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Abstract

A search for D0 meson decays to the π+π−e+e− and K+K−e+e− final states is re-
ported using a sample of proton-proton collisions collected by the LHCb experiment
at a center-of-mass energy of 13TeV, corresponding to an integrated luminosity
of 6 fb−1. The decay D0 → π+π−e+e− is observed for the first time when requir-
ing that the two electrons are consistent with coming from the decay of a ϕ or
ρ0/ω meson. The corresponding branching fractions are measured relative to the
D0 → K−π−[e+e−]ρ0/ω decay, where the two electrons are consistent with coming
from the decay of a ρ0 or ω meson. No evidence is found for the D0 → K+K−e+e−

decay and world-best limits are set on its branching fraction. The results are
compared to, and found to be consistent with, the branching fractions of the
D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays recently measured by LHCb and
confirm lepton universality at the current precision.
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Within the standard model (SM), flavor-changing neutral-current (FCNC) processes
are suppressed by the Glashow–Iliopoulos–Maiani mechanism [1]. Extensions of the
SM can, however, significantly alter the probabilities at which these processes occur.
Depending on the nature of potential beyond-SM (BSM) contributions, measurements of
observables sensitive to FCNCs can probe energy scales of tens or even hundreds of TeV [2],
providing a powerful tool in characterizing the allowed parameter space of BSM physics.

Rare charm decays may proceed via FCNC c → uℓ+ℓ− transitions (ℓ = µ or e).
In the SM, these so-called short-distance contributions result in branching fractions
of O(10−9) [3] for decays of the type D → Xℓ+ℓ−, where X is one or more hadrons.
The experimentally observable D → Xℓ+ℓ− decays are, however, dominated by long-
distance processes involving intermediate hadronic resonances such as D → XY (→ ℓ+ℓ−)
where Y is a hadronic resonance, e.g. a ρ0, ω or ϕ meson. These resonances increase
the SM branching fractions up to O(10−6) [3–6], with the broadest ones spanning the
entire dilepton-mass spectrum. Accessing the short-distance contributions of interest
therefore requires both large data sets and the use of complementary observables that are
sensitive to short- and long-distance processes, such as angular distributions, charge-parity
asymmetries or tests of lepton universality [5–19]. Despite the dominance of long-distance
contributions, the effects of new physics may lead to deviations from the SM predictions.
For example, the validity of lepton universality could be broken at the percent level [6].

The D0 → h+h−µ+µ− decays (h = π or K) were first observed by the LHCb col-
laboration [20], which subsequently studied their angular structure and charge-parity
asymmetries [21,22]. Charge-conjugate decays are implied throughout the Letter. The
D0 → h+h−e+e− decays offer the opportunity to probe the universality of the electroweak
interaction couplings to leptons of different generations. However, electron final states
are more challenging experimentally, in particular because the electrons lose a significant
fraction of their energy as bremsstrahlung radiation while passing through the detector
material. Until now, only upper limits on the branching fractions of D0 → h+h−e+e−

decays have been reported [23,24].
This Letter reports the first search for the D0 → π+π−e+e− and D0 → K+K−e+e−

decays at the LHCb experiment and opens the door for the first lepton universality tests
with such decays. The analysis uses pp collision data collected between 2015 and 2018
at a center-of-mass energy

√
s = 13 TeV, corresponding to an integrated luminosity of

6 fb−1. The analysis method closely follows that of the LHCb analysis which observed the
analogous decays with muons [20]. In particular, the analysis uses D0 mesons originating
from D∗+ → D0π+ decays with the D∗+ mesons produced in the primary pp interaction.
The branching fractions of the decays of interest are measured in regions of the dielectron
mass relative to the D0 → K−π+[e+e−]ρ0/ω decay which has a branching fraction of
(4.0 ± 0.5) × 10−6 in the dielectron-mass range 565–950 MeV/c2 [25], where the notation
indicates that the contribution from the ρ0/ω → e+e− decay is dominant.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 and is described in detail in Refs. [26, 27]. Events are selected by a
trigger that consists of a hardware stage, based on information from the calorimeter and
muon systems, followed by a software stage which applies a full event reconstruction [28].
The hardware trigger requires the presence of an energy deposit in the electromagnetic
calorimeter that may or may not be compatible with originating from the signal candidate,
or a muon signature with large transverse momentum which is compatible with originating
from any particle in the event. A first stage of the software trigger selects events with
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either a charged particle that has both a significant transverse momentum and large
impact parameter, defined as the minimum distance of the particle trajectory from any
primary pp-collision vertex (PV), or with a two-track vertex satisfying a multivariate
classifier based on geometric and kinematic criteria which identify the vertex as likely to
originate from the decay of a long-lived heavy particle. In a second stage of the software
trigger, candidate D0 → h+h(′)−e+e− decays are selected by combining four tracks that
form a secondary vertex separated from any PV. All charged particles are required to
have a significant impact parameter, as well as momentum p > 3 GeV/c and transverse
momentum pT > 0.3 GeV/c. The D0 candidate must have large transverse momentum, a
reconstructed mass, m(D0), in the range 1800–1950 MeV/c2 (1700–2050 MeV/c2) for data
recorded in the years 2015–16 (2017–18), and its momentum vector must be aligned with
the vector connecting the PV and the D0 decay vertex. When more than one PV is
reconstructed, the one with respect to which the D0 candidate has the lowest impact-
parameter χ2 is chosen, defined as the difference in the vertex-fit χ2 reconstructed with
and without the candidate. Finally, D∗+ → D0π+ candidates are selected by combining
the D0 meson with a charged particle from the same PV that has pT > 120 MeV/c.

