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Abstract: Based on 7.33 fb−1 of e+e− collision data collected by the BESIII detector
operating at the BEPCII collider at center-of-mass energies from 4.128 to 4.226 GeV, a
search for the Majorana neutrino νm is conducted in the lepton-number-violating decays
of D+

s → h−h0e+e+. Here, h− represents a K− or π−, and h0 represents a π0, K0
S or ϕ.

No significant signal is observed, and the upper limits of their branching fractions at the
90% confidence level are determined to be B(D+

s → ϕπ−e+e+) < 6.9 × 10−5, B(D+
s →

ϕK−e+e+) < 9.9 × 10−5, B(D+
s → K0

Sπ
−e+e+) < 1.3 × 10−5, B(D+

s → K0
SK

−e+e+) <
2.9 × 10−5, B(D+

s → π−π0e+e+) < 2.9 × 10−5 and B(D+
s → K−π0e+e+) < 3.4 × 10−5.

The Majorana neutrino is searched for with different mass assumptions within the range
[0.20, 0.80] GeV/c2 in the decay of D+

s → ϕe+νm with νm → π−e+, and the upper limits of
the branching fractions at the 90% confidence level are at the level of 10−5–10−2, depending
on the mass of the Majorana neutrino.
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1 Introduction

Neutrinos are expected to be massless in the Standard Model (SM). However, the discovery
of neutrino oscillations [1–3] and the observation of the θ13 mixing angle [4] have convincingly
shown that neutrinos have mass. Nevertheless, whether neutrinos are Dirac or Majorana
particles is still an open question. A popular model that naturally generates light neutrino
masses is the so-called “see-saw” mechanism [5–8], in which the small value of the observed
neutrino masses arises from the existence of a heavy Majorana neutrino state with a mass
from a few hundred MeV to a few GeV. Assuming the see-saw mechanism underlies the
neutrino mass generation, the light neutrino in the large-small-mass Majorana neutrino pair
allows processes that violate lepton number by two units (∆L = 2). The most promising way
to identify the nature of neutrinos is searching for neutrinoless double beta (0νββ) nuclear
decay [9–13]. So far, only limits on its rates have been obtained, allowing bounds to be set
on the effective Majorana mass at the level of 10−1 eV [14].

Among all possible ∆L = 2 processes, interesting sources of lepton-number-violating
(LNV) reactions are characterised by the exchange of a single Majorana neutrino whose mass
is on the scale of heavy flavor mass [15]. This heavy Majorana neutrino can be on-shell,
enhancing its contribution [15]. The BESIII experement has searched for four-body ∆L = 2
decays of D → Kπe+e+, with measured upper limits (ULs) of branching fractions (BFs) at
10−6 level [16]. The LHCb experiment has widely studied three-body ∆L = 2 decays of D+
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Figure 1. Feynman diagrams for four-body LNV decays of D+
s , where SCS represents singly Cabibbo

suppressed, DCS represents doubly Cabibbo suppressed, and W -exc. represents W -exchange.

and D+
s mesons, with measured ULs of BFs around 10−8–10−6 [17]. However, according

to the latest experimental results of ULs at the 90% confidence level (C.L.) for D+
s decays

compiled by HFLAV [18], there is still no result for four-body ∆L = 2 decays. Some models
predict the BFs of four-body ∆L = 2 charm meson decays to be up to O(10−6), potentially
within reach of current experimental data [15, 19–21].

In this work, a search for four-body LNV decays D+
s → h−h0e+e+ is performed based on

a 7.33 fb−1 data sample taken at center-of-mass (c.m.) energies (
√
s) from 4.128 to 4.226 GeV

collected by the BESIII experiment. Here h− represents a K− or π−, and h0 represents a
π0, K0

S or ϕ. Figure 1 shows the Feynman diagrams for these processes. For the Cabibbo
favored (CF) decay D+

s → ϕπ−e+e+, the ULs of the BF based on different mass assumptions
of the Majorana neutrino are measured. In the following text, the mass of the Majorana
neutrinos will be referred to as mνm . The other five decays are either Cabibbo-suppressed
or involve W-exchange, leading to significantly reduced contributions compared to the CF
decay D+

s → ϕπ−e+e+. As a result, we do not perform measurements of the ULs of the BF
based on different mνm assumptions for these decays. Throughout this paper, the charged
conjugated modes are implied.

