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We present the first experimental search for the rare charm decay D0 → π0νν̄. It is based on an eþe−

collision sample consisting of 10.6 × 106 pairs of D0D̄0 mesons collected by the BESIII detector at
ffiffiffi
s

p ¼ 3.773 GeV, corresponding to an integrated luminosity of 2.93 fb−1. A data-driven method is used to
ensure the reliability of the background modeling. No significantD0 → π0νν̄ signal is observed in data and
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an upper limit of the branching fraction is set to be 2.1 × 10−4 at the 90% confidence level. This is the first
experimental constraint on charmed-hadron decays into dineutrino final states.

DOI: 10.1103/PhysRevD.105.L071102

Flavor changing neutral current (FCNC) transitions in
the Standard Model (SM) are highly suppressed by the
Glashow-Iliopoulos-Maiani(GIM) mechanism [1]. GIM
suppression is more effective for the charm sector com-
pared to the down-type quarks in the bottom and strange
sectors. This suppression is responsible for the relatively
small size of charm mixing and CP violation in the charm
system [2–4]. Therefore, FCNC processes involving D
decays into charged lepton pairs are often totally over-
shadowed by long distance contributions [5,6]. However,
for D FCNC decays into final states involving dineutrinos,
such as D0 → π0νν̄, long-distance contributions become
insignificant and the short-distance contributions from Z-
penguin and box diagrams dominate, resulting in the
branching fraction at the level of 10−15 in SM [7]. That
makes D FCNC decay involving dineutrinos a unique and
clean probe to study the CP violation in the charm sector
[8] and search for new physics beyond SM [9]. Such new
physics effects can enhance the branching fraction largely
above the tiny values in SM [10,11].
Recently, LHCb reported evidence for the breaking of

lepton universality in bottom-quark FCNC decays to
charged dielectrons and dimuons with a significance of
3.1σ [12], which suggests the possible presence of new
physics contributions in the lepton sector [13]. For instance,
a popular proposal of leptoquarks beyond SM, which have
different interaction strengths with the different types of
leptons, can naturally accommodate the lepton universality
breaking [10,14]. A complementary study on the FCNC
decayD0 → π0νν̄ is necessary to test the flavor structure of
leptons given its extremely suppressed decay rate [7] in
SM. In the scenario of leptoquarks, the branching fraction
can be enhanced up to 9.7 × 10−4 with inclusion of the
sterile neutrinos [15].
Charm decays with a neutrino pair in the final state have

never been searched for experimentally. Taking advantage
of the clean environment of threshold production, the first
search for D meson FCNC decays involving dineutrinos is
performed based on the 2.93 fb−1 eþe− annihilation data
sample collected at

ffiffiffi
s

p ¼ 3.773 GeV by the BESIII detec-
tor [16]. This sample consists of 10.6 × 106 pairs of D0D̄0

mesons and 8.3 × 106 pairs of DþD− mesons [17]. Decays
of D0 mesons into dineutrino final states are more suitable
for study than those of their charged counterpart, as Dþ
decays of this nature suffer from irreducible contamination
from the process Dþ → τþντ, where the τ lepton decays
into mesons and a neutrino. Consequently, this letter
reports a search for the FCNC decay D0 → π0νν̄. For this

decay process, a reliable modeling of the background
contributions is crucial. This requirement is best achieved
through a sophisticated data-driven method. About one
third of the full data sample is used to validate the data-
driven analysis procedure, and the final results are obtained
by unblinding the total data set after the analysis strategy
is fixed.
Details about the BESIII detector design and perfor-

mance are given in Ref. [18]. A generic Monte Carlo (MC)
simulated data sample, described in Ref. [19], is employed
to identify sources of background contributions. The signal
process D0 → π0νν̄ is simulated following the model
described in Ref. [10], incorporating associated D → π
form factors in the form of a single-pole model with
parameters measured in Ref. [20].
Since the center-of-mass energy of 3.773 GeV is just

above the DD̄ mass threshold, the D0 and D̄0 mesons are
produced almost at rest without any additional hadrons in
the event. Hence, it is straightforward to use a double-tag
approach [21,22] to measure the absolute branching frac-
tion of D0 → π0νν̄, Bsig, according to

