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1 Introduction

The charmonium state J/ψ, which primarily decays via strong and electromagnetic inter-
actions, has been extensively studied for decades. Since the J/ψ mass lies below the open
charm threshold, it cannot decay into a pair of charmed mesons. However, weak decays of
J/ψ → D

(∗)
(s)X are kinematically allowed, where X denotes light hadrons or light lepton pairs

such as eν̄e or µν̄µ. Throughout this paper, charge-conjugate processes are implied.
Within the Standard Model (SM), the inclusive branching fraction (BF) of the J/ψ rare

weak decays containing one charmed meson is predicted to be about 10−8 or lower [1–11].
There have been some theoretical predictions for various exclusive decay modes, including
the hadronic decays J/ψ → PP, PV (where P represents a pseudoscalar meson and V a
vector meson) [4, 5, 7, 8], and some semi-leptonic decays [6–10, 12]. However, none of these
decays have yet been observed [13–19]. A summary of the experimental results and the SM
predictions for J/ψ rare weak decays is presented in table 1. Figure 1 shows the tree-level
Feynman diagram for the weak decay J/ψ → D̄0K̄∗0.

Searches for these decays serve as tests of the SM, and they also provide a probe of new
physics models [21], such as the top-color model [22], the minimal supersymmetric standard
model with or without R-parity violation [23], and the two Higgs doublet model [24]. These
models could enhance the BFs of inclusive J/ψ weak decays up to O(10−5) [25].

In this study, we present a search for the weak decay J/ψ → D̄0K̄∗0 utilizing about 10
billion J/ψ events [26] collected with the BESIII detector at the BEPCII collider. A stepwise
unblinding analysis strategy is employed to avoid involuntary bias. The selection criteria
are determined solely relying on the signal and inclusive Monte Carlo (MC) samples. A
randomly selected 10% of the total data sample is then used to validate the effectiveness
of the analysis method and to finalize the procedure of event selection. The same analysis
procedure is then applied to the total data sample.
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Decay type Decay mode NJ/ψ (×106) UL at 90% CL BSM (×10−10)
c→ s [4, 5, 7, 8]
PP J/ψ → D−

s π
+ 58 1.4 × 10−4 [13] 2.00∼8.74

J/ψ → D̄0K̄0 58 1.7 × 10−4 [13] 0.36∼2.80
PV J/ψ → D−

s ρ
+ 225.3 1.3 × 10−5 [14] 12.60∼50.50

J/ψ → D̄0K̄∗0 225.3 2.5 × 10−6 [14] 1.54∼10.27
c→ d [4, 5, 7, 8]
PP J/ψ → D−π+ 10087 7.0 × 10−8 [18] 0.08 ∼ 0.55

J/ψ → D0π0 10087 4.7 × 10−7 [18] 0.024 ∼ 0.055
J/ψ → D0η 10087 6.8 × 10−7 [18] 0.016 ∼ 0.070

PV J/ψ → D−ρ+ 10087 6.0 × 10−7 [18] 0.42 ∼ 2.20
J/ψ → D0ρ0 10087 5.2 × 10−7 [18] 0.18 ∼ 0.22

Semi-leptonic [6–10, 12]
c→ s J/ψ → D−

s e
+νe 225.3 1.3 × 10−6 [15] 1.8 ∼ 10.4

J/ψ → D∗−
s e+νe 225.3 1.8 × 10−6 [15] ∼100 or below

c→ d J/ψ → D−e+νe 10087 7.1 × 10−8 [17] 0.073 ∼ 0.60
J/ψ → D−µ+νµ 10087 9.3 × 10−7 [19] 0.071 ∼ 0.58

c→ u J/ψ → D0e+e− 1310.6 8.5 × 10−8 [16] —
J/ψ → D0µ+µ− 10087 1.1 × 10−7 [20] —

Table 1. Experimental results and SM predictions for the BFs of J/ψ weak decays. For each decay
mode, the total size of the J/ψ sample used, the upper limit (UL) on the BF at 90% confidence level
(CL), and the BF predicted by the SM (BSM) are given.

