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Using 7.33 fb~! of e*e™ collision data collected by the BESIII detector at center-of-mass energies
in the range of /s = 4.128-4.226 GeV, we search for the rare decays D} — h*(h%)ete™, where h

represents a kaon or pion. By requiring the e*e”

invariant mass to be consistent with a ¢(1020),

0.98 < M(eTe™) < 1.04 GeV/c?, the decay Df — nt¢h, ¢ — eTe™ is observed with a statistical
significance of 7.8c, and evidence for the decay D — p*¢h, ¢ — e'e™ is found for the first time with
a statistical significance of 4.46. The decay branching fractions are measured to be B(Dy —
Tt p—etem)=(1.17703 £0.03) x 107, and B(Df —pT,p—ete™) = (244708 £0.16) x 107,
where the first uncertainties are statistical and the second systematic. No significant signals for the three
four-body decays of Dy — n*n%Te~, D — K*n%"e™, and D] — K3ztete™ are observed. For

D} — atalet e, the ¢p mass region is vetoed to minimize the long-distance effects. The 90% confidence

level upper limits set on the branching fractions of these decays are in the range of (7.0-8.1) x 1075,

DOI: 10.1103/PhysRevLett.133.121801

In flavor physics, rare decays play an important role in
precision tests of the Standard Model (SM) and as probes of
physics beyond the SM. In the SM, the rare decays
D} — h*(h%)e*e™, where h denotes a pion or kaon, involve
both short-distance (SD) and long-distance (LD) contribu-
tions. The SD contributions proceed via the ¢ — ul*l~
flavor-changing neutral-current (FCNC) transition, which
can only occur at the loop level and are highly suppressed by
the Glashow-Iliopoulos—Maiani (GIM) mechanism [1]. The
GIM suppression is more effective in the charm sector
compared to the bottom and strange sectors, leading to naive
SD-only branching fractions (BFs) as low as 10~ [2—4]. The
tiny SM contribution makes the FCNC transitions in the
charm sector particularly sensitive to new physics, which
may significantly enhance the BFs through the presence of
new particles and interactions [2-5]. The LD contributions,
occurring through a radiated photon or an intermediate
meson decaying to dileptons, dominate the decays of
Dy — h*(h%)e*e™ and can enhance the BFs to the order
of 1076 [6-8]. Furthermore, as D] — Ve'e™ decays (Visa
light vector meson) receive considerable contributions from
virtual photons, and D] — Vy decays are predicted to have
BFs as high as O(107%) [9], one would expect the BFs of
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D} — Ve'te™ to reach 1073, Therefore, the FCNC proc-
esses are often overshadowed by the LD effects. The SD
effects can be accessed through measurements in the
dilepton mass regions away from those of the intermediate
mesons, such as 7, p, w, and ¢. Moreover, measurements of
angular dependence and the charge-parity-conjugation
asymmetry in regions away from or dominated by the
resonances as SM null tests are also helpful for exploring
the SD effects [2-8,10].

Recently, experimental results for the tests of lepton
universality (LU) in the beauty-quark FCNC decays b —
sIT1™ have received significant attention [11]. The latest
measurement from LHCb shows that the tests of muon-
electron universality using BY — K* 17/~ and B® - K*I*[~
decays are in agreement with the SM predictions [12]. An
analogous measurement of ¢ — u/™ [~ provides an important
complementary test of lepton universality in the up-quark
sector [13]. However owing to limited experimental results
on dielectron modes, LU tests in ¢ — ul™l~ are largely
unexplored [10]. These modes also provide sensitivity to a
broader class of new physics, which could affect angular
observables and CP asymmetries at a few percent level in
D° — hth~I*1~ decays [14].