Subsequently, signal candidates are further selected offline by tightening the kinematic
and geometric criteria applied in the trigger. A dedicated algorithm associates recon-
structed bremsstrahlung photons to tracks identified as electrons; when a given photon
is associated with both electron tracks, it is attached to one chosen randomly. Through-
out the analysis, signal candidates are split into two periods with different data-taking
conditions (2015–16 and 2017–18) and further divided into two categories: candidates
in which neither electron has an associated bremsstrahlung cluster, and all other candi-
dates, referred to as the no-brem and with-brem categories, respectively. A multivariate
classifier is used to remove D0 candidates containing one or more fake tracks. Stringent
particle-identification criteria are then applied to all charged particles to suppress both
combinatorial background, from unrelated charged particles, and cross-feed backgrounds in
which one type of D0 → h+h(′)−e+e− decay is misidentified as another. The vertex formed
by the D0 and π+ mesons is constrained to coincide with the PV and the momenta of the
particles in the decay chain are updated accordingly. Only candidates with a difference
between the reconstructed D∗+ and D0 masses, ∆m, in the range 144–147 MeV/c2 are
considered. Further reduction of combinatorial background is achieved using a multivariate
selection based on a boosted decision tree (BDT) [29, 30]. The following features are
used to discriminate signal from background: the momentum, transverse momentum, and
impact parameter of the pion from the D∗+ decay; the fit quality of the D0 vertex and
its separation from the PV; the angle between the D0 momentum vector and the vector
connecting the PV and the D0 decay vertex; and the fit quality of the D∗+ vertex. The
BDT classifier is trained separately for D0 → π+π−e+e− and D0 → K+K−e+e− decays,
using simulation samples [31,32] as a proxy for the signal and data candidates with m(D0)
greater than 1900 MeV/c2 as a proxy for the background.

Hadronic D0 → π+π−π+π− and D0 → K+K−π+π− decays, where two pions are
misidentified as electrons, constitute a major source of background, which is reduced by
a multivariate electron-identification discriminant that combines information from the
Cherenkov detectors, the calorimeters and the muon chambers. Finally, selection criteria
based on the BDT response and on the electron identification discriminant are optimized by
maximizing the figure-of-merit ϵh+h−e+e−/(5/2 +

√
Nbkg) [33], where ϵh+h−e+e− is the signal

efficiency, and Nbkg is the total background yield in the m(D0) range 1700–1900 MeV/c2
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Figure 1: Mass distributions of selected D0 → π+π−e+e− candidates in the low-m(e+e−),
η, ρ0/ω, ϕ and high-m(e+e−) regions in the (left, 0γ) no-brem and (right, ≥ 1γ) with-brem
categories. Fit projections are also shown.

(1700–2050 MeV/c2) for the no-brem (with-brem) category. The no-brem category has
a significantly larger contamination from backgrounds in which hadrons are wrongly
identified as electrons and therefore significantly worse sensitivity to the signals of interest.
To facilitate an extrapolation of the yields of misidentified background from the no-brem
to the with-brem category, the optimal selection thresholds obtained for the with-brem
category are used for the no-brem category. Candidate D0 → K−π+[e+e−]ρ0/ω decays
are selected using the response of the BDT classifier trained on the D0 → π+π−e+e−

(D0 → K+K−e+e−) signal when being used to normalize the branching fraction of
D0 → π+π−e+e− (D0 → K+K−e+e−). Only one candidate is kept at random if an event
contains several signal or normalization candidate decays after the final selection, which
happens in less than 0.5% of selected events. To avoid potential biases on the measured
signal candidate yields, candidate decays in the m(D0) signal region were examined only
after the analysis procedure was finalized.

