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Abstract: Lepton number violation decay w — n*nte”e™ +c.c. is searched for via J/iy — wn using a data sample
of (1.0087 +0.0044) x 10'0 J/y events collected via the BESIII detector at the BEPCII collider. No significant sig-

nal is observed, and the upper limit on the branching fraction of w — n*ne~e™ +c.c. at the 90% confidence level is
determined for the first time to be 2.8 x 107°.
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I. INTRODUCTION

Neutrinos, described by the Dirac equation and con-
sidered as SU(2), gauge invariant fields, were accepted in
the standard model (SM) as massless left-handed Dirac
fermions after the experimental measurement of neutrino
helicity as —1 in 1958 [1]. However, the Solar Neutrino
Experiment, Sudbury Neutrino Observatory, and Super-
Kamioka Neutrino Detection Experiment have observed
neutrino oscillation [2—5], indicating that neutrinos have
an extremely small mass.

If the antiparticle of a neutrino is itself, the solution to
the Dirac equation can produce a Majorana particle. In
the theory of Majorana [6], neutrinos can potentially pos-
sess mass. Some theories, such as the seesaw mechanism
[7, 8], provide a natural framework for generating a small
Majorana mass. If neutrinos are indeed Majorana fermi-
ons, this would lead to a violation of lepton number con-
servation by two units. Hence, the discovery of lepton
number violating processes might be relevant to the prop-
erties of neutrinos. Furthermore, baryon number viola-
tion (BNV) is a key aspect of some grand unified theor-
ies (GUTs) and is essential for understanding the early
Universe. The connection between BNV and lepton num-
ber violation (LNV) in various theories and models
[9—12] suggests that the search for the LNV decay is one
of the important approaches to establish a theory beyond
the SM.

Various LNV signals have been sought after, and the
search for neutrinoless double-beta (0v83) decay [13—16],
which was first proposed by Furry [17] in 1939, is con-
sidered to be the most sensitive. Many collider experi-
ments have searched for LNV decays, such as B~ decays
by LHCb [18, 19], ¢g— I*I'*¢’g and qy— I*I*q"q'qG
(I = e,u) channels by CMS [20], X — h*IFI”* (X, = D, D,
A h=m,K,p) decays by BaBar [21], decays with final
states consisting of two charged leptons and two jets by
ATLAS [22], decays of charm and charmed-strange
mesons to final states h*e¥e* (h =, K) by CLEO [23], 3-
body di-muon decays of D*,D! by FOCUS [24], and D
meson LNV decays by BESIII [25, 26]. The E865 [27],
NA62 [28], and BESIII [29] experiments also searched
for LNV with non-first generation quark decays in K and
¢ meson decays, but only negative results have been re-
portedto date.

The world's largest J/y dataset taken at BESIII of-
fers a good opportunity to search for possible LNV de-
cays of various light hadrons, e.g., w— n*n*i"lI". To
avoid backgrounds from pion-muon misidentification and
utilize a larger phase space, we focus on the n*n*e e fi-
nal states in this work. Figure 1 shows two possible Feyn-

CSTR: 32044.14.ChinesePhysicsC.49103002

man diagrams for w — n*n*e”e” in the Majorana neut-
rino scenario, analogous to those in Ref. [30], with sup-
pression owing to the large mass of the W* bosons. The
LNV decay of the @ meson in the process w — n*nte e”
has a unique phase space coverage compared with other
measurements and low background contamination. Its
discovery will indicate the existence of new physics.