c

c̄

s

u

d̄

c̄

W+

J/ψ D̄0

K̄∗0

Figure 1. The Feynman diagram of J/ψ → D̄0K̄∗0 decay.
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2 BESIII detector and Monte Carlo simulation

The BESIII detector [27] records symmetric e+e− collisions provided by the BEPCII storage
ring [28] in the τ -charm energy region. It has collected a large dataset in this energy
range [21, 29]. The cylindrical core of the BESIII detector, covering 93% of the full solid
angle, consists of a helium-based multilayer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC). All components are
enclosed within a 1.0 T superconducting solenoidal magnet. The magnetic field was 0.9 T in
2012, corresponding to 11% of the total J/ψ data. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identification modules interleaved with steel.

The charged-particle momentum resolution at 1 GeV/c is 0.5%, and the energy loss
(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 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 multi-gap resistive plate chamber
technology, providing a time resolution of 60 ps, which benefits 87% of the data used in
this analysis [30–32].

MC simulated data samples produced with a GEANT4-based [33] software package,
which includes the geometric description of the BESIII detector and the detector response,
are used to determine detection efficiencies 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 [34, 35]. The inclusive MC sample includes both the production of
the J/ψ resonance and the continuum processes incorporated in KKMC. All particle decays
are modelled with EVTGEN [36, 37] using branching fractions either taken from the Particle
Data Group [38], when available, or otherwise estimated with LUNDCHARM [39, 40].
Final state radiation (FSR) from charged final state particles is incorporated using the
PHOTOS package [41].

About 10 billion official J/ψ inclusive MC events corresponding to real data are used
to study the backgrounds from J/ψ decays. Additionally, 0.8 million signal MC events are
generated to estimate the signal detection efficiency. The process J/ψ → D̄0K̄∗0 is generated
with the VVS_PWAVE model [37], which simulates V → V S decays, where S denotes a scalar
or pseudo-scalar meson and V denotes a vector meson. The process K̄∗0 → K−π+ is generated
with the VSS model [37], which simulates V → SS decays. The process D̄0 → K+e−ν̄e is
generated with the SLBKPOLE model [36], which simulates semi-leptonic decays of D and
B mesons. These three models are implemented in EVTGEN [36, 37].

3 Event selection

The analysis is performed using the BESIII offline software system [42]. In the signal process
J/ψ → D̄0K̄∗0, D̄0 → K+e−ν̄e, K̄

∗0 → K−π+, all final-state particles except the neutrino
are detected. Since reconstructing the D̄0 meson via non-leptonic decays suffers from poor
sensitivity due to significant backgrounds from hadronic J/ψ decays, we opt to reconstruct
D̄0 candidates via the semi-leptonic decay D̄0 → K+e−ν̄e, which has a relatively large BF
of (3.549 ± 0.026)% [38] and a low background level.
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Charged tracks detected in the MDC are required to fall within the θ polar angle range
such that |cos θ| < 0.93, where θ is defined with respect to the z-axis, the symmetry axis of
the MDC. For all charged tracks, the distance of closest approach to the interaction point
must be within 10 cm along the z-axis and within 1 cm in the transverse plane. Only events
with exactly four selected charged tracks and zero net charge are retained for further analysis.

Particle identification (PID) for charged tracks combines measurements of the specific
ionization energy loss in the MDC and the flight time in the TOF to form likelihoods
L(h) (h = K,π) for each hadron h hypothesis. Charged kaon candidates are identified by
requiring L(K) > 0 and L(K) > L(π), while charged pion candidates must satisfy L(π) > 0,
L(π) > L(K) and L(π) > L(e). Electron identification additionally incorporates information
from the EMC. Its likelihoods are required to satisfy L(e) > 0.001, L(e)/[L(e) + L(π) +
L(K)] > 0.8. Electron candidates are further required to have E/p > 0.86, where E/p is the
ratio of the deposited energy in the EMC to the MDC track momentum.