Signal and normalization yields are measured with unbinned extended maximum-
likelihood fits to the m(D0) distributions, in regions of the dielectron mass, m(e+e−),
which is computed constraining the mass of the D0 meson to its known value [34]. The fit
results are shown for D0 → π+π−e+e− and D0 → K+K−e+e− candidates in Figs. 1 and 2,
respectively. The fit results for D0 → K−π+[e+e−]ρ0/ω can be found in the supplemental
material of this letter [35]. For the signal modes, the m(e+e−) regions are defined in
Table 1 according to the presence of known intermediate resonances and aligned with
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Figure 2: Mass distributions of selected D0 → K+K−e+e− candidates in the low-m(e+e−),
η and ρ0/ω regions in the (left) no-brem (0γ) and (right) with-brem (≥ 1γ) categories. Fit
projections are also shown.

Ref. [21]. Thus, the lowest m(e+e−) region starts at two times the muon mass, mµ. All
fits include four main components: signal, combinatorial background, peaking background
from misidentified hadronic decays and background from partially reconstructed D0-
meson decays, where at least one charged or neutral particle has not been reconstructed.
The fit also accounts for the small fraction of D0 → h+h−e+e− decays in which the
dielectron pair is produced in one m(e+e−) region and reconstructed in another. All
fits are validated to return unbiased results using large numbers of pseudoexperiments.
The signal is described with a Crystal Ball [36] distribution for the no-brem category
and with a double-sided Crystal Ball distribution for the with-brem category. In both
cases, the distribution parameters are determined from simulation. The mass shape of
the peaking background is determined using a Bukin distribution [37] fitted to simulated
samples of D0 → h+h(′)−π+π− decays, where the D0 mass is calculated by assigning both
pion candidates the electron mass. The peaking background in the with-brem category
has a small, but not negligible, yield and a shape which is very similar to the signal.
Its yield in the with-brem category is extrapolated from the no-brem category using
the relevant efficiencies from simulation. The combinatorial background is described
by a first-order polynomial function with its slope determined from data candidates
with ∆m > 150 MeV/c2 and m(D0) > 1900 MeV/c2. All shape parameters of the signal,
peaking background and combinatorial background are fixed. Partially reconstructed
backgrounds are modeled using a Bukin distribution fitted to simulated events in the low
m(e+e−) region (< 525 MeV/c2), and an exponential function with its shape parameter
determined in the fit to the selected candidates in other m(e+e−) ranges. Alternative
parametrizations are studied as a source of systematic uncertainty. The yields of each
component are allowed to vary in the fits, which are performed simultaneously between
the bremsstrahlung categories, periods of data-taking, and dielectron-mass regions. The
yield of the combinatorial background is constrained to the yield determined in the ∆m
sideband 155–165 MeV/c2 extrapolated to the signal region.

The resulting signal yields and significances with respect to zero, including statistical
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Table 1: Yields of (top) D0 → π+π−e+e− and (bottom) D0 → K+K−e+e− signal decays and
their significance, S, in units of Gaussian standard deviations, with respect to zero.

m(e+e−) region [ MeV/c2] Yield S
D0 → π+π−e+e−

Low mass 2mµ–525 37± 13 2.8σ
η 525–565 10± 7 1.6σ
ρ0/ω 565–950 97± 21 5.5σ
ϕ 950–1100 100± 18 8.1σ
High mass > 1100 30± 11 2.9σ

D0 → K+K−e+e−

Low mass 2mµ–525 4± 8 1.2σ
η 525–565 1± 2 1.1σ
ρ0/ω > 565 12± 7 2.2σ

and systematic uncertainties, are reported in Table 1. Significances exceeding five standard
deviations are reported for D0 → π+π−e+e− decays, where the two electrons are consistent
with coming from an intermediate ϕ or ρ0/ω meson.

The signal yields, N i
h+h−e+e− , in the m(e+e−) region i are used to compute the branching

fractions as

Bi(D0 → h+h−e+e−) =
N i

h+h−e+e− B(D0 → K−π+[e+e−]ρ0/ω)

Ri
ϵ NK−π+e+e−

,

where NK−π+e+e− is the yield of the normalization mode, which is determined to be 820 ± 39
(875±40) after applying the selection optimized for D0 → π+π−e+e− (D0 → K+K−e+e−)
decays, while Ri

ϵ = ϵih+h−e+e−/ϵK−π+e+e− corresponds to the ratio of geometrical accep-
tances, reconstruction and selection efficiencies of the signal relative to the normalization
decays.