2 Detector and data sets

The BESIII detector [22] records symmetric e+e− collisions provided by the BEPCII stor-
age ring [23], in c.m. energies range from 1.84 to 4.95 GeV, with a peak luminosity of
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Category
√
s (GeV) Lint (pb−1) [29, 30]

4.128 & 4.157 4.128 401.5
4.157 408.7

4.178 4.178 3189.0 ± 0.2 ± 31.9

4.189–4.219

4.189 570.0 ± 0.1 ± 2.2
4.199 526.0 ± 0.1 ± 2.1
4.209 572.1 ± 0.1 ± 1.8
4.219 569.2 ± 0.1 ± 1.8

4.226 4.226 1100.9 ± 0.1 ± 7.0

Table 1. The integrated luminosities (Lint) for various c.m. energies. The first and second uncertainties
are statistical and systematic, respectively. The integrated luminosities for data samples of

√
s = 4.128

and 4.157 GeV are estimated using online monitoring information.

1.1 × 1033 cm−2 s−1 achieved at the c.m. energy of 3.773 GeV. BESIII has collected large data
samples in this energy region [24]. The cylindrical core of the BESIII detector covers 93% of
the full solid angle and consists of a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic
field [25]. 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 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 is 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 83% of the data used in this analysis [26–28].

The data samples are organized into four groups,
√
s = 4.128 and 4.157 GeV, 4.178 GeV,

four energies from 4.189 to 4.219 GeV (labelled as “4.189–4.219”), and 4.226 GeV, acquired
during the same year under consistent running conditions. The integrated luminosities at
each energy are given in table 1. Since the production cross section of e+e− → D∗±

s D∓
s in

e+e− annihilation is about twenty times larger than the e+e− → D+
s D

−
s process [31], the

signal events discussed in this paper are selected from the e+e− → D∗±
s D∓

s process.
Simulated samples produced with the geant4-based [32] Monte Carlo (MC) program,

which includes the geometric description of the BESIII detector and the detector response,
are used to determine the detection efficiency and estimate backgrounds. The samples include
open charm processes, the initial-state radiation production of vector charmonium(-like)
states and the continuum processes incorporated in kkmc [33, 34]. The known decay modes of
charmed hadrons are modeled using evtgen [35, 36] with BFs quoted from the Particle Data
Group (PDG) [37], otherwise estimated with lundcharm [38, 39]. Final state radiation from
charged final state particles is incorporated using photos [40]. The signal detection efficiencies
and signal shapes are obtained with the signal MC samples. The signal processes are generated
using a phase space (PHSP) model employed in evtgen [35, 36]. The subsequent decays
of K0

S → π+π− and π0 → γγ are also modeled using PHSP, while the ϕ→ K+K− decay is
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described by the VSS model, which parameterizes the decay of a vector meson to a pair of
scalar particles. For the D+

s → ϕe+νm(→ π−e+) process, signal MC samples are produced
with varying assumptions for the Majorana neutrino mass, mνm . The modulus square of the
amplitude for these processes is calculated based on previous theoretical work [20].

3 Methodology

Considering the expected small BFs and low background levels, a single tag (ST) method
similar to that used in ref. [41] is applied. This method requires only one D+

s meson to be
fully reconstructed in the signal mode for each event. The BF of D+

s → h−h0e+e+ decays
can be calculated by

B(D+
s → h−h0e+e+) = Nsig

2 ·ND∗±
s D∓

s
· ϵ · Binter

, (3.1)

where Nsig is the signal yield, ND∗±
s D∓

s
= (64.72 ± 0.28) × 105 is the total number of D∗±

s D∓
s

pairs in the data samples [42] and ϵ is the signal efficiency, obtained from the corresponding
MC simulation, weighted over eight energy points given by ϵ =

∑8
i=1 ϵ

iN i
D∗±

s D∓
s
/ND∗±

s D∓
s

,
where ϵi and N i

D∗±
s D∓

s
are the detection efficiency and the number of D∗±

s D∓
s pairs at the

i-th energy point, respectively. Finally, Binter is the BF of intermediate state decay.