Photon candidates are identified based on showers in the EMC. The deposited energy of
each shower must exceed 25 MeV in the barrel region (|cos θ| < 0.80) or 50 MeV in the end
cap region (0.86 < |cos θ| < 0.92). To suppress electronic noise and unrelated showers, the
difference between the shower time and the event start time must lie within [0, 700] ns. In
addition, to exclude showers associated with charged tracks, the opening angle between the
position of an EMC shower and the closest charged track at the EMC, as measured from
the interaction point, must be greater than 10◦. Since the signal process does not involve
photons in the final state, we require the total energy of all photon candidates, Etotal

γ , to be
less than 0.2 GeV to suppress backgrounds containing neutral pions or photons.

The four-momentum of the undetected neutrino is inferred from the missing momentum
and missing energy, defined as

|P⃗miss| =
∣∣∣∣∣0⃗ −

∑
i

P⃗i

∣∣∣∣∣, i = K−, π+,K+, e− (3.1)

Emiss = Ecms −
∑
i

Ei, (3.2)

Umiss = Emiss − |P⃗miss|c, (3.3)

where P⃗i and Ei are the three-momentum and energy of the particle i in the rest frame of the
initial e+e− collision, respectively, and Ecms is the center-of-mass energy. To reduce back-
ground processes without missing particles, |P⃗miss| is required to be greater than 0.05 GeV/c.
Events with a single missing neutrino are expected to cluster around zero in the distribution
of Umiss. Thus, we impose the requirement |Umiss| < 0.023 GeV, as shown in figure 2.

The K̄∗0 meson is reconstructed via the decay K̄∗0 → K−π+, with the invariant mass
MK−π+ required to be within the K̄∗0 signal range defined as (0.80, 1.00) GeV/c2, corre-
sponding to about twice the resonance width around the known K̄∗0 mass. Because the
BESIII detector cannot detect neutrinos, the D̄0 meson is identified by the recoil mass
of the K−π+ system, M recoil

K−π+ . The distributions of MK−π+ and M recoil
K−π+ of the accepted

candidate events are shown in figure 3.
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Figure 2. The Umiss distributions of the accepted candidate events. The black dots with error bars
are data, the red histogram is the signal MC and the green histogram is the inclusive MC. The blue
arrows mark the |Umiss| signal region.
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Figure 3. The distributions of (a) MK−π+ and (b) M recoil
K−π+ of the accepted candidate events. The

black dots with error bars are data, the red histograms are the signal MC and the green histograms
are the inclusive MC. In plot (a), the blue arrows indicate the K̄∗0 signal region.

4 Background analysis

After applying all the event selection criteria, the dominant background arises from the
events with final states π0π−π+K−K+ and γπ−π+K−K+. In these events, a charged pion
is misidentified as an electron, and the missing momentum is attributed to a photon or a
neutral pion that either escapes detection or is improperly reconstructed.

These background events pass the selection criteria through two primary mechanisms.
First, the photon may escape detection entirely by falling outside the EMC acceptance
or by entering regions with reduced detection efficiency, such as the end-caps or the gaps
between the barrel and end-caps. Second, for photons within the EMC barrel acceptance,
their EMC showers may spatially overlap with the track projection of the misidentified
pion. This additional deposited energy increases the measured E/p ratio, causing the pion
to mimic an electron signature.
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Figure 4. The distributions of (a) cos θmiss and (b) cos θe-miss of the accepted candidate events. The
black dots with error bars are data, the red histograms are the signal MC and the green histograms
are the inclusive MC. The blue arrows indicate the signal region.

