background is vetoed by reconstructing the
missing photon from combinations of the eþe− pair with
any unused photon in the event. The combination
yielding an invariant mass closest to the nominal η mass
is retained; events falling within a �2σ window of
ð0.505; 0.570Þ GeV=c2 around the η peak are rejected.
This veto removes over 50% of the remaining background.
Furthermore, to veto the contribution from D → hðhð0ÞÞϕ,
ϕ → eþe− decays, Meþe− is required to be outside of the ϕ
mass region, defined as ð0.935; 1.053Þ GeV=c2.
After applying all the aforementioned selection

criteria, the backgrounds are separated into two categories:
events with an incorrectly reconstructed ST candidate, and

events with a correctly reconstructed ST candidate
but a wrong signal candidate. The former background
can be estimated with the surviving events in the ST
sideband (SB) region of Mtag

BC distribution, which is
defined as ð1.830; 1.855Þ GeV=c2 for D̄0 decays and
ð1.830; 1.860Þ GeV=c2 for D− decays. The latter predomi-
nantly originate from the process where D → hðhð0ÞÞπþπ−
events are mis-reconstructed as D → hðhð0ÞÞeþe− and from
the D → hðhð0ÞÞη; η → γeþe− process. These two contri-
butions account for approximately 50% and 35% of the
background, respectively. The corresponding number of
incorrectly reconstructed ST background events, nbkg1, is
estimated with the number of events in the SB region nSBbkg1
normalized by a scale factor f, which is the ratio of the
integrated numbers of background events in the signal and
SB regions. The scale factors f are determined to be
0.466� 0.001 and 0.611� 0.001 for the charged and
neutral D decays [15], respectively, where the uncertainties
are statistical only. The incorrectly reconstructed ST
background is expected to follow a Poisson ðPÞ distribu-
tion with central value of nSBbkg1 · f. The background from
mis-reconstructed signal, nbkg2, is estimated with the
DþD− and D0D̄0 events in the inclusive MC samples by
subtracting the incorrectly reconstructed ST events,
and the corresponding number of events is expected to
follow a Gaussian distribution ðGÞ. This Gaussian distri-
bution G is centered at nMC

bkg2 with an uncertainty of σMC
bkg2,

where the uncertainty σMC
bkg2 includes both statistical

uncertainty and the uncertainty from BF of the dominant
backgrounds from decays D → hðhð0ÞÞπþπ− and
D → hðhð0ÞÞη; η → γeþe−.
The number of observed events nobs and the estimated

background yields nbkg1;2 are listed in Table II. The
detection efficiencies for the DT D0 and Dþ decays are
provided in Tables III and IV, respectively. As shown in
Fig. 2, no significant excess over the expected backgrounds
is observed. The ULs of the BFs can be determined by
subtracting the background contributions from the
observed signal candidates nobs and correcting the recon-
structed efficiencies. The systematic uncertainties, which
are described in the following, are also accounted for.

TABLE III. MC-determined DT detection efficiencies of the
differentD0 decay modes (%). The uncertainties are all statistical.

Signal vs Kþπ− Kþπ−π0 Kþπ−π−πþ

π0eþe− 26.94� 0.08 14.25� 0.04 15.54� 0.04
ηeþe− 23.30� 0.07 12.48� 0.03 13.37� 0.03
K0

Se
þe− 14.98� 0.04 7.95� 0.02 8.65� 0.02

ωeþe− 13.99� 0.03 6.80� 0.02 7.45� 0.02
K0

SK
0
Se

þe− 2.71� 0.01 1.37� 0.01 1.35� 0.01
π0π0eþe− 12.85� 0.04 6.12� 0.03 7.02� 0.03
ϕeþe− 4.14� 0.02 2.24� 0.01 2.27� 0.01
ρ0eþe− 24.34� 0.08 12.60� 0.04 13.81� 0.04
η0eþe− 13.44� 0.05 6.57� 0.03 6.89� 0.03

TABLE IV. MC-determined DT detection efficiencies of the different Dþ decay modes (%). The uncertainties are all statistical.