In this paper, we present the first search for the LNV
decay w —ntnte e via J/y — wn decay based on
(1.0087 +0.0044) x 10'° J/yr events [31] collected by the
BESIII [32] detector at the Beijing Electron-Positron Col-
lider II (BEPCI) [33]. The charge-conjugated decay
mode w — n n"ete’ is included and implicitly assumed
throughout.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

BESIII [32] is a symmetric cylindrical particle detect-
or located around the interaction point of BEPCII [33],
which is an e*e” collider employing a double storage
ring. The center-of-mass collision luminosity of BEPCII
reached a peak of 1.1x10% cm™2s™! at 3.773 GeV. The
BESIII detector consists of four detector sub-components
[32]: a helium-based multilayer drift chamber (MDC),
plastic scintillator time-of-flight counter (TOF), CsI(TIl)
electromagnetic calorimeter (EMC), and muon counter,
providing a coverage of 93% of the total solid angle. The
superconducting solenoid supported by an octagonal flux-
return yoke provides a magnetic field of 1.0 T for the
MDC for most of the J/y data. The magnetic field was
0.9 T in 2012, which affects 11% of the total J/y data.
The momentum resolution of the MDC for charged
particles at 1 GeV/c is 0.5%, and the ionization energy
loss (dE/dx) resolution for electrons from Bhabha scat-
tering is 6%. The time resolution of the TOF barrel re-
gion is 68 ps, and the time resolution of the end cap re-
gion was 110 ps. The end cap TOF system was upgraded
in 2015 using multigap resistive plate chamber techno-
logy, providing a time resolution of 60 ps [34], which be-
nefits 87% of the data used in this analysis. The EMC

(a) (b)

Fig. 1. Two possible Feynman diagrams for w — ntnte™e™.
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achieves an energy resolution of 2.5% at 1 GeV.

Monte Carlo (MC) samples are used to analyze back-
grounds and determine the detection efficiency. The de-
tector response, geometric description [35, 36], and sig-
nal digitization models are simulated using the software
GEANT4 [37]. For the inclusive MC sample, the known
J/y decay modes are generated using EVTGEN [38] with
average branching fractions taken from the Particle Data
Group (PDG) [39], whereas the remaining unknown de-
cays modes from the charmonium states are generated us-
ing LUNDCHARM [40]. The J/¢ resonance is produced
via e*e” annihilations using KKMC [41], which includes
the effects of beam energy spread and initial state radi-
ation. The final state radiation from charged final-state
particles is incorporated using PHOTOS [42]. Signal MC
events of J/y — wn, with  — yy and w — "7 2" or w —
n*nte e, are also generated. The J/y — wn decays are
modeled using a helicity amplitude model [38], and the
w — m*n n° decays are modeled using an o Dalitz model
[43]. Other decays are modeled using a phase space mod-
el.

III. DATA ANALYSIS

To avoid the large uncertainty (11.5%) [39] from the
world average value of B(J/y — wn), we measure the
branching fraction of the decay w — n*n*e e relative to
the reference decay w — n*n~n°

Bw—ntntee)=Bw— ntan’)
0 /sr]*gzr*e*e’/éﬂ*'”*@_e_

S L Sy P M
where B(w — n*n~n%) and B(n° — yy) are the branching
fractions of w— a2’ and 7°— yy, respectively.
Ni£ ., . and N, are the numbers of signal and refer-
ence channel events, respectively. €+~ and €+,-0 are
the detection efficiencies of signal and reference decays,
respectively.

All charged tracks are reconstructed in the detector
acceptance region of the MDC. Their polar angles  are
required to satisfy |cos6| < 0.93, where 0 is measured rel-
ative to the z-axis, the symmetry axis of the MDC. The
distances of closest approach to the interaction point of
the charged tracks, along the z direction and in the plane
perpendicular to the z-axis, |V,| and \ny , are required to
be less than 10 cm and 1 cm, respectively.

For charged particle identification (PID), we utilize a
combination of dE/dx in the MDC, the time of flight in
the TOF, and the information of clusters in the EMC to
calculate the confidence level (CL) for the pion, kaon,
and electron hypotheses (CL,, CLg, CL,). Pion candid-
ates are required to satisfy CL,>0.001 and CL, > CLg,
whereas electron candidates are required to satisfy

CL, > 0.001 and CL,/(CL, +CLg +CL,) > 0.8.