Experimentally, the decays D° — K~ ztu*u~, D° —
atauty~, D - K K*tutuy~, and D° —» K~ mtete
have been observed with BFs of O(1075-1077) in the
LHCb and BABAR experiments [15—17], where the decays
are dominated by the LD contributions with lepton pairs
originating from p and w resonances. Recently, the LHCb
experiment reported the measurement of the branching
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fraction ratio B(¢ — pu*u~)/B(¢p — e*e”) with D) —
zt¢ decays, and the result is compatible with the SM
predictions [18]. Additionally, the FCNC decays of D%+
mesons have been searched for extensively [19,20], but the
present experimental upper bounds are still much higher
than the SM predictions [21]. For the rare decays of D}
meson, the upper limits on the three-body decays
D} — htITI~, where the dilepton mass is away from
the ¢ mass, are in the range O(1078-107%) as reported
in the BABAR [22] and LHCb experiments [20].

In this Letter, we measure the LD contributions of D] —
at¢ with ¢ — ete™, D} — pt¢p with p™ — zt2° and
¢ — ete”, and search for the four-body decays of
Df - ntalete, D — Ktnete”, Df - Kdntete™
using data samples corresponding to an integrated lumi-
nosity of 7.33 fb~! accumulated with the BESIII detector
at eTe” center-of-mass (c.m.) energies in the range
\/E =4.128-4.226 GeV [23,24]. In these data samples,
the DF mesons are dominantly produced in the process
ete” —» D*DY with D:* predominantly decaying via
D:* — D¥y [25]. The cross section of ete™ — DDy is
about 20 times larger than that of e'e™ — D{D;.
Consequently, the DY candidates are selected from
the process of e*e™ — D:*(— Dfy)D{ in this work.
Throughout this Letter, charged conjugate modes are
included, and p denotes the p(770).

Details about the BESIII detector are described in
Refs. [26,27]. Monte Carlo (MC) event samples produced
with a GEANT4-based [28] package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the e*e™ annihilations with the generator KkMc [29]. The
input cross section line shape of ete™ — D!*D{ is
modeled according to the measurement in Ref. [30].
The signal DY — nt¢) (D - pT¢) is generated using a
scalar-to-vector-scalar (scalar-to-two-vectors) model in
EVIGEN [31]. For the ¢ — ete™ (p* — nt7°) decay,
the vector-to-lepton-pair (vector-to-two-scalars) model is
employed. The signal processes of Dy — ztnlete,
K*n’ete™, and K%ztete ™ are generated uniformly in
phase space. The inclusive MC sample, corresponding to
40 times the integrated luminosity of data, includes the
production of open charm processes, the ISR production of
vector charmonium(-like) states, and the continuum proc-
esses incorporated in KKMC [29]. All particle decays are
modeled with EVTGEN using BFs taken from either the
Particle Data Group (PDG) [32] when available, or other-
wise estimated with LUNDCHARM [33]. Final state radiation
from charged final state particles is incorporated using the
PHOTOS package [34].

We apply a single tag (ST) method to search for D
candidates. The ST method requires one D7 meson to be

fully reconstructed in the signal mode in each event. The
BF of D} — h*(h%)e*e™ is given by

N..
B[D} - ht(W)ete ] = 2, 1
D = et = 5
where N, is the signal yield and Np.:ps = (64.72 &

0.28) x 107 is the total number of D:*D{ pairs in the data
samples [40]. The signal efficiency e weighted over eight
energy points is given by e = >/ €'N? .. /N .« pr, where
e and N . . are the detection efficiency and the number

of D:*D{ pairs at the ith energy point, respectively, and
Biyer is the BF of an intermediate state decay z° — yy
or K —» ztn.