4 Event selection

Charged tracks are reconstructed from hits in the MDC and are required to be within a polar
angle (θ) range such that |cos(θ)| < 0.93, where θ is defined with respect to the z axis, which
is the symmetry axis of the cylindrical MDC. For charged tracks not originating from K0

S

decays, the distance of closest approach to the interaction point (IP) must be less than 10 cm
along the z axis, |Vz|, and less than 1 cm in the transverse plane, |Vxy|. The momentum
of charged tracks measured in the MDC must be greater than 100 MeV/c to suppress the
background from slow pions from D∗− decays. Particle identification (PID) for charged tracks
combines the measurements of the specific ionization energy loss (dE/dx) in the MDC and
the flight time information in the TOF to form likelihoods L(h) (h = K,π) for each hadron
h hypothesis, and a K(π) is identified by requiring L(K) > L(π) (L(π) > L(K)).

The e+ candidate is required to have deposited energy greater than 25 MeV in the EMC.
Its deposited energy in the EMC is required to be greater than 0.8c (0.7c) times the measured
momentum in the MDC for e+ with momentum larger (smaller) than 400 MeV/c. This
requirement is not applied to D+

s → ϕK−e+e+ decay, but is mandatory for at least one e+

in the D+
s → ϕπ−e+e+ decay and for both e+ in other signal modes. This differentiation is

necessary because signal modes with a narrower phase space typically produce electrons with
lower momenta, which, due to the detector design, leads to lower tracking efficiencies and a
reduced ability of the EMC to develop showers. Consequently, this leads to a lower signal
efficiency. To address this issue, different requirements are applied for e+ selections for different
signal channels. PID for positrons uses the dE/dx, TOF and EMC information to construct
likelihoods for positron, pion and kaon hypotheses (L(e), L(π) and L(K)). For the D+

s →
ϕK−e+e+ decay, at least one e+ must meet the criterion L(e)/(L(e) + L(π) + L(K)) > 0.8,
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while for other signal modes, and both e+ candidates are required to satisfy this criterion.
The efficiency for the D+

s → ϕK−e+e+ decay is found to be significantly lower than that for
other signal channels, thus the PID requirement for e+ is further loosened for this channel.
Furthermore, photons within a cone of 5◦ around the e+ direction are recovered to the e+

momentum to improve the momentum resolution.
The K0

S candidate is reconstructed from two oppositely charged tracks that satisfy
|Vz| < 20 cm. The two charged tracks are assigned as π+π− without additional PID criteria.
They are constrained to originate from a common vertex and are required to have an invariant
mass (Mπ+π−) within [0.487, 0.511] GeV/c2.

Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must be greater than 25 MeV in the barrel region (|cos(θ)| < 0.80) and more
than 50 MeV in the end cap region (0.86 < |cos(θ)| < 0.92). To exclude showers originating
from charged tracks, the minimum opening angle between the momentum of the candidate
shower and the extrapolated direction on the EMC of any charged track must be greater
than 10◦. The difference between the EMC time and the event start time is required to be
within [0, 700] ns to suppress electronic noise and showers unrelated to the event.

The π0 candidates are reconstructed from photon pairs with invariant masses in the
ranges [0.115, 0.150] GeV/c2. A kinematic fit, which constrains the γγ invariant mass to the
known π0 mass [37], is performed to improve the π0 mass resolution.

The ϕ candidates are reconstructed from K+K− pairs with invariant masses in the
ranges [1.00, 1.05] GeV/c2. For D+

s → ϕK−e+e+ decay, the K+K− pair with an invariant
mass closest to the known ϕ mass [37] is selected from the two possible combinations.