Bsig ¼
Nsig

Bπ0→γγ

P
αN

α
tagϵ

α
tag;sig=ϵ

α
tag

: ð1Þ

Here, α represents the different single-tag modes,Nα
tag is the

single-tag yield for tag mode α, Nsig is the sum of the
double-tag yields from all single-tag modes, ϵαtag and ϵαtag;sig
refer to the corresponding single-tag efficiency and the
double-tag efficiency, respectively, for the tag-mode α as
determined byMC simulations, and Bπ0→γγ is the branching
fraction of π0 → γγ. In this approach, the systematic
uncertainties arising from the single-tag reconstruction
are canceled out. Throughout this paper, charge-conjugate
modes are always implied.
A detailed description of the selection criteria for

charged and neutral particle candidates is provided in
Ref. [19]. The single-tag D̄0 candidates are reconstructed
by appropriate combinations of the charged tracks and π0

candidates forming the three hadronic channels: Kþπ−,
Kþπ−π0 and Kþπ−πþπ−. The candidates are selected using
two variables calculated in the eþe− center-of-mass frame;
the beam-constrained mass MBC¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

4− jpD̄0 j2=c2
p

and the energy difference ΔE ¼ ED̄0 − Ebeam. Here, Ebeam
is the energy of the electron beam and ED̄0 and pD̄0 are the
total energy and momentum, respectively, of all final-state
particles of the D̄0 candidate. If there are multiple combi-
nations for each tag mode in one event, the candidate with
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the smallest jΔEj is chosen. The single-tag yield Nα
tag of

each tag mode is obtained from a fit to theMBC distribution
in data and the efficiency ϵαtag is determined from the
generic MC sample following the method in Ref. [19].
After a single-tag D̄0 meson is identified, we reconstruct

the signal D0 decay recoiling against the single-tag D̄0

meson. As the signal final-state particles are all neutral, we
require there are no charged tracks in addition to those of
the tagged D̄0 meson. Furthermore, it is required that only
one π0 candidate can be formed from any pairs of photon

candidates not used to reconstruct the tagged D̄0 meson.
The invariant mass of two photons for the π0 candidate
must satisfy Mγγ ∈ (0.115, 0.150) GeV=c2 and pass the
kinematic fit constraining Mγγ to the nominal π0 mass.
The χ2 of the kinematic fit is required to be less than
20 to improve background suppression. By studying the
generic MC sample [23], we find the surviving back-
grounds mainly come from D0 decays involving a K0

L
meson. Figure 1(a) presents the distribution of the recoil
mass M2

missc
2 ¼ ðpeþe− − pD̄0 − pπ0Þ2, where the four-

momenta peþe− , pD̄0 , and pπ0 of the initial eþe− system,
the tag D̄0, and the signal-side π0, respectively, are
evaluated in the eþe− center-of-mass system. Two peaks
around 0.25 GeV2=c4 and 0.80 GeV2=c4 are prominent,
which correspond to the processes D0 → K0

Lπ
0 and

K̄�ð892Þ0π0, respectively. To remove these background
contributions, only events with M2

miss∈ð1.1;1.9ÞGeV2=c4

are retained. The upper bound is applied to suppress the
backgrounds with multiple charged and neutral soft pions,
which give rise to a broad bump near the kinematic limit of
3.0 GeV2=c4. After imposing all the above requirements on
the signalMC samples, the ratios of ϵαtag;sig=ϵ

α
tag in Eq. (1) are

determined to be ð14.90� 0.11Þ%, ð13.04� 0.15Þ% and
ð11.76� 0.13Þ% for the three tagmodes ofKþπ−,Kþπ−π0,
andKþπ−πþπ−, respectively. In the subsequent analysis the
summed energy EEMC of all the showers deposited in the
electromagnetic calorimeter, excluding those used to recon-
struct the π0’s from the singly-tagged and signalD decays is
fitted as a discriminating variable. Signals are expected to
peak close to zero.
The residual background surviving the selection is found

to be dominated by D0 → π0K0
LX decays, where X denotes

multiple neutral and charged soft pions. The energy deposit
of these events is not well described in the generic MC
sample as is evident from the discrepancy between data and
MC in Fig. 1(a). This discrepancy is attributed both to the
poorly known branching fractions of these decays, and the
imperfect simulation of the interaction between K0