Photons are reconstructed using isolated clusters in
the EMC. The deposited energies in the barrel region
(Jcos 8] < 0.8) and endcap region (0.86 < |cosf| < 0.92) are
required to be larger than 25 MeV and 50 MeV, respect-
ively. To suppress electronic noise and unrelated encod-
ings, the EMC timing of the photon candidate must be
within 700 ns after the event start time. To eliminate
photons emanating from charged tracks, the opening
angle between the photon and the nearest charged track
must be larger than 10 degrees.

A. Analysis of w -t 7°

For the reference channel J/y — wn, with n— vy,
w—ntna’, and 7% — yy, at least four reconstructed
photons and two reconstructed charged tracks with zero
net charge are required. To select the photons of the n°
and 5 candidates, we calculate the value of Amj, =

M, —My)Y (M, —M,)?
Lo 2 ) +( 7 ) d for all possible sets of four

O—zro n
photons, where M,, is the yy invariant mass, M and M,
are the known 7° and # masses [39], and o0 and o, are
the corresponding mass resolutions determined from the
MC simulation. The n° and # candidates with the smal-
lest Am3, are kept for further analysis.

To reduce backgrounds and improve the mass resolu-
tion, we perform a five-constraint (5C) kinematic fit [44]
to all the tracks enforcing energy and momentum conser-
vation and constraining M,, to M. y3- fromthe kin-
ematic fit is required to be less than 20, which is determ-

ined by optimizing the figure of merit , where S is

the number of signal events, and B is the number of back-
ground events from the inclusive MC sample. The re-
quirement vetoes 84% of background contributions and
retains 67% of the reference channel.

Backgrounds are investigated using the 1.0011x 10'°
inclusive J/¢ MC events. Backgrounds with peaks in the
invariant mass distributions of both n*z~n’ (M;,) and
M, are negligible. The remaining backgrounds include
non-peaking backgrounds (BKGI) and those with peaks
in either the M, or M, distributions (BKGII). The con-
tributions of these backgrounds are determined by per-
forming a two-dimensional (2D) fit to the invariant mass
distributions of M5, and M,,.

We use the sum of the two crystal ball (CB) func-
tions (Fg,) with the same o and x values but different tail
parameters to describe the signal of M3, and a signal MC
shape convolved with a Gaussian function (F,)to de-
scribe M,,. The non-peaking background contributions in
the M, and M,, distributions are described by a re-
versed ARGUS function [45] (Fj, and Fy). Con-
sequently, the total signal shape is described by Fg, ® F,
backgrounds such as 7*7~ 7% and 7°72°%w (BKGII) are de-
scribed by Fi, ® F(, and Fy,,® Fg,, and the BKGI is de-

sig sig?
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scribed by Fi,®Fy,.The fit range is selected to be
[0.70, 0.86] GeV/c? for Ms,, and [0.45, 0.65] GeV/c? for
M,,. We float the parameters of probability density func-
tions (PDFs) during the fit, and the signal yield is determ-
ined to be N, =941,336+1,352, where the uncer-
tainty is statistical. The projections of the 2D fit to the
M5, and M,, distributions are shown in Fig. 2. The detec-
tion efficiency of the reference channel is determined by
the dedicated MC sample to be €+, = (12.80+0.03)%.
By considering the signal yield N _ ,, detection effi-
ciency 6,0, and decay branching fractions of w —
a*tn~n® and 7° — yy from the PDG [39], we measure the
branching fraction of J/iy — wn to be consistent with its
world average value quoted from the PDG [39] within
two standard deviation.