5 Background analysis

Background contributions are studied using inclusive MC samples. A variable, cos(θe+e−), is
defined to be the cosine of the minimum angle between the first signal positron tagged and the
oppositely charged track identified as an electron on the signal side. To suppress backgrounds
from gamma conversion, qq̄ and Bhabha processes, cos(θe+e−) is required to be smaller than
0.95. For signal modes involving a charged pion, the cosine of the angle between e+ and
π− (cos(θe+π−)) is required to be smaller than 0.98 for both e+ to suppress the backgrounds
from e±/π± misidentification. For signal modes involving a charged pion but without K0

S , a
veto is applied to π± originating from K0

S → π+π− decays rather than from direct D±
s decays

by requiring Lπ/σLπ < 3, where Lπ is the distance from the vertex of any π+π− combination
to the IP and σLπ is the corresponding error. For signal modes with K0

S , a criterion of
L/σL > 2 is applied to exclude fake K0

S candidates, where L and σL are the decay length
of the K0

S candidate and its error, respectively. For signal modes with π0, the energy of π0

candidates (E(π0)) is required to be greater than 0.17 GeV to remove soft π0 from D∗ decays.
A simultaneous requirement on E/p and χ2

dE/dx of e± is performed for the four signal
channels without ϕ, where E, p and χ2

dE/dx are the deposited energy in the EMC, the measured
momentum in the MDC and χ2 of the specific energy loss, respectively. These requirements are
determined independently for each mode based on the Punzi figure-of-merit ϵ

/(
3
2 +

√
B

)
[43],

where ϵ is the signal efficiency and B is the number of background events. The optimized
requirements on E/p and χ2

dE/dx for the four signal channels are listed in table 2.
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Decay channel E/p χ2
dE/dx

D+
s → K0

Sπ
−e+e+ > 0.74 c < 5.7

D+
s → K0

SK
−e+e+ > 0.70 c < 5.6

D+
s → π−π0e+e+ > 0.81 c < 4.3

D+
s → K−π0e+e+ > 0.75 c < 5.0

Table 2. Requirements on E/p and χ2
dE/dx.

To further suppress backgrounds and identify the D+
s candidates from e+e− → D∗±

s D∓
s ,

the recoiling mass of D+
s (Mrec) and the mass difference (∆M) are defined as:

Mrec =
√(

Ecm/c2 −
√
|p⃗D+

s
|2/c2 +m2

D+
s

)2
− |pD+

s
|2/c2,

∆M = M(D+
s γ) −M(D+

s ),
(5.1)

where Ecm, pD+
s

and mD+
s

are the energy of e+e− system, the three-momentum of D+
s

candidate in the e+e− c.m. frame, and the known mass of D+
s [37], respectively. M(D+

s γ)
is the invariant mass of the D+

s candidate and a photon that minimizes the difference with
m(D∗+

s ). M(D+
s ) is the invariant mass of the D+

s candidate. Signals for the D+
s from

e+e− → D∗−
s D+

s form a peak structure on Mrec spectrum near m(D∗+
s ), and signals for the

D+
s from e+e− → D∗+

s D−
s (D∗+

s → γD+
s ) process form a peak structure on ∆M spectrum

around the mass difference mD∗+
s

−mD+
s

. Here mD∗+
s

is the known D∗+
s mass [37]. Signal

candidates must be located within the defined signal regions on the two-dimensional plane
of Mrec versus ∆M , which are determined independently for each energy point and decay
mode based on the Punzi figure-of-merit ϵ

/(
3
2 +

√
B

)
[43]. The optimized requirements on

Mrec and ∆M are listed in table 3. This requirement is not applied to D+
s → ϕK−e+e+

decay since its background level is already low.

6 Signal determination

The signal yields are determined by performing an unbinned maximum likelihood fit
to the invariant mass of corresponding final state (M(h−h0e+e+)) within the range of
[1.86, 2.04] GeV/c2. In the fit, the signal shape is modeled by the sum of a double-sided
Crystal Ball function [44] and a bifurcated Gaussian function with asymmetric tails. The pa-
rameters for these functions are derived from MC samples. The background shape is modeled
by inclusive MC samples using the RooKeysPdf [45]. The fit results are shown in figure 2.

Since no obvious signal is observed, the ULs of the BFs at the 90% C.L. for D+
s →

h−h0e+e+ decays are set after accounting for systematic uncertainties.