L mesons
and the detector material by Geant4 [24]. Therefore, the
energy deposits of K0

L and X are modeled in a data-driven
method with control samples as discussed below.
The energy deposit of K0

L mesons is studied with a
control sample selected from a data set of 1; 087 × 106 J=ψ
decays [25]. Two control samples of J=ψ → ϕK�π∓K0

L
and J=ψ → K�π∓K0

L are selected with a signal purity of
about 99%. The K0

L-induced showers within 10° with
respect to the K0

L flight direction are counted. The 10°
cone requirement helps to suppress the contamination from
beam background and bremsstrahlung radiation from
charged tracks. According to MC simulations, the unac-
counted showers outside the 10° cone are generally less
than 50 MeV and on average 75% of the energy deposited
by the K0

L can be reconstructed within the cone. In order to
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FIG. 1. (a) M2
miss distribution in data and generic MC sample.

The black dots with uncertainties represent data and the filled
areas show the background components estimated from generic
MC sample. The green, blue, and cerulean filled areas represent
the background components ofD0 decays with a K0

L meson in the
final state, D0 decays without K0

L meson in the final state and
non-D0 decays, respectively. The vertical arrows indicate the
selected region. (b) Distributions of EEMC, the summed calorim-
eter energy unassociated with signal and tag decays. The red solid
line shows the distribution of the D0 → π0K0

LX background.
Energy deposit of K0

L and X obtained from the corresponding
control samples are marked as green long-dashed and blue dashed
lines, respectively. All the distributions are normalized to unity.
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recover the showers that are unaccounted for, we correct the
obtained energy deposit in the control sample with a
multidimensional reweighting method as described in
Ref. [26], according to a correction factor predicted from
single-track K0

L simulations as a function of the K0
L

momentum PK0
L
, the cosine of the polar angle cos θK0

L

and the energy deposit E
K0

L
EMC.

The energy deposit arising from X in the D0 → π0K0
LX

decays is studied in a control sample of D0 → π0K0
SX,

K0
S → πþπ− events. In the D̄0 single-tagged events, we

require additional π0 and K0
S candidates following the

selection criteria in Ref. [19] to select the control sample.
For the sample size under consideration, the X components
are expected to be same in D0 decays to π0K0

LX and
π0K0

SX. The purity of the control sample is improved after
subtracting non-D0D̄0 decay contributions according to the
MBC sideband events in D̄0 single-tag final states. Those
showers that are not associated with D̄0 single-tag tracks,
π0 or K0

S decays are summed up to represent the X energy
deposit denoted as EX

EMC.
To obtain a EEMC distribution that is representative of the

D0 → π0K0
LX background, we obtain a value for both

E
K0

L
EMC and EX

EMC by randomly sampling from the two
separate control samples and sum them up. In order to
account for differences in the momentum distribution
of the K0

L between the control samples and the decay
D0 → π0K0

LX, the control samples are reweighted to match
the K0

L momentum distribution in the signal simulation.
The signal simulation itself is in turn corrected to account
for differences between data and simulation observed in the
K0

S momentum distribution in D0 → π0K0
SX.

The sampling variable is dependent on the kinematic
variables of the K0

L momenta based on MC simulation
samples, which are corrected according to the K0

S momen-
tum difference observed in the π0K0

SX control sample and
simulations. The resulting EEMC distribution for D0 →
π0K0

LX is shown in Fig. 1(b).
There are two remaining sources of background. One

arises from wrongly tagged events from non-D0D̄0 proc-
esses. Their contributions can be estimated with the events
in the singly-taggedMBC sideband region, which is defined
as (1.830, 1.855)GeV=c2. The number of the events in the
sideband region is 3134 and the corresponding scaling
factor of the background numbers in the signal region,
which is defined as ð1.858; 1.874Þ GeV=c2, and sideband
region is found to be 0.611� 0.001 [19], which results in
an estimate of 1919� 34 background events in data. The
other source of contamination is from events with a correct
D̄0-tag candidate but without a K0

L meson in the D0 decay
final states. These D0 decay backgrounds involve decay
products with soft kaons and pions, which fail to be
reconstructed in the detector. This contribution is modeled
with a simulated sample of ψð3770Þ → D0D̄0 decays.