The efficiencies are determined using simulated events that are corrected to account
for known differences between data and simulation. A particular challenge is the unknown
amplitude composition of the decays under study. Samples of background-subtracted and
efficiency-corrected D0 → h+h(′)−µ+µ− decays are used to correct the five-dimensional
decay model of the corresponding dielectron mode. In addition, particle-identification,
hardware-trigger, and tracking efficiencies as well as the dielectron-mass resolution are
corrected using dedicated control channels in data.

Systematic uncertainties related to the determination of the yields arise due to limited
knowledge of the various fit components and are evaluated using pseudoexperiments, where
alternative fit models are tested. These include variations of the signal and background
shape parameters within the uncertainties determined from the fits to simulation, and
a signal shape obtained with a modified electron momentum resolution. In addition, a
Bukin distribution is tested as an alternative distribution to represent the signal. Since not
all selection criteria can be applied to background simulation because of limited simulated
sample sizes, the misidentified background shapes are recomputed using an alternative set
of selection criteria. The combinatorial background shape is determined in alternative
∆m ranges. The fraction of signal decays migrating into other regions of dielectron
mass is varied within its uncertainty. Furthermore, fit components are re-evaluated using
simulated samples corresponding to different data-taking years. The dominant systematic

5



Table 2: Branching fractions of (top) D0 → π+π−e+e− and (bottom) D0 → K+K−e+e− decays
in different ranges of dielectron mass, where the uncertainties are statistical, systematic and due
to the limited knowledge of the normalization branching fraction. The reported upper limits
correspond to 90% (95%) confidence level. The correlations between the various dielectron-mass
ranges are reported in the supplemental material [35].

m(e+e−) region [ MeV/c2] B [10−7]
D0 → π+π−e+e−

Low mass 2mµ–525 < 4.8 (5.4)
η 525–565 < 2.3 (2.7)
ρ0/ω 565–950 4.5 ± 1.0 ± 0.7 ± 0.6
ϕ 950–1100 3.8 ± 0.7 ± 0.4 ± 0.5
High mass > 1100 < 2.0 (2.2)

D0 → K+K−e+e−

Low mass 2mµ–525 < 1.0 (1.1)
η 525–565 < 0.4 (0.5)
ρ0/ω > 565 < 2.2 (2.5)

uncertainty arising from assumptions in the fit is determined by fully neglecting all partially
reconstructed backgrounds. The impact of neglecting further misidentified backgrounds is
found to be negligible everywhere except in the signal ρ0/ω dielectron-mass region, where
a contribution from D0 → K−π+e+e− decays misreconstructed as the signal are found,
and the appropriate systematic uncertainty is computed. The statistical uncertainty
on the normalization yield leads to a relative systematic uncertainty of 4.8% (4.5%) for
D0 → π+π−e+e− (D0 → K+K−e+e−).

Systematic uncertainties affecting the efficiency ratio include residual data-simulation
differences and limitations in the data-driven methods used to determine the particle-
identification, tracking and trigger efficiencies. Uncertainties are evaluated directly on the
efficiency ratio to take into account cancellations caused by similarities between the signal
and normalization modes. The uncertainty due to finite simulated sample sizes is evaluated
using a bootstrapping technique [38]. The impact of different detector occupancies in data
and simulation is evaluated by recomputing the efficiencies using an additional correction
accounting for the deviations. The efficiency ratios are recomputed varying the parameters
used to smear the dielectron mass within their statistical uncertainties, and varying the
resonant models of the signal decays within their uncertainties. In addition, the efficiency
ratios are recomputed after artificially injecting an additional nonresonant component,
representing unknown short-distance physics, into the simulated signal distributions at
10% of the total number of events. The impact of charm hadrons produced in beauty
hadron decays is evaluated and found to be negligible.

To summarize, the biggest systematic uncertainties arise from finite simulated sample
sizes, the limited knowledge of the signal-decay resonant structure, and the models used in
the fit. The total systematic uncertainty depends on the decay mode and dielectron-mass
region and ranges between approximately 10% and 70% of the corresponding statistical
precision [35].