The final states include z*, 7%, KT, K9, and e particles.
We require that charged tracks detected in the main drift
chamber (MDC) satisfy |cos6| < 0.93, where the polar
angle @ is defined with respect to the z axis, which is the
symmetry axis of the MDC. For charged tracks not used for
reconstruction of Kg, the distance of the closest approach to
the interaction point (IP) must be less than 10 cm along the
z axis, |V.|, and less than 1 cm in the transverse plane,
|Vy|. Particle identification (PID) is applied for charged
pion and kaon tracks by combining the measurements of
the specific ionization energy loss in the MDC (dE/dx) and
the flight time in the time-of-flight system (TOF) to form
likelihoods L(h)(h = K, z) for each hadron hypothesis.
Kaons are identified by requiring £(K) > L(z), while
pions are identified by requiring £(K) < L(z). To suppress
the contamination from K g — mtn~ decays, the vertices of
all zt7~ combinations are required to be less than three
times the vertex resolution from the IP. Electron PID uses
the measured information from the MDC, TOF, and
electromagnetic calorimeter (EMC). Electron candidates
are required to satisfy L(e) > 0.001 and L(e)/(L(e) +
L(z) + L(K)) > 0.8. To reduce background from hadrons
and muons, the electron and positron candidates are
required to have deposited energy in the EMC greater
than 0.8 (0.7) times its momentum for those with momen-
tum larger (less) than 0.4 GeV/c [35]. To effectively
suppress electron-positron pairs originating from y con-
versions, events with the distance from the reconstructed
vertex point of the ete™ pair to the IP in the range
(2.0, 8.0) cm are discarded. Furthermore, the momenta
of any photons within a cone of 5° around the electron
direction are added to the electron momentum to improve
the electron momentum resolution.

The K candidates are reconstructed from two oppositely
charged tracks satisfying |V,| < 20 cm. The two charged
tracks are assigned as z 7z~ without imposing further PID
criteria. They are constrained to originate from a common
vertex and are required to have an invariant mass within
[M(z"77) = mgo| < 12 MeV/c?, where myo is the K
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nominal mass [32]. The decay length of the K candidate
must be greater than twice the vertex resolution. The 7°
candidate is reconstructed from a pair of photon candidates,
which are reconstructed using showers in the EMC detec-
tor. The showers are required to have energy deposited
greater than 25 MeV in the barrel region (| cos 8| < 0.80)
and 50 MeV in the end cap region (0.86 < | cos 6| < 0.92).
The difference between the EMC time and the event start
time for each photon is required to be within [0, 700] ns to
suppress electronic noise and showers unrelated to the
event. The angle between the vectors from the IP to the
EMC cluster position and the projection of the closest
charged track at the EMC for each photon is required to be
greater than 10°. The 7° candidates must have a yy invariant
mass in the region [0.115,0.150] GeV/c?. The back-
grounds associated with mispaired photons are effectively
suppressed by requiring the energy of a z° candidate to be
greater than 0.17 GeV. A kinematic fit constraining the yy
invariant mass to the z° nominal mass is performed to
improve the z° four-vector for use in later kinematic
calculations.

Candidate D] mesons are formed from combinations of
identified hadrons and lepton pairs. The 2+ (h%)e* e~ invari-
ant mass is required to be within [1.88,2.02] GeV/c?. To
further suppress backgrounds and identify the Dy candi-
dates from the ete™ — D*D{ process, we introduce two
variables, the recoil mass of D, M,., and the mass
difference, AM:

oy 2
Mrec = \/(Ecm -\ |PDS+‘2 +m2Dj) - |PDf|2’

AM = M(D}y) - M(D}). 2)

where E., is the c.m. energy of eTe™ system, f’D; is the
three-momentum of the D} in the e " e~ c.m. frame, and m D
is the D" nominal mass [32]. M (D y) is the invariant mass
of the D} candidate and the photon candidate for the Di™ —
yDj process. If there are multiple photon candidates, the one
with the recoil mass of the D}y closest to mp:+ is chosen.
M(Dy) is the invariant mass of the D] candidate. The
signals peak in the M. spectrum around .- fora D from
the ete™ — D} D}~ process or in the AM spectrum around
mp+ —mp: fora D{ from e*e™ — Dy D (D" — yDY)
process [36]. Signal candidates are required to lie within the
signal windows in the two-dimensional plane of M. versus
AM listed in the Supplemental Material [37]. These win-
dows are determined independently for each energy point
and decay mode based on the figure-of-merit of S/+/S + B
for the two ¢ decay modes or €/(1.5 + v/B) [38] for the
three four-body decays. Two different figures of merit are
utilized due to the significantly different contributions of the
SM in the two cases. Here, S represents the expected yield

from the SM contribution, while B denotes the background
yield from the inclusive MC sample.