7 Systematic uncertainty

The systematic uncertainties arise from several sources, including the tracking and PID
efficiencies of charged tracks, the reconstruction of neutral particles, the total number of
D∗±

s D∓
s pairs, the BFs of intermediate state decays, the background suppression requirements,
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Ecm (GeV) Mrec range (GeV/c2) ∆M range (GeV/c2)
D+

s → K0
Sπ

−e+e+

4.128 & 4.157 [2.1051, 2.1191] [0.124, 0.161]
4.178 [2.1051, 2.1201] [0.129, 0.150]
4.189–4.219 [2.1051, 2.1271] [0.132, 0.153]
4.226 [2.1001, 2.1251] [0.131, 0.149]

D+
s → K0

SK
−e+e+

4.128 & 4.157 [2.1071, 2.1251] [0.124, 0.168]
4.178 [2.0871, 2.1391] [0.138, 0.148]
4.189–4.219 [2.1041, 2.1231] [0.124, 0.151]
4.226 [2.0821, 2.1401] [0.128, 0.150]

D+
s → π−π0e+e+

4.128 & 4.157 [2.1031, 2.1261] [0.134, 0.150]
4.178 [2.1071, 2.1201] [0.136, 0.148]
4.189–4.219 [2.1031, 2.1261] [0.134, 0.149]
4.226 [2.1021, 2.1321] [0.136, 0.150]

D+
s → K−π0e+e+

4.128 & 4.157 [2.1061, 2.1201] [0.136, 0.149]
4.178 [2.1051, 2.1211] [0.134, 0.149]
4.189–4.219 [2.1031, 2.1291] [0.132, 0.148]
4.226 [2.1041, 2.1321] [0.133, 0.149]

D+
s → ϕπ−e+e+

4.128 & 4.157 [2.1031, 2.1271] [0.137, 0.152]
4.178 [2.1051, 2.1201] [0.127, 0.153]
4.189–4.219 [2.0971, 2.1301] [0.137, 0.151]
4.226 [2.0881, 2.1401] [0.116, 0.158]

Table 3. Optimized requirements on Mrec and ∆M at various c.m. energies.

and the signal and background shapes used in the fit. All the systematic uncertainties are
listed in table 4 and discussed below. Assuming they are independent, the total systematic
uncertainty is the quadrature sum of the individual ones.

The uncertainties from the tracking (PID) of K± and π− are assigned to be 0.8% (0.8%)
and 0.3% (0.5%) per track, studied using samples of e+e− → K+K−π+π− [K+K−K+K−,
K+K−π+π−(π0) and π+π−π+π−(π0)] events [46]. The uncertainties associated with the
tracking and PID efficiencies of e+ are studied with a control sample of radiative Bhabha
process(e+e− → γe+e−) [47]. Signal MC events are weighted event-by-event with a correction
factor, ϵData

ϵMC
, to account for discrepancies in tracking and PID efficiencies between data and

MC simulations as a function of electron momentum and track angle. The relative differences
between tracking (PID) efficiencies before and after the weighting process are taken as the
systematic uncertainties. The uncertainties from π0 reconstruction is assigned as 2.0% per
π0, based on a control sample of e+e− → K+K−π+π−π0 [48]. The uncertainties from K0

S

– 7 –



J
H
E
P
0
1
(
2
0
2
5
)
1
0
9

1.9 1.95 2

)2cGeV/) (+e+e−πφ(M

0

10

20

30

)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e−πφ → 
+

sD

 

1.9 1.95 2

)2cGeV/) (+e+e
−

Kφ(M

0

10

20

30)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e
−

Kφ → 
+

sD

 

1.9 1.95 2

)2cGeV/) (+e+e−
π

0

S
K(M

0

10

20)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e−
π

0

S
 K→ 

+

sD

 

1.9 1.95 2

)2cGeV/) (+e+e
−

K
0

S
K(M

0

5

10

15

20

)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e
−

K
0

S
 K→ 

+

sD

 

1.9 1.95 2

)2cGeV/) (+e+e
0

π
−

π(M

0

20

40

60

)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e
0

π
−

π → 
+

sD

 

1.9 1.95 2

)2cGeV/) (+e+e
0

π
−

K(M

0

10

20

30

40

50

)
2

c
E

v
e
n
ts

 /
 (

1
2
 M

e
V

/

 

+e+e
0

π
−

 K→ 
+

sD

 

Figure 2. The fits to the invariant mass of corresponding final state of all data samples for each
signal channel. The blue solid, magenta dashed and blue dashed lines represent the total fit, signal
and background shapes, respectively. The downward magenta peaks denote negative signal yields.