Measured branching fractions for D0 → π+π−e+e− and D0 → K+K−e+e− decays in
regions of m(e+e−) are reported in Table 2 if the statistical significance exceeds three
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standard deviations, where the first uncertainty accounts for the statistical component,
the second for the systematic, and the third corresponds to a 13.7% relative uncertainty
on B(D0 → K−π+[e+e−]ρ0/ω) [25]. The Feldman–Cousins approach [39] is used to report
the statistical uncertainties on the branching fractions. Upper limits are derived in all
other m(e+e−) regions using the CLs method including the effects due to the systematic
uncertainties [40, 41]. Integrating over the dielectron-mass regions defined in Table 2, and
accounting for correlations [35], the total branching fraction for D0 → π+π−e+e− decays
with m(e+e−) greater than two times the muon mass is measured to be

B(D0 → π+π−[e+e−]m(e+e−)>2mµ) = (13.3 ± 1.1 ± 1.7 ± 1.8) × 10−7,

where the uncertainties are statistical, systematic and due to the limited knowledge
of the normalization-mode branching fraction, respectively. The result is consistent
with the SM expectations [5, 6] and with the branching fraction of D0 → π+π−µ+µ−

of (9.6 ± 1.2) × 10−7 [20]. No total branching fraction is quoted for D0 → K+K−e+e−

decays as no significant signal is observed in any of the dielectron-mass regions.
In summary, a study of the D0 → π+π−e+e− and D0 → K+K−e+e− decays is

performed in regions of the dielectron mass using pp collisions collected by the LHCb
experiment at

√
s = 13 TeV. The decay D0 → π+π−e+e− is observed for the first time

when requiring that the two electrons are consistent with coming from the decay of a ϕ or
ρ0/ω mesons. No evidence is found for the D0 → K+K−e+e− decay and world-best limits
are set on its branching fraction which improves previous best limits by two orders of
magnitude. The results are compared to, and found to be consistent with, the branching
fractions of the D0 → π+π−µ+µ− and D0 → K+K−µ+µ− decays recently measured by
LHCb, and confirm lepton universality at the current precision.
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[11] S. Fajfer and N. Košnik, Prospects of discovering new physics in rare charm decays,
Eur. Phys. J. C75 (2015) 567, arXiv:1510.00965.

[12] S. de Boer and G. Hiller, Flavour and new physics opportunities with rare charm
decays into leptons, Phys. Rev. D93 (2016) 074001, arXiv:1510.00311.

[13] H. Gisbert, M. Golz, and D. S. Mitzel, Theoretical and experimental status of rare
charm decays, Mod. Phys. Lett. A36 (2021) 2130002, arXiv:2011.09478.

[14] R. Bause, M. Golz, G. Hiller, and A. Tayduganov, The new physics reach of null
tests with D → πℓℓ and Ds → Kℓℓ decays, Eur. Phys. J. C80 (2020) 65, Erratum
ibid. C81 (2021) 219, arXiv:1909.11108.

[15] R. Bause, H. Gisbert, M. Golz, and G. Hiller, Exploiting CP -asymmetries in rare
charm decays, Phys. Rev. D101 (2020) 115006, arXiv:2004.01206.

8

https://doi.org/10.1103/PhysRevD.2.1285
http://arxiv.org/abs/1910.11775
https://doi.org/10.1103/PhysRevD.83.114006
https://doi.org/10.1103/PhysRevD.83.114006
http://arxiv.org/abs/1101.6053
https://doi.org/10.1103/PhysRevD.76.074010
http://arxiv.org/abs/0706.1133
https://doi.org/10.1007/JHEP04(2013)135
http://arxiv.org/abs/1209.4235
https://doi.org/10.1103/PhysRevD.98.035041
http://arxiv.org/abs/1805.08516
https://doi.org/10.1103/PhysRevD.73.054026
http://arxiv.org/abs/hep-ph/0511048
https://doi.org/10.1007/JHEP03(2012)021
http://arxiv.org/abs/1110.2862
https://doi.org/10.1103/PhysRevD.90.014035
http://arxiv.org/abs/1212.4849
https://doi.org/10.1103/PhysRevD.87.054026
https://doi.org/10.1103/PhysRevD.87.054026
http://arxiv.org/abs/1208.0759
https://doi.org/10.1140/epjc/s10052-015-3801-2
http://arxiv.org/abs/1510.00965
https://doi.org/10.1103/PhysRevD.93.074001
http://arxiv.org/abs/1510.00311
https://doi.org/10.1142/S0217732321300020
http://arxiv.org/abs/2011.09478
https://doi.org/10.1140/epjc/s10052-020-7621-7
https://doi.org/10.1140/epjc/s10052-020-7621-7
http://arxiv.org/abs/1909.11108
https://doi.org/10.1103/PhysRevD.101.115006
http://arxiv.org/abs/2004.01206
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Supplemental material for the Letter “Search for D0

meson decays to π+π−e+e− and K+K−e+e− final states”