Signal vs Kþπ−π− K0
Sπ

− Kþπ−π−π0 K0
Sπ

−π0 K0
Sπ

−π−πþ KþK−π−

πþπ0eþe− 12.75� 0.03 14.02� 0.04 5.34� 0.02 6.33� 0.02 7.45� 0.03 10.52� 0.03
Kþπ0eþe− 10.12� 0.03 10.96� 0.03 3.84� 0.01 5.17� 0.02 6.01� 0.02 7.89� 0.02
πþK0

Se
þe− 7.74� 0.03 8.24� 0.03 3.17� 0.01 3.66� 0.02 3.23� 0.01 6.02� 0.02

KþK0
Se

þe− 3.18� 0.01 3.39� 0.01 1.22� 0.01 1.48� 0.01 1.37� 0.01 2.43� 0.01
ρþeþe− 10.56� 0.04 12.27� 0.04 4.40� 0.02 5.19� 0.02 6.05� 0.02 8.19� 0.04
K�þeþe− 5.94� 0.04 7.65� 0.04 3.00� 0.02 3.50� 0.04 3.30� 0.02 4.41� 0.02
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VI. SYSTEMATIC UNCERTAINTY

With the DT technique, the systematic uncertainties in
the BF measurements due to the detection and
reconstruction of the ST D mesons mostly cancel, as
shown in Eq. (1). The uncertainty associated with the
ST yield Ntot

ST, is assigned as 0.3% after varying the signal,
background shapes and floating the parameters of one
Gaussian in the fit.
For the signal side, the following sources of systematic

uncertainties, as summarized in Tables V and VI, are
considered. All of these contributions are added in

quadrature to obtain the total systematic uncertainties.
The uncertainties of tracking and PID for K� and π�

mesons are studied with control samples of DD̄ favored
hadronic decay modes [31]. We assign an uncertainty of
0.3% per track for the tracking and 0.3% for the PID
uncertainties. The tracking, PID and E=p efficiency for
electron or positron detection is studied using radiative
Bhabha events. The corresponding systematic uncertainty,
evaluated by weighting according to the cos θ and trans-
verse momentum distributions of the e� tracks, ranges
from 0.5% to 3.4% for the various decay processes.
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FIG. 2. Distributions ofMsig
BC for the signal modes after applying all selection criteria. The solid histograms are data, the hatched ones

are the background events in the inclusive MC samples scaled to the luminosity of data. The black dashed lines denote the signal region.
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The uncertainties for vetoes of π0 → γeþe− decays and
η → γeþe− decays are also studied by using the control
sample of radiative Bhabha events. The e� momentum
resolution is determined from both data and MC in bins of
momentum, and the relative difference between them is
taken as a systematic uncertainty and assigned to the signal
efficiency. A 2.0% systematic uncertainty is assigned for π0

meson reconstruction, based on control-sample studies of
D0 → K−πþπ0 decays that compare the reconstruction
efficiency between data and MC. According to the momen-
tum dependent data-MC difference, the uncertainties of η,
ω, and K0

S meson reconstruction are studied using control
samples of DD̄ events, with uncertainties of 1.5% for K0

S,
0.8% for ω, and 1.2% for η [15]. Similarly, an uncertainty
of 1.1% for ρ0 and ρþ [32] mesons, 0.5% for ϕ and η0 [33]
mesons and 0.1% for the K�þ [34] meson are assigned.
The γ-conversion background is suppressed by a require-

ment on the distance from the reconstructed vertex of the
eþe− pair to the IP. The uncertainty due to this requirement
is studied using a sample of J=ψ → πþπ−π0 decays with

the π0 subsequently decaying to the γeþe− final state [35].
The relative difference of the efficiency between data and
MC simulation is 1.8%, and is assigned as the uncertainty.
The estimated signal detection efficiencies are derived

from MC simulations and computed as a weighted average
of the efficiencies from the LD and SD samples. The
weighting is based on the theoretically predicted BFs of
the LD and SD processes [6]. The difference between the
signal and LD efficiencies is assigned as a systematic
uncertainty. The uncertainties from the BFs of the inter-
mediate states decays of the neutral mesons, Binter, are
assigned according to the PDG values [26].