Source K0
Sπ

−e+e+ K0
SK

−e+e+ π−π0e+e+ K−π0e+e+ ϕπ−e+e+ ϕK−e+e+

π− tracking 0.3 — 0.3 — 0.3 —
π− PID 0.5 — 0.5 — 0.5 —
K± tracking — 0.8 — 0.8 1.6 2.4
K± PID — 0.8 — 0.8 1.6 2.4
e+ tracking 1.3 1.8 1.1 1.4 1.7 1.7
e+ PID 1.1 1.2 1.1 1.2 1.6 2.2
K0

S/π
0 reco. 1.5 1.5 2.0 2.0 — —

N tot
Ds

0.5 0.5 0.5 0.5 0.5 0.5
Binter — — — — 1.0 1.0
Mrec & ∆M 4.0 5.6 9.5 9.8 8.8 —
Total 5.4 7.4 10.2 10.9 11.5 8.8

Table 4. Relative systematic uncertainties (in %) of the measurements of the ULs of the BFs of
D+

s → h−h0e+e+ decays.

reconstruction is assigned as 1.5% per K0
S , based on control samples of J/ψ → K0

SK
±π∓

and J/ψ → ϕK0
SK

±π∓ decays [46].
The uncertainty of the total number of D∗±

s D∓
s pairs is 0.4% [42]. The possible con-

tamination from e+e− → D+
s D

−
s is estimated to be 0.3%. Therefore, the total systematic

uncertainty from the number of D∗±
s D∓

s pairs is assigned to be 0.5%. The uncertainties from
the BFs of K0

S → π+π− and π0 → γγ decays are negligible, while the uncertainty from the
BF of ϕ → K+K− decay is 1% according to the PDG [37].

The systematic uncertainty from the requirements on Mrec and ∆M is studied using the
ST control samples of D+

s → K0
SK

−π+π+, D+
s → K+K−π+π0 and D+

s → K+K−π+π−π+

decays. The relative difference in efficiencies between data and MC samples with and without
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Decay channel ϵ (%) BUL (Bexpected
UL )

D+
s → ϕπ−e+e+ 3.0 ± 0.1 6.9 (3.5) × 10−5

D+
s → ϕK−e+e+ 1.8 ± 0.1 9.9 (10.8) × 10−5

D+
s → K0

Sπ
−e+e+ 6.4 ± 0.1 1.3 (2.4) × 10−5

D+
s → K0

SK
−e+e+ 4.0 ± 0.1 2.9 (2.3) × 10−5

D+
s → π−π0e+e+ 6.4 ± 0.1 2.9 (2.7) × 10−5

D+
s → K−π0e+e+ 5.1 ± 0.1 3.4 (3.9) × 10−5

Table 5. The detection efficiencies (ϵ), observed and expected ULs of the BFs at the 90% C.L. (BUL
and Bexpected

UL ) of D+
s → h−h0e+e+ decays. No signal is assumed for the expected upper limits. The

uncertainties of the detection efficiencies are statistical uncertainties.

the requirements is treated as the systematic uncertainty. The systematic uncertainties
from the requirements on cos(θe+e−), cos(θe+π−), Lπ/σLπ , E(π0), L/σL, E/p and χ2

dE/dx, are
examined by varying individual requirement by ±0.02, ±0.02, ±1, ±0.01 GeV, ±0.5, ±0.04c
and ±0.3, respectively. Accounting for correlations in the samples, the changes in signal yields
are smaller than the statistical uncertainty on the difference, so the systematic uncertainties
from these requirements are negligible according to ref. [49].