The fit results for D0 → K−π+[e+e−]ρ0/ω decays are shown in Fig. 3 for candidates
selected as normalization sample for measurement of the branching fraction of both
D0 → π+π−e+e− and D0 → K+K−e+e− decays. The measured branching fractions in
dielectron-mass regions for D0 → π+π−e+e− and D0 → K+K−e+e− decays are reported
in Table 3 and Table 4, respectively. A summary of the systematic uncertainties is listed
in Table 5. The correlation matrices for the measurements, including statistical and
systematic uncertainties, are given in Tables 6 and 7.
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Figure 3: Distributions ofm(D0) for selectedD0 → K−π−[e+e−]ρ0/ω candidates in the dielectron-
mass region between 675–875 MeV/c2 split within no-brem and with-brem categories, with the
selection optimized for (left) D0 → π+π−e+e− and (right) D0 → K+K−e+e− decays. Fit
projections are also shown.

Table 3: Measured branching fractions of D0 → π+π−e+e− decays in regions of the dielectron
mass, which are used to compute the total branching fraction. The total uncertainty is reported,
including the statistical, systematic and due to the limited knowledge of the normalization mode
branching fraction uncertainties.

m(e+e−) region [ MeV/c2] B [10−7]
D0 → π+π−e+e−

Low mass 2mµ–525 2.8+1.2
−1.1

η 525–565 1.0+0.7
−0.6

ρ0/ω 565–950 4.5 ± 1.4
ϕ 950–1100 3.8 ± 0.9
High mass > 1100 1.1+0.5

−0.4
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Table 4: Measured branching fractions of D0 → K+K−e+e− decays in regions of dielectron
mass. The total uncertainty is reported, including the statistical, systematic and due to the
limited knowledge of the normalization mode branching fraction uncertainties.

m(e+e−) region [ MeV/c2] B [10−8]
D0 → K+K−e+e−

Low mass 2mµ–525 0.9+4.3
−1.1

η 525–565 0.1+1.7
−0.2

ρ0/ω > 565 9.9+6.4
−5.1

Table 5: Summary of relative systematic uncertainties on ratio of yields (∆Rϵ
Rϵ

) and ratio of

efficiencies (∆Rϵ
Rϵ

) for (top) D0 → π+π−e+e− and (bottom) D0 → K+K−e+e− decays in different
ranges of dielectron mass. The last column shows the sum in quadrature of the contributions.
The uncertainty due to the limited knowledge of the normalization mode branching fraction
(13.7%) is not shown in this table.

m(e+e−) region [ MeV/c2] ∆RN

RN
[%] ∆Rϵ

Rϵ
[%] ∆B

B [%]

D0 → π+π−e+e−

Low mass 2mµ–525 8.1 10.1 12.9
η 525–565 11.7 16.9 20.6
ρ0/ω 565–950 15.1 4.8 15.8
ϕ 950–1100 8.2 5.9 10.1
High mass > 1100 11.9 13.0 17.6

D0 → K+K−e+e−

Low mass 2mµ–525 9.2 8.8 12.7
η 525–565 9.8 15.4 18.3
ρ0/ω > 565 10.3 5.5 11.7

Table 6: Correlation coefficients related to the statistical and systematic uncertainties of the
branching fractions of D0 → π+π−e+e− decays in different dilepton mass regions.

m(e+e−) region [ MeV/c2 ] 2mµ–525 525–565 565–950 950–1100 >1100
2mµ–525 1.00 0.14 0.33 0.34 0.22
525–565 1.00 0.25 0.25 0.17
565–950 1.00 0.54 0.37
950–1100 1.00 0.37
>1100 1.00

Table 7: Correlation coefficients related to the statistical and systematic uncertainties of the
branching fractions of D0 → K+K−e+e− decays in different dielectron mass regions.