To effectively suppress these specific background topologies, two additional requirements
are introduced. To veto events with escaped photons, the missing momentum is required
to point within the reliable acceptance of the EMC barrel, namely | cos θmiss| < 0.80. Fur-
thermore, to reject events featuring track-photon overlaps, the opening angle between the
momentum of the electron candidate and the missing momentum is required to be sufficiently
large, specifically cos θe-miss < 0.77. The distributions of these two variables are illustrated
in figure 4. With the inclusion of these two criteria, the final signal efficiency is determined
to be (17.31 ± 0.06)%, and the background level is significantly reduced, leaving only 34
events in the inclusive MC sample.

5 Result

To extract the signal yield, an unbinned extended maximum likelihood fit is performed on the
distribution of M recoil

K−π+ . Defining x = M recoil
K−π+ , the complete likelihood function is given by

L(Nsig, Nbkg) = P(Nobs|Nsig +Nbkg) ·
∏
i

Ftotal(xi|Nsig, Nbkg), (5.1)

Ftotal(x|Nsig, Nbkg) = Nsig
Nsig +Nbkg

PDFsig(x) + Nbkg
Nsig +Nbkg

Poly(x|c0). (5.2)

In the expressions above, {xi} denotes the set of M recoil
K−π+ values of data events and Nobs is the

total number of events observed in data. The signal probability density function PDFsig(x)
is obtained from signal MC sample, while Poly(x|c0) represents a first-order polynomial
describing the background contribution, where the coefficient c0 is fixed from the inclusive
MC sample. Both probability density functions are normalized.

The result of the fit to the M recoil
K−π+ distribution is shown in figure 5. The small negative

signal yield is consistent with a statistical fluctuation. When setting the upper limit (UL)
on B

(
J/ψ → D̄0K̄∗0

)
at the 90% CL, the non-physical region with negative signal yield

will be excluded.
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Figure 5. The fit to the M recoil
K−π+ distribution of the accepted candidate events in data. The dots

with error bars are data and the blue curve is the total fit. The red and green dashed curves represent
the signal and background components, respectively.

From the fit, we obtain the signal and background yields Nsig = −1.8 ± 2.9 and Nbkg =
60.8±8.4, indicating no significant excess above the expected background yield. Consequently,
an UL on BF is set with the profile likelihood method. The BF is defined as

B(J/ψ → D̄0K̄∗0) = Nsig
NJ/ψ εBinter

, (5.3)

where Nsig, NJ/ψ, and ε denote the number of signal events, the total number of J/ψ events
in data, and the signal efficiency, respectively. The quantity Binter is defined as

Binter = B(D̄0 → K+e−ν̄e)B(K̄∗0 → K−π+). (5.4)

For each fixed signal yield, a BF value is calculated and a likelihood value is obtained
by fitting the data. A likelihood distribution is obtained by scanning the number of signal
events from 0 to 50, resulting in a set of likelihood values Li with a maximum value Lmax.
The relative likelihood is defined as

Li
Lmax

. (5.5)

The relative likelihood distribution is fitted with a Gaussian function to determine the mean
value B̂ and a standard deviation σB of the BF,

L(B)fit ∝ exp
[
−(B − B̂)2

2σ2
B

]
. (5.6)

Following the method of Reference [43] for incorporating the systematic uncertainties into
the UL on the BF, the likelihood function is modified to the smeared likelihood function,

L(B)smear ∝
∫ 1

0
exp

[
−(εB/ε̂− B̂)2

2σ2
B

]
exp

[
−(ε− ε̂)2

2σ2
ε

]
dε, (5.7)

where ε̂ denotes the nominal efficiency and σε = ∆syst ε. The relative systematic uncertainty
∆syst will be discussed in section 6. The normalized likelihood versus BF is shown in figure 6.
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Figure 6. The likelihood ratio distribution with respect to B(J/ψ → D̄0K̄∗0). The black dots are
scanned points, the red dash-dotted line is the Gaussian fit to these points and the green dashed
line is the result after convolving with an additional Gaussian function accounting for systematic
uncertainties. The blue arrow indicates the UL on the BF at the 90% CL.

By integrating the smeared likelihood curve up to 90% of the physical region, B > 0, the
UL on B(J/ψ → D̄0K̄∗0) is determined to be 1.4 × 10−7 at the 90% CL, which corresponds
to Nsig = 5.7.