VII. RESULTS

After applying all selection criteria to the data, no
significant signals are observed. The signal yields are
consistent with the background estimates obtained from
MC simulations. To calculate the ULs on the BFs for the
signal decays, we use a maximum likelihood estimator,
extended from the profile likelihood method [36].

TABLE V. Relative systematic uncertainties on the BFs of different D0 decay modes (%).

Source π0eþe− ηeþe− ωeþe− K0
Se

þe− ϕeþe− ρ0eþe− K0
SK

0
Se

þe− π0π0eþe− η0eþe−

Ntot
ST 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

K�=π� tracking � � � � � � 0.6 � � � 0.6 � � � � � � � � � 0.6
K�=π� PID � � � � � � 0.6 � � � 0.6 � � � � � � � � � 0.6
e� tracking, PID and E=p 0.5 0.7 1.5 0.8 2.0 1.3 3.4 0.6 1.9
π0=η reconstruction 2.0 1.2 2.0 � � � � � � � � � � � � 4.0 � � �
K0

S=ω=ρ
0=η0 reconstruction � � � � � � 0.8 1.5 0.2 1.1 3.0 � � � 0.5

Veto of γ conversion 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
MC modeling 1.0 2.1 2.3 2.7 5.4 3.5 2.9 3.6 2.8
Veto of π0 → γeþe− 1.1 1.3 1.3 1.3 1.7 1.3 1.3 1.3 1.3
Veto of η → γeþe− 1.1 1.3 1.3 1.3 1.7 1.3 1.3 1.3 1.3
Binter 0.1 0.5 0.8 0.1 1.0 0.1 0.1 0.1 1.2

Total 3.3 3.7 4.5 4.1 6.6 4.7 6.0 5.9 4.4

TABLE VI. Relative systematic uncertainties on the BFs of different Dþ decay modes (%).

Source πþπ0eþe− Kþπ0eþe− πþK0
Se

þe− KþK0
Se

þe− ρþeþe− K�þeþe−

Ntot
ST 0.3 0.3 0.3 0.3 0.3 0.3

K�=π� tracking 0.3 0.3 0.3 0.3 � � � 0.3
K�=π� PID 0.3 0.3 0.3 0.3 � � � 0.3
e� tracking, PID and E=p 1.9 2.3 2.2 3.3 1.7 2.3
π0 reconstruction 2.0 2.0 � � � � � � � � � 2.0
K0

S=ρ
þ=K�þ reconstruction � � � � � � 1.5 1.5 1.1 0.1

Veto of γ conversion 1.8 1.8 1.8 1.8 1.8 1.8
MC modeling 3.3 2.2 3.5 0.9 3.4 2.9
Veto of π0 → γeþe− 1.5 1.6 1.6 1.7 1.5 1.6
Veto of η → γeþe− 1.5 1.6 1.6 1.7 1.5 1.6
Binter 0.1 0.1 0.1 0.1 0.1 0.1

Total 5.1 4.8 5.1 4.9 5.2 5.1

SEARCH FOR THE RARE DECAYS OF … PHYS. REV. D 113, 092010 (2026)

092010-7



The number of observed events nobs and the number of
background events estimated with the sideband nbkg2 are
expected to follow a Poisson distribution. The detection
efficiency and the number of background events estimated
with MC simulation nbkg1 are expected to follow a
Gaussian distribution. The joint likelihood function is
expressed as

Lðnbkg1;nbkg2;εsig;BÞ¼Pðnobsjntag ·B ·εsigþnbkg1þnbkg2Þ
×GðεMC

sig jεsig;εMC
sig ·σMC

ε Þ
×PðnSBbkg1 ·fjnbkg1Þ
×GðnMC

bkg2jnbkg2;σMC
bkg2Þ: ð2Þ

Here B denotes the BF of the signal decay and ntag is the
total number of ST events ntag ¼