m(e+e−) region [ MeV/c2 ] 2mµ–525 525–565 > 565
2mµ–525 1.00 0.05 0.02
525–565 1.00 0.17
> 565 1.00
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Ramı́rez Garćıa83 , V. Ramos De Oliveira70 , M. Ramos Pernas57 , M.S. Rangel3 ,
F. Ratnikov44 , G. Raven39 , M. Rebollo De Miguel48 , F. Redi30,i , J. Reich55 ,
F. Reiss20 , Z. Ren7 , P.K. Resmi64 , R. Ribatti50 , G. R. Ricart15,12 ,
D. Riccardi35,r , S. Ricciardi58 , K. Richardson65 , M. Richardson-Slipper59 ,
K. Rinnert61 , P. Robbe14,49 , G. Robertson60 , E. Rodrigues61 , A. Rodriguez Alvarez46,
E. Rodriguez Fernandez47 , J.A. Rodriguez Lopez75 , E. Rodriguez Rodriguez49 ,
J. Roensch19, A. Rogachev44 , A. Rogovskiy58 , D.L. Rolf49 , P. Roloff49 ,
V. Romanovskiy66 , A. Romero Vidal47 , G. Romolini26 , F. Ronchetti50 , T. Rong6 ,
M. Rotondo28 , S. R. Roy22 , M.S. Rudolph69 , M. Ruiz Diaz22 ,
R.A. Ruiz Fernandez47 , J. Ruiz Vidal82,aa , A. Ryzhikov44 , J. Ryzka40 , J.
J. Saavedra-Arias9 , J.J. Saborido Silva47 , R. Sadek15 , N. Sagidova44 , D. Sahoo77 ,
N. Sahoo54 , B. Saitta32,k , M. Salomoni31,49,o , I. Sanderswood48 , R. Santacesaria36 ,
C. Santamarina Rios47 , M. Santimaria28 , L. Santoro 2 , E. Santovetti37 ,
A. Saputi26,49 , D. Saranin44 , A. Sarnatskiy78 , G. Sarpis59 , M. Sarpis63 ,
C. Satriano36,t , A. Satta37 , M. Saur6 , D. Savrina44 , H. Sazak17 ,
F. Sborzacchi49,28 , L.G. Scantlebury Smead64 , A. Scarabotto19 , S. Schael17 ,
S. Scherl61 , M. Schiller60 , H. Schindler49 , M. Schmelling21 , B. Schmidt49 ,
S. Schmitt17 , H. Schmitz18, O. Schneider50 , A. Schopper49 , N. Schulte19 ,
S. Schulte50 , M.H. Schune14 , R. Schwemmer49 , G. Schwering17 , B. Sciascia28 ,
A. Sciuccati49 , I. Segal76 , S. Sellam47 , A. Semennikov44 , T. Senger51 ,
M. Senghi Soares39 , A. Sergi29,m , N. Serra51 , L. Sestini33 , A. Seuthe19 ,
Y. Shang6 , D.M. Shangase83 , M. Shapkin44 , R. S. Sharma69 , I. Shchemerov44 ,
L. Shchutska50 , T. Shears61 , L. Shekhtman44 , Z. Shen6 , S. Sheng5,7 ,
V. Shevchenko44 , B. Shi7 , Q. Shi7 , Y. Shimizu14 , E. Shmanin25 , R. Shorkin44 ,
J.D. Shupperd69 , R. Silva Coutinho69 , G. Simi33,p , S. Simone24,h , N. Skidmore57 ,
T. Skwarnicki69 , M.W. Slater54 , J.C. Smallwood64 , E. Smith65 , K. Smith68 ,
M. Smith62 , A. Snoch38 , L. Soares Lavra59 , M.D. Sokoloff66 , F.J.P. Soler60 ,
A. Solomin44,55 , A. Solovev44 , I. Solovyev44 , N. S. Sommerfeld18 , R. Song1 ,
Y. Song50 , Y. Song4,b , Y. S. Song6 , F.L. Souza De Almeida69 , B. Souza De Paula3 ,
E. Spadaro Norella29,m , E. Spedicato25 , J.G. Speer19 , E. Spiridenkov44, P. Spradlin60 ,
V. Sriskaran49 , F. Stagni49 , M. Stahl76 , S. Stahl49 , S. Stanislaus64 , M.
Stefaniak84 , E.N. Stein49 , O. Steinkamp51 , O. Stenyakin44, H. Stevens19 ,
D. Strekalina44 , Y. Su7 , F. Suljik64 , J. Sun32 , L. Sun74 , D. Sundfeld2 ,
W. Sutcliffe51, P.N. Swallow54 , K. Swientek40 , F. Swystun56 , A. Szabelski42 ,
T. Szumlak40 , Y. Tan4,b , Y. Tang74 , M.D. Tat22 , A. Terentev44 ,
F. Terzuoli35,v,49 , F. Teubert49 , E. Thomas49 , D.J.D. Thompson54 , H. Tilquin62 ,