For the two ¢ decay modes, the invariant mass of the
electron pair, M(ete™) (as shown in the Supplemental
Material [37]), must lie within the ¢ mass window of
[0.98,1.04] GeV/c?, determined from the signal MC
simulation. The signal candidates for the D — p™¢), ¢ —
e"e™ decay are selected by further requiring the invariant
mass M(z*z°) to be within [0.60,0.95] GeV/c?. For the
nonresonant DY — 772 e~ decay, we exclude events
with M (e"e™) in the range of [0.96, 1.05] GeV/c? to reject
potential LD effects from D] — p*¢, ¢ - eTe™. For the
D} — K*n%e*e™ and D} — K3x*ete™ decays, the con-
tributions from the resonant ¢p — e*e™ decay are expected
to be insignificant with BFs of the order of 10~% after taking
the BF of B(¢ — ete™) = (2.979 +0.033) x 10™* [32]
into account. Since this value is already beyond the
sensitivity of BESII, no further requirement on
M(ete™) is required for these two decays. After the
application of all selection criteria, the signal efficiencies
range from 5.3% to 25.1% for different decays, as outlined
in Table II. The variation in signal efficiencies is mainly
caused by the different M., and AM requirements, and
different tracking and PID efficiencies in the signal decays.

The signal yields of different D decays in the data
sample are determined independently using unbinned
maximum likelihood fits to the invariant mass distributions
of each final state in the range of 1.88 to 2.02 GeV/c>. In
these fits, the signal shapes are modeled by a double-sided
Crystal Ball function [39] plus a bifurcated Gaussian
function (i.e., using asymmetric widths), with parameters
determined from MC simulation. The residual backgrounds
primarily originate from random combinations of the final
states from D ;) meson decays and a small fraction of the
continuum process eTe~ — gg, which vary smoothly
across the fit range. Consequently, the background shape
is modeled by a first-order Chebychev polynomial function
for the Dy — 7t ¢, ¢ — eTe” mode and D} — pT¢h, p —
eTe” mode and a second-order Chebychev polynomial
function for the others. The data distributions and fit results
for two resonant decay modes are shown in Fig. 1. The
signal yields are 38.2%/8 for Df — z%¢p, p — e*e” and
37.85‘%3 for D} — p*¢, ¢ - ete™, where the uncertain-
ties are statistical only. The signal from D} — z7¢, ¢p —
et e is observed with a statistical significance of 7.8¢. The

statistical significance is calculated by +/—2AIn L, where
Aln L is the difference of the log likelihoods with and
without the signal component in the fit. Additionally,
evidence for D — pT¢, ¢p - eTe™ is found for the first
time with a statistical significance of 4.4¢. Figure 2 shows
the data distributions and fit results for the three four-body
decay modes. No significant signal is observed, and the
corresponding statistical significance is found to be less
than 2¢ in each case.
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FIG. 1. Fits to the M(D;") distributions for Df — z" ¢, ¢p —
ete” and D} — pT¢p, p* = 772%, ¢ — ete™. The signals are
shown as the magenta dashed curves. The blue long-dashed
curves are the combinatorial background components, and the
dots with error bars are data. The y?/d.o.f is displayed on each
figure as an indication of the goodness of fit, where d.o.f is the
number of degrees of freedom in each fit. The low y2/d.o.f values
are the result of the low statistics.