P
i n

i
tag. The parameter

εMC
sig is therefore the averaged signal efficiency over differ-

ent ST modes. It can be calculated as εMC
sig ¼ ðPi n

i
tag ·

εi;MC
tag;sig=ε

i;MC
tag Þ=ntag according to Eq. (1). The relative stat-

istical uncertainties listed in Tables III and IV, and the
systematic uncertainties as given in Tables V and VI are
included through σMC

ε . The likelihood function L is

maximized in the parameter space θα ¼ (nbkg1, nbkg2,
εsig, B) to determine Lmax. For each value of B, the
likelihood function can also be maximized in the space of
the nuisance parameters (nbkg1, nbkg2, εsig) to determine L.
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FIG. 3. Likelihood curves as a function of the signal BFs. The arrows point to the position of the ULs at the 90% C.L.

TABLE VII. The ULs on the BFs of each signal decay obtained
in this work, and the comparison with the PDG values.

Process Bð×10−6Þ PDG [26] ð×10−5Þ
Dþ → πþπ0eþe− <2.4 <1.4
Dþ → Kþπ0eþe− <1.1 <1.5
Dþ → πþK0

Se
þe− <4.8 <2.6

Dþ → KþK0
Se

þe− <3.7 <1.1
Dþ → ρþeþe− <2.1 � � �
Dþ → K�þeþe− <2.5 � � �
D0 → π0eþe− <0.7 <0.4
D0 → ηeþe− <1.4 <0.3
D0 → ωeþe− <1.6 <0.8
D0 → K0

Se
þe− <2.6 <1.2

D0 → K0
SK

0
Se

þe− <7.8 � � �
D0 → π0π0eþe− <1.9 � � �
D0 → ϕeþe− <4.6 <5.2
D0 → ρ0eþe− <0.7 <10.0
D0 → η0eþe− <2.5 � � �
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The resultant curves of the L=Lmax versus the B for all
signal modes are shown in Fig. 3. The ULs on the signal
BFs at the 90% CL are estimated by integrating the
likelihood curves in the physical region of B ≥ 0, as listed
in Table VII. We have also measured the ULs on the BFs
without including systematic uncertainties. The difference
between the ULs obtained with and without systematic
uncertainties is less than 0.1%. This analysis improves the
ULs on the BFs for eight decay channels listed in the PDG,
which are primarily based on BESIII [15] and CLEO
measurements. This analysis updates the upper limits on
the branching fractions for ten decay channels listed in the
PDG, of which eight are primarily based on previous
measurements from BESIII [15]. Compared to previous
measurements, the dataset used in this work is larger and
the selection is further optimized to suppress backgrounds
and enhance detection efficiency.

VIII. SUMMARY

We search for 15 rare decays of hðhð0ÞÞeþe− based on
the DT analysis using 20.3 fb−1 of eþe− collision data
collected at the center-of-mass energy of 3.773 GeV
with the BESIII detector. No significant signals are
observed, and the corresponding ULs on the BFs are
reported to be at 10−6 ∼ 10−7 level at the 90% C.L.
In this work, the ULs on the BFs of Dþ → ρþeþe−,
Dþ → K�þeþe−, D0 → K0

SK
0
Se

þe−, D0 → π0π0eþe− and
D0 → η0eþe− decay channels are measured for the first
time, which are between 2.1 × 10−6 and 7.8 × 10−6. For the
D0 → ρ0eþe− and D0 → ϕeþe− decays, the ULs on
the BFs are 0.7 × 10−6 and 4.6 × 10−6, respectively. For
the remaining eight decay channels, the ULs on the BFs
have been improved by a factor of 4 to 14 compared to the
previous PDG values. These results provide crucial input
for more stringent tests of the SM predictions of lepton
flavor universality.
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