16

https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0002-7439-6621
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0009-0004-8530-7630
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0009-0006-7202-0811
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0009-0005-4236-4667
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0002-3863-352X
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0001-6343-447X
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1896-2892
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0009-0005-9992-9761
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-7548-6530
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0009-0004-7916-2682
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0001-8605-3020
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0009-0006-7822-2860
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0002-5820-1054
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014


V. Tisserand11 , S. T’Jampens10 , M. Tobin5,49 , L. Tomassetti26,l , G. Tonani30,n ,
X. Tong6 , T. Tork30, D. Torres Machado2 , L. Toscano19 , D.Y. Tou4,b , C. Trippl45 ,
G. Tuci22 , N. Tuning38 , L.H. Uecker22 , A. Ukleja40 , D.J. Unverzagt22 , B.
Urbach59 , A. Usachov39 , A. Ustyuzhanin44 , U. Uwer22 , V. Vagnoni25 , V.
Valcarce Cadenas47 , G. Valenti25 , N. Valls Canudas49 , J. van Eldik49 ,
H. Van Hecke68 , E. van Herwijnen62 , C.B. Van Hulse47,y , R. Van Laak50 ,
M. van Veghel38 , G. Vasquez51 , R. Vazquez Gomez46 , P. Vazquez Regueiro47 ,
C. Vázquez Sierra47 , S. Vecchi26 , J.J. Velthuis55 , M. Veltri27,w ,
A. Venkateswaran50 , M. Verdoglia32 , M. Vesterinen57 , D. Vico Benet64 , P.
Vidrier Villalba46 , M. Vieites Diaz47 , X. Vilasis-Cardona45 , E. Vilella Figueras61 ,
A. Villa25 , P. Vincent16 , F.C. Volle54 , D. vom Bruch13 , N. Voropaev44 , K. Vos79 ,
C. Vrahas59 , J. Wagner19 , J. Walsh35 , E.J. Walton1,57 , G. Wan6 , C. Wang22 ,
G. Wang8 , H. Wang73, J. Wang6 , J. Wang5 , J. Wang4,b , J. Wang74 , M. Wang49 ,
N. W. Wang7 , R. Wang55 , X. Wang8, X. Wang72 , X. W. Wang62 , Y. Wang6 , Y.
W. Wang73, Z. Wang14 , Z. Wang4,b , Z. Wang30 , J.A. Ward57,1 , M. Waterlaat49,
N.K. Watson54 , D. Websdale62 , Y. Wei6 , J. Wendel81 , B.D.C. Westhenry55 ,
C. White56 , M. Whitehead60 , E. Whiter54 , A.R. Wiederhold63 , D. Wiedner19 ,
G. Wilkinson64 , M.K. Wilkinson66 , M. Williams65 , M. J. Williams49,
M.R.J. Williams59 , R. Williams56 , Z. Williams55 , F.F. Wilson58 , M. Winn12 ,
W. Wislicki42 , M. Witek41 , L. Witola22 , G. Wormser14 , S.A. Wotton56 , H. Wu69 ,
J. Wu8 , X. Wu74 , Y. Wu6 , Z. Wu7 , K. Wyllie49 , S. Xian72, Z. Xiang5 , Y. Xie8 ,
T. X. Xing30, A. Xu35 , L. Xu4,b , L. Xu4,b , M. Xu57 , Z. Xu49 , Z. Xu7 , Z. Xu5 ,
K. Yang62 , S. Yang7 , X. Yang6 , Y. Yang29,m , Z. Yang6 , V. Yeroshenko14 ,
H. Yeung63 , H. Yin8 , X. Yin7 , C. Y. Yu6 , J. Yu71 , X. Yuan5 , Y Yuan5,7 ,
E. Zaffaroni50 , M. Zavertyaev21 , M. Zdybal41 , F. Zenesini25 , C. Zeng5,7 ,
M. Zeng4,b , C. Zhang6 , D. Zhang8 , J. Zhang7 , L. Zhang4,b , S. Zhang71 ,
S. Zhang64 , Y. Zhang6 , Y. Z. Zhang4,b , Z. Zhang4,b , Y. Zhao22 , A. Zhelezov22 , S.
Z. Zheng6 , X. Z. Zheng4,b , Y. Zheng7 , T. Zhou6 , X. Zhou8 , Y. Zhou7 ,
V. Zhovkovska57 , L. Z. Zhu7 , X. Zhu4,b , X. Zhu8 , V. Zhukov17 , J. Zhuo48 ,
Q. Zou5,7 , D. Zuliani33,p , G. Zunica50 .

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Department of Engineering Physics, Tsinghua University, Beijing, China
5Institute Of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
7University of Chinese Academy of Sciences, Beijing, China
8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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