B. Analysis of w —» 7 e"e”

For the signal channel J/y — wn with n— yy and
w-ontrte”e”, at least two reconstructed photons and

: —# Data
I == Total fit

15000 o
; L — - non 1
o F non ®-m
% 10000 ormemn
e L
7 B
g L
Z 5000

0 L 1 " n

0.70 0.75 0.80 0.85

M,, (GeV/c?)
(a)

T L
S 20000 i
Q
s L
£10000
> -
m -

0 L Il 1 1

0.45 0.50 0.55 0.60 0.65

M,, (GeV/c?)
(b)
Fig. 2. (color online) Projections of the 2D fit of the (a) M3,

and (b) M,, distributions, where the total PDF is shown by a
blue solid curve. The signal PDF is shown by a red solid curve
and labeled as w-n. The non-peaking background distribu-
tion is shown by a cyan solid curve and labeled as non-w —
non-x#. The peaking background in Ms, is shown by a pink
solid curve and labeled as @ — non-. The peaking back-
ground in M,, is shown by a green solid line and labeled as
non- — 1.

four reconstructed charged tracks with zero net charge are
required. The selection criteria of charged and neutral
tracks that are consistent with those used in the reference
channel.

To reduce backgrounds and improve the mass resolu-
tion, we perform a four-constraint (4C) kinematic fit [44]
by constraining the energy and momentum of the four
charged tracks (7*7*e”¢™) and two photons to those of the
initial state. If more than two photons exist, we keep the
candidate with the lowest y3. for further analysis. To fur-
ther suppress backgrounds, y3. must be less than 10,
which is determined by the Punzi figure-of-merit method

[46], with the figure of merit

tection efficiency, and B is the number of background
events. This selection criterion can remove 99% of back-
ground events while retaining 56% of the signal events.
To further suppress misidentification from processes with
four charged tracks, we re-calculate the y? of the 4C kin-
ematic fit with different mass assignments (y2):
Tt yy, K'K K*K vy, atn K*K yy, and
ntn ppyy. If any of the y2s is less than y3., the event is
considered as background and rejected.

The signal region is determined by fitting the
Myre and M, distributions of signal MC samples,
where the signal shape is modeled by a double Gaussian
function and the background shape by a second-order
polynomial function. The fitted regions are determined as
[0.72,0.84] GeV/c? for My and [0.51,0.59] GeV/c?
for M,,. These intervals correspond to +50 ranges
centered on the composite mean position of the double
Gaussian function, where o is the effective resolution
parameter derived from the fit. The detection efficiency is
€ nree- = (11.52£0.03)% based on the simulated signal
MC samples.

Figure 3 shows the 2D scatter plot of M,, versus
M-~ for the candidate events from J/y data. In the
scatter plot, no candidates are found inside the defined
signal region. Thus, the number of observed events is
N, - =0. To study the possible backgrounds, we ana-
lyze 1.0011 x 10" inclusive J/¢» MC events. We find that
no event is located near the signal region, and the num-

, where € is the de-

ber of background events is determined to be
NYE ., =0.

C. Systematic uncertainty

The systematic uncertainties for the signal and refer-
ence decays include the uncertainties in the MDC track-
ing, PID, n° reconstruction, kinematic fit and y? require-
ment, signal window, 2D fit, MC modeling, erif;r_ﬂo de-
termination, and input branching fractions. The systemat-
ic uncertainties of the # reconstruction with 8(J/¢ — wn)
and B(n— yy) cancel when calculating the relative
branching fraction ratio.

The systematic uncertainties of MDC tracking and
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Fig. 3. (color online) 2D distribution of M,, versus

M+ .+~ Of the candidate events from the J/y data, where the
red box shows the signal region.

PID for charged pions and electrons are 1.0% [47, 48] per
charged track. Because the reference channel has two
charged tracks and the LNV channel has four, the system-
atic uncertainties are assigned to be 2.0% and 4.0%, re-
spectively. The individual systematic uncertainty for both
MDC tracking and PID of charged tracks is calculated to
be V(2.0%)? + (4.0%)? = 4.5%.