Figure 2 presents the EEMC distribution in data, on which
the result of an extended maximum likelihood fit is over-
laid. In the fit, the shape of the signal process is modeled
according to MC simulations. The yields of all components
are free parameters, except for the number of wrongly-
tagged D̄0 events, which is fixed to 1919. The fit deter-
mines the signal yield Nsig to be 14� 30, which is
consistent with zero. The reduced χ2 of the goodness-of-
fit test is 1.4. As no signal is observed, an upper limit on the
branching fraction of D0 → π0νν̄ is estimated after taking
into account the systematic uncertainties.
The systematic uncertainties associated with the π0

reconstruction, the requirement on the number of charged
tracks and π0 candidates, and the requirement on M2

miss are
studied with a control sample of D0 → K−πþπ0 events
tagged by the same three D̄0 modes used in this analysis.
When imposing our selection requirements, the efficiency
differences between data and MC simulations are found to
be 2.0%, 4.0%, 1.6%, and 0.7% for the four criteria,
respectively. We test the signal model by replacing theD →
π form factor with a phase-space model. The resulting
efficiency change is found to be 0.5%, which is assigned as
the corresponding systematic uncertainty. To investigate
possible bias in the estimate of the signal yield from the
D0 → π0K0

LX modeling, we vary the cone angle to 15° to
obtain the K0

L energy deposit and repeat the whole analysis
procedure. The change in the signal yield is found to be
negligible. To determine the size of the uncertainty coming
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from a wrong estimate of the number of D̄0 wrong-tag
events we free this contribution in the fit, with a Gaussian
constraint on its uncertainty and find a change on the signal
yield of 1.7 compared to the nominal value. The uncertainty
of the branching fraction of π0 → γγ is small enough to be
neglected [27]. All the systematic uncertainties are sum-
marized in Table I.
To set the upper limit of the branching fraction in Eq. (1)

incorporating the systematic uncertainties, we follow the
method described in Refs. [28,29]. An ensemble of
100,000 toy samples is generated as a function of EEMC
according to the observed data distribution as shown in
Fig. 2. In each toy sample, the sample size is randomly
sampled from a Poisson distribution with the number of
observed events of 7652 in data. A similar fit to the toy
sample is carried out as in data, where different systematic
uncertainties are randomly varied. The contribution of
wrong-D̄0-tag backgrounds is fixed to a value constrained
by a Gaussian distribution with the central value of 1919
and uncertainty of 34; the involved values in the denom-
inator in Eq. (1) are randomly assigned according to
Gaussian distributions with the nominal values as a mean
and their uncertainties corresponding to the standard
deviation. The uncertainties associated with the signal-
detection efficiencies of the different sources given in
Table I, i.e., number of π0, π0 reconstruction, number of
charged tracks, M2

miss requirement and signal model, are
summed up in quadrature. The distribution of the obtained
branching fractions in these toy samples is shown in Fig. 3,
which follows a Gaussian function as expected. Integrating
the Gaussian function in the physical region greater than
zero, the upper limit of Bsig is determined to be 2.1 × 10−4

at the 90% confidence level.
In conclusion, we present the first experimental search

for the FCNC process c → uνν̄ through D0 → π0νν̄ with
10.6 × 106 pairs of D0D̄0 mesons produced by eþe−
collisions near threshold in the BESIII experiment.
Adopting the double tag method and data-driven back-
ground modeling, no obvious signal is observed and an
upper limit on its decay branching fraction is set to be 2.1 ×
10−4 at 90% confidence level. This is the world-first

experimental constraint in charmed hadron decays to
a dineutrino final state. In the absence of sizable long-
distance QCD contributions in this process, the result
serves as a clean test for CP violation in the charm
sector, new physics models beyond SM in FCNC
decays, as well as for lepton (flavor) universality. Our
result is lower than the upper limit predicted in
Ref. [15], hence, providing constrains on the fermionic
coupling strength of leptoquarks to the sterile neutrinos.
In the future, more stringent results will be available
based on an anticipated larger ψð3770Þ data set of about
20 fb−1 at BESIII [22,30].
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