The systematic uncertainty from the signal shape used in the fit is evaluated by performing
an alternative fit with the signal described by the shape from MC simulation convolved with
a Gaussian function. The changes in signal yields are smaller than the statistical uncertainty
on the difference, indicating that the systematic uncertainties from these requirements are
negligible [49]. The systematic uncertainty from the background shape is studied by varying
the background model from the shape derived from the inclusive MC sample to a 2nd order
polynomial function. The larger UL is adopted as the final result.

8 Results

8.1 Upper limits of branching fractions of D+
s → h−h0e+e+ decays

Using a Bayesian method [50], a likelihood scan is performed by fixing the signal yield at
various values. Systematic uncertainties, excluding those associated with the background
shape (as discussed in the above section), are incorporated by convolving the likelihood
curve with a Gaussian function, where the standard deviation of the Gaussian function
represents the total systematic uncertainty. The normalized likelihood distributions as a
function of BF for each signal channel are shown in figure 3. Based on a background-only
hypothesis, expected ULs of the BFs are determined. Both expected and observed ULs of
the BFs at the 90% C.L. are summarized in table 5. A frequentist technique is applied to
measure the ULs of the BFs as a cross-check [51], and the results are consistent with those
derived from the Bayesian approach.

8.2 Search for Majorana neutrino in D+
s → ϕπ−e+e+ decay

Furthermore, the Majorana neutrino is searched for in the decay of D+
s → ϕe+νm(→ π−e+)

with various mνm assumptions, ranging from 0.20 to 0.80 GeV/c2 in intervals of 0.05 GeV/c2.
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Figure 3. The likelihood distributions depending on the corresponding BF for each signal channel,
with (red solid curves) and without (black solid curves) incorporating the systematic uncertainties.
The black arrows denote the ULs of the BFs at the 90% C.L.
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Figure 4. The ULs of the BFs at the 90% C.L. as a function of mνm
for the D+

s → ϕe+νm(→ π−e+)
decay.

To search for the Majorana neutrino with a given mass, mνm , the candidate events are
selected by further requiring the invariant mass of any π−e+ combination (two e+s per
event), Mπ−e+ , to be within the range of [mνm − 5σ,mνm + 4σ], where σ is the resolution
of the Mπ−e+ distribution obtained by MC simulation. Given the small number of events
that pass all selection criteria, the number of signal and background events are obtained by
counting. The numbers of signal candidates within the M(ϕπ−e+e+) signal region, defined
as [1.940, 1.984] GeV/c2, and the number of background events in the M(ϕπ−e+e+) sideband
regions, defined as [1.860, 1.940] GeVc2 and [1.984, 2.040] GeV/c2, are obtained by counting.
The ULs of the BFs are then calculated using the profile likelihood method taking into
consideration the systematic uncertainty with the trolke [52, 53] package in the root
framework. In the calculation of the ULs, the numbers of signal and background events
are assumed to follow a Poisson distribution, while the detection efficiency is assumed to
follow a Gaussian distribution. The ULs of the BFs at the 90% C.L., as a function of mνm ,
range from around 10−5–10−2, as shown in figure 4.
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9 Summary

Using 7.33 fb−1 of e+e− collision data taken at c.m. energies from 4.128 to 4.226 GeV, a
search for LNV (∆L = 2) decays of D+

s → h−h0e+e+ is performed. Additionally, the
Majorana neutrino is searched for in D+

s → ϕπ−e+e+ with various mass assumptions.
No significant signal is observed. With the Bayesian approach, the ULs of the BFs at
the 90% C.L. are set to be B(D+

s → ϕπ−e+e+) < 6.9 × 10−5, B(D+
s → ϕK−e+e+) <

9.9 × 10−5, B(D+
s → K0

Sπ
−e+e+) < 1.3 × 10−5, B(D+

s → K0
SK

−e+e+) < 2.9 × 10−5,
B(D+

s → π−π0e+e+) < 2.9 × 10−5 and B(D+
s → K−π0e+e+) < 3.4 × 10−5. Furthermore,

for the decay D+
s → ϕe+νm(→ π−e+), the ULs of the BFs at the 90% C.L. with different

mνm assumptions in the range of [0.20, 0.80] GeV/c2 are also determined, which are at the
level of 10−5–10−2.
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