The systematic uncertainty of #° reconstruction is
1.0% [49]. The systematic uncertainty in the kinematic fit
and y? requirement of the signal (reference) decay is es-
timated with the control sample J/y — n*n~n*n n,n — yy
(J/y = wr®,w — n*7~ 7). The relative difference of the
selection efficiencies between data and MC simulation is
taken as the uncertainty. The systematic uncertainties due
to the kinematic fit are 2.7% for the LNV channel and
0.1% for the reference channel. The uncertainty of the
kinematic fit is calculated to be 2.7%. The systematic un-
certainty of signal window is studied by changing the
ranges to £4.90°, +5.10, etc. The maximum relative dif-
ference 0.2% is taken as the systematic uncertainty.

The uncertainties from the background (signal)
shapes in the 2D fit are estimated by changing the re-
verse ARGUS function (sum of two CB function) to a
second-order polynomial function (sum of a CB function
and the signal MC shape obtained from the MC simula-
tion). The maximum differences of 3.3% and 1.1%
between the signal yields are taken as the uncertainties
due to background and signal shapes, respectively. There-
fore, the total uncertainty for 2D fit is calculated to be
3.5%.

The systematic uncertainty of the MC modeling is
studied by generating events with a Majorana intermedi-
ate state in two different modes: one with two Majorana
neutrinos (w — vy vy, vy — nte”), and the other with one
Majorana neutrino (w — vynte ,vy — nte”), where the
mass of the Majorana neutrino can range from the ne
mass threshold to the largest phase space of w decay. The

Table 1. Relative systematic uncertainties.
Source Uncertainty (%)

MDC tracking 4.5

PID 4.5

7° reconstruction 1.0

Kinematic fit and y? requirement 2.7

Signal window 0.2

2D fit 3.5

MC modeling 0.3

N;ifn_no determination 0.2

MC statistics 0.3

Blw — 7t 1%,7° - yy) 0.8

Total 7.9

largest difference between the average detection efficien-
cies in the nominal analysis and in these two modes,
0.3%, is taken as the systematic uncertainty.
The statistical uncertainty in N;ifﬂ,no determination is
calculated to be 0.2%. The uncertainty due to MC statist-
1-€

MC »
eN, total

ciency of w — n*nte e, and NMY

Mo 1s the total number of

produced signal MC events. It is determined to be 0.3%.

The uncertainty of the input branching fraction B(w —
rtan %, 7% — yy) is 0.8% [39].

Table 1 summarizes the systematic uncertainties. The

total systematic uncertainty (A, ) is calculated by adding

the individual contributions in quadrature.

ics is given by where € is the detection effi-

IV. RESULT

Because we do not observe any signal or background
events, we set an upper limit on the signal yield at the
90% CL using Feldman-Cousins intervals [50]. Both the
number of observed events and background yield are as-
sumed to follow Poisson distributions, and the upper lim-
it on the signal yield is calculated to be 2.44 at the 90%
CL. Beause the Feldman-Cousins method does not con-
sider the systematic uncertainty (Ay =7.9%), the upper
limit is shifted up to 2.44/(1 — Ays) =2.65. Thus, the up-
per limit on the branching fraction of w — n*n*e”e™ at the
90% CL is calculated using Eq. (1) to be

Blw—-nnte eT) <2.8x107°,

V. SUMMARY

In this paper, we search for the LNV decay
w— ntnte”e” for the first time by analyzing 1.0087x
10" J/y events collected using the BESIII detector. No
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signal is observed, and the upper limit on its decay
branching fraction is set to be B(w — n*nte e +c.c.) <
2.8x107° at the 90% CL. This is the first experimental
constraint on the LNV decay of the @ meson. Our result
enriches the searches for OvgB decay in collider experi-
ments, which are complimentary to the specially de-
signed OvBB searching experiments. The upper limit may
be further improved with other advanced methodologies,
such as the partial reconstruction strategy, which is based

on inclusive w signal finding; it introduces a higher back-
ground but can also yield higher statistics. In the future,
the constraint can be further improved with an expected
increase of over 100 times J/y events from the super -
charm facility [51].
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