6 Systematic uncertainties

The systematic uncertainties in the measurement of the BF of J/ψ → D̄0K̄∗0 decay mainly
come from tracking, PID, the signal MC decay model, the BFs of intermediate states, the
total number of J/ψ events, the statistical uncertainty of signal efficiency, and the event
selection criteria. The systematic uncertainties from different sources are discussed below and
summarized in table 2. The total systematic uncertainty is obtained as the sum in quadrature
of all individual contributions, assuming that the systematic uncertainties are independent.

• Tracking and PID. The tracking and PID efficiencies for kaons and pions are stud-
ied using the control samples of the doubly tagged hadronic events of ψ(3770) →
D0D̄0 (D+D−) [44]. Specifically, the hadronic decays of D0 → K−π+, K−π+π0,
K−π−π+π+ versus D̄0 → K+π−, K+π−π0, K+π+π−π−, as well as D+ → K−π+π+

versus D− → K+π−π−, are used. The electron tracking and PID efficiencies are studied
using the control samples e+e− → e+e−(γ) and J/ψ → e+e−(γ) [45]. The systematic
uncertainty of tracking or PID is assigned to be 1.0% for each charged track.

• Decay model. To estimate the systematic uncertainty due to the decay model of signal
simulation, an alternative phase-space model is used for comparison. The relative
difference of 0.5% between the efficiencies obtained from the nominal and phase-space
models is assigned as the systematic uncertainty.

• BFs of D̄0 and K̄∗0. The uncertainty of Binter is 0.8% [38].

• Total number of J/ψ events. The total number of J/ψ events, (10087 ± 44) × 106, is
taken from Reference [26]; its uncertainty is 0.5%.
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Source Uncertainty/%
Tracking 4.0 [44, 45]

PID 4.0 [44, 45]
Decay model 0.5

Binter 0.8 [38]
Total number of J/ψ events 0.5 [26]

Signal MC statistics 0.4
E/p requirement 0.6
Etotal
γ requirement 0.6
Pmiss requirement 0.2
Umiss requirement 1.7
MK−π+ requirement 0.9
cos θmiss requirement 0.2

cos θe-miss requirement 0.3
Total 6.1

Table 2. All systematic uncertainties in the measurement of the BF of the J/ψ → D̄0K̄∗0 decay.

• Signal MC statistics. The uncertainty of the signal efficiency is estimated from the
standard deviation of the Poisson-distributed selected signal yield. The resulting
uncertainty is 0.4%.

• E/p, Etotal
γ , Pmiss, Umiss, cos θmiss and cos θe-miss requirements. The systematic un-

certainties of the E/p, Etotal
γ ,Pmiss, Umiss, cos θmiss and cos θe-miss requirements are

estimated to be 0.6%, 0.6%, 0.2%, 1.7%, 0.2% and 0.3% respectively, by using a control
sample of ψ(3770) → D̄0D0, D0 → K−π+, D̄0 → K+e−ν̄e. The relative difference in
efficiency between the data and MC samples is regarded as the systematic uncertainty.

• MK−π+ requirements. The systematic uncertainty of the MK−π+ requirement is evalu-
ated as 0.9% using the data-MC difference from a control sample of J/ψ → K0K̄∗0,
K0 → K0

S → π+π−, K̄∗0 → K−π+.

7 Summary

The rare weak decay J/ψ → D̄0K̄∗0 is searched for in a sample of (10087 ± 44) × 106 J/ψ

events collected with the BESIII detector. No significant signal is observed above the expected
background. The UL of its decay BF is determined to be 1.4× 10−7 at the 90% CL, including
systematic uncertainties. This UL is an order of magnitude lower than the previous best
result of 2.5 × 10−6 [14]. The new limit is still above theoretical predictions for the SM BFs
of the rare J/ψ decays containing a D0 meson, which are of the order 10−9 or smaller.
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