The main sources of systematic uncertainties in the BF
measurements include those associated with the total
number of D D;~ pairs, the BFs of z°—yy, K% —
atn~ and pt — zt7° the signal detection efficiency,
and the signal extraction. The systematic uncertainty from
the total number of D} D*~ pairs is 0.4% [40]. An addi-
tional effect of possible contamination from ete™ —
DyD; and ete” — DitD*™ is estimated to be 0.3%.
The uncertainties from the BFs of z° — yy, K% — nt7™,
and p™ — 770 are negligible [32]. The uncertainties from
the tracking (PID) efficiencies of K* and 7z are estimated
to be 0.8% and 0.3% (0.8% and 0.5%) per track, respec-
tively [41]. The uncertainties associated with the tracking
and PID efficiencies of e* are studied with a radiative
Bhabha (ete™ — ye™e™) control sample, which results
in a systematic uncertainty of 1.0% for each of tracking
and PID [42]. The uncertainties related to the z° and
K9 reconstruction are assigned as 2.0% and 1.5%, respec-
tively [41,43]. The uncertainty due to the y-conversion
background veto is quoted as 1.8% [44].

The uncertainty from the requirements of AM and M.
is studied with a control sample of Df — K"K z*
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FIG. 2. Fits to the M(D}) distributions for D} — 7t z%e*e™,
D - KTn%"e™, and Df — K%rnteTe™. For Df - ntne e,
the M(ete™) is required to be outside the ¢ mass window. The
signals are shown as the magenta dashed curves. The blue long-
dashed curves are the combinatorial background components,
and the dots with error bars are data. The y?/d.o.f is displayed on
each figure to demonstrate the goodness of fit.

candidates, giving a difference of 1.5% between the data
and MC simulation. For the DT — pT¢, ¢ — eTe™ decay,
the uncertainty associated with the p™ mass window
requirement is estimated using the D] — pT¢), ¢ —
K+ K~ control sample. The resulting efficiency difference
between the data and MC simulation, 3.6%, is assigned as
the corresponding systematic uncertainty. The signal MC
samples of DY — ntn%% e, Df - KTn'%*te™, and
Dy — K%z e"e™ are generated uniformly in phase space.
To estimate the uncertainty from the MC model, we
generate a series of alternative MC samples by requiring
the ete™ pairs to originate from a vector meson whose
mass varied across the M(e*e™) spectrum. The difference
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TABLE I. Summary of the systematic uncertainties for the signal mode branching fractions. The - - -” indicates that the uncertainty is
not applicable.

Di —»r'¢,  Df—p'e,

¢ —ete” ¢ —ete Df - ntalete Dy - Ktzltem Df — Kinteter
NpepF 0.4% 0.4% 0.4% 0.4% 0.4%
Contamination from eTe™ — DDy 0.3% 0.3% 0.3% 0.3% 0.3%

and eTe”™ — DiTDi™

Tracking of K+ and % 0.3% 0.3% 0.3% 0.8% 0.3%
PID of K* and 7+ 0.5% 0.5% 0.5% 0.8% 0.5%
Tracking of e* 1.0% 1.0% 1.0% 1.0% 1.0%
PID of e* 1.0% 1.0% 1.0% 1.0% 1.0%
7°/K reconstruction e 2.0% 2.0% 2.0% 1.5%
y— conversion veto e e 1.8% 1.8% 1.8%
M,.. and AM requirement 1.5% 1.5% 1.5% 1.5% 1.5%
p* mass window e 3.6% e e e
MC model ‘e e 9.3% 15.5% 18.0%
Signal resolution 0.8% 0.8% 0.8% 0.8% 0.8%
Background shape 0.8% 4.7% o e e
Total 2.4% 6.6% 9.9% 15.9% 18.3%

in efficiency between the two MC samples at each
M(e"e™) bin are used to correct the phase space MC
sample. The corresponding efficiency changes are assigned
as mode-dependent systematic uncertainties: 3.7% for
D = ntalete™, 1.0% for DY — K+’ e, and 2.0%
for D — K{nTeTe . Moreover, additional MC samples
are generated with the zt7° Kn coming from p, K* decays,
and the resulting efficiency changes, compared to the
phase-space MC samples, are assigned as systematic
uncertainties: 9.3% for D} — ntz’ete”, 15.5% for
D} — K*n%Te™, and 18.0% for D} — KzxteTe.

The resolution difference between the data and MC
simulation for the signal shape is investigated using the
signal from D} — z7¢, ¢ — eTe™. An alternative fit is
performed with the signal modeled by the signal MC shape
convolved with a Gaussian function, representing the
resolution difference between the data and MC simulation.
The resulting signal yield changes by 0.8%, which is
assigned as the systematic uncertainty. The systematic
uncertainties associated with the background model are
estimated by repeating the fit with the background MC
simulated shape; the relative changes of the signal yields

TABLEII.  The signal yields (N, ), signal efficiencies, the BFs,
and the 90% confidence level upper limits.

Decay Niig € (%) B(x107)
Df >, p—ete”  38277F 251 117193 +£0.03
Df = p"p, p—efem 37859 121 24470674+ 0.16
D} = atalete” e 7.4 <7.0

D} = Ktnlete™ 5.3 <7.1

D — K%rntete™ e 6.7 <8.1

are 0.8% for DY - nt¢h, ¢p —> eTe”, and 4.7% for
D} — pT¢, ¢ - ete™ decays. For the upper limit mea-
surements, the variation giving the largest upper limit on
the signal yield is taken as the final result.

Assuming that all the sources of systematic uncertainties
are independent, the total systematic uncertainties are
calculated by adding all sources in quadrature. The result-
ing systematic uncertainties are summarized in Table 1.

Using Eq. (1), the measured BFs of the two LD
measurements are determined and presented in Table II,
where the first uncertainty is statistical and the second
systematic. These two values are consistent with the direct
calculations of B(DYy — zt¢) - B(¢p — ete™) = (1.34 £
0.12) x 10> and  B(D} — pT¢) - Blp — ete™) =
(1.67 £ 0.11) x 107 from the PDG [32]. For the three
four-body decay modes, no significant signal is found.
Therefore, we set upper limits on the BFs at the 90% con-
fidence level. Applying a Bayesian method [45], a like-
lihood scan is performed by fixing the signal yield at
various values. The effects of the systematic uncertainty are
included by convolving the likelihood curve with a
Gaussian function, where the standard deviation is set to
the total systematic uncertainty. The corresponding nor-
malized likelihood curves can be found in Ref. [37]. These
90% upper limits for the four body decays are also listed in
Table II.

In conclusion, we search for the rare decays D} —
h*(h%)ete~ using a data sample corresponding to an
integrated luminosity of 7.33 fb=! [23] taken at eTe”
c.m. energies in the range /s = 4.128-4.226 GeV. The
Dl — nt¢, ¢ — eTe™ decay is observed with a statistical
significance of 7.8¢. Evidence of the DI — p™¢, ¢ —
eTe™ decay is found for the first time with a statistical
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significance of 4.40. The BFs of these two decays are
measured to be B(Df — 77, ¢p — ete) = (1.17103; &
0.03) x 107 and B(D} = pTp,p— ete™) = (2447087 +
0.16) x 1073, where the first uncertainties are statistical
and the second systematic. The BF of D} — z¢), ¢ —
eT e is in agreement with the CLEO [46] result quoted by
the PDG [32], with a precision improved by a factor of 3.
Our result is also in agreement with the BABAR result,
B(Df - nt¢, ¢ — ete”) = (0.97 £ 0.18) x 1075,
obtained indirectly (based on the yields and efficiencies
listed in Ref. [22]) and thus not used by the PDG. Both BFs
are consistent with the products of the PDG values,
B(D{ — n'$) - B(¢p — e"e”) and  B(Dj —p'g)-
B(¢ — ete™) [32] within uncertainties. No significant
signal of the four-body rare decays is observed, and the
upper limits on the BFs of these decays are set to be
B(Df = ntrlete™) <7.0x 1075, B(Df - K*alete™) <
7.1x107%, and B(Dy — Kintete™) < 8.1 x 107, at the
90% confidence level. These results represent the first
upper limits on the BFs of these decays. Our measurements
improve our knowledge of LU in ¢ — ul*/~ and D} — Vy
decays.
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