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Abstract: The lepton number violation decay w — na*tnte”e™ +c.c. is searched for via J/y — wn using a data
sample of (1.0087 +0.0044)x 1010 J/y events collected by the BESIII detector at the BEPCII collider. No signific-

ant signal is observed, and the upper limit on the branching fraction of w — n*nte”e™ +c.c. at the 90% confidence
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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 pos-
sess a tiny mass.

If the antiparticle of a neutrino is itself, the solution to
the Dirac equation can give rise to 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, it would lead to a violation of lepton number conser-
vation by two units. Hence, the discovery of lepton num-
ber violating processes might be relevant to the proper-
ties of neutrinos. Furthermore, Baryon Number Violation
(BNV) is a key aspect of some Grand Unified Theories
(GUTs) and is essential for understanding the early Uni-
verse. The connection between BNV and Lepton Num-
ber Violation (LNV) in various theories and models
[9—-12] suggests 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 (0v8B) 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
byLHCDb[18,19],q93 — *I'*q'gand gy — I*I*q"q'g (I = e, 1)
channels by CMS [20], X! — A*FFI"* (X.=D,D;,
A h=mn,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]. E865 [27], NA62
[28], and BESIII [29] experiments also searched for LNV
with non-first generation quark decays in K and ¢ meson
decays, but so far have reported negative results only.

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"l-. To
avoid backgrounds from pion-muon misidentification and
take advantage of larger phase space, we focus on the

+ ot =

ntntee” final states in this work. Figure 1 shows two
possible Feynman diagrams for w — n*n*e”e” in the Ma-
jorana neutrino scenario, analogous to those in Ref. [33],
with suppression due to the large mass of the W* bosons.
The LNV decay of the @ meson in the process
w — n*n*e”e” has a unique phase space coverage com-
pared to other measurements and low background con-
tamination. Its discovery will indicate the existence of
new physics.

In this paper, we present the first search for the LNV
decay w — nfnte e via J/y — wn decay based on
(1.0087+0.0044) x 10'° J/yr events [30] collected by the
BESIIL [31] detector at the Beijing Electron-Positron Col-
lider II (BEPCII) [32]. The charge-conjugated decay
mode w — nm n"ete” is included and implicitly assumed
throughout.

II. BESIII DETECTOR AND MONTE CARLO SIM-
ULATION

BESIII [31] is a symmetric cylindrical particle detect-
or located around the interaction point of BEPCII [32],
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
[31]: a helium-based multilayer drift chamber (MDC), a
plastic scintillator Time-Of-Flight counter (TOF), a
CsI(T1) Electromagnetic Calorimeter (EMC), and a muon
counter, providing a coverage of 93% of the total solid
angle. The superconducting solenoid supported by an oc-
tagonal 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 Bh-
abha scattering is 6%. The time resolution of the TOF
barrel region is 68 ps, and the time resolution of the end

u u
- +
v .. T
_ ™
w -

(b)

Fig. 1. Two possible Feynman diagrams for w — ntnte™e™.
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cap region was 110 ps. The end cap TOF system was up-
graded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps [34],
which benefits 87% of the data used in this analysis. The
EMC 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 the
signal digitization models are simulated by GEANT4 [37]
software. For the inclusive MC sample, the known J/y
decay modes are generated by EVTGEN [38] with aver-
age branching fractions taken from the Particle Data
Group (PDGQG) [39], while the remaining unknown decays
modes from the charmonium states are generated by
LUNDCHARM [40]. The J/¢ resonance is produced via
e*e” annihilations by KKMC [41], which includes the ef-
fects of beam energy spread and initial state radiation. Fi-
nal state radiation from charged final-state particles is in-
corporated with PHOTOS [42]. Signal MC events of
JIWy—wn, with np—yy and w-nara’ or
w — ntrte"e”, are also generated. The J/y — wn decays
are modeled by a helicity amplitude model [38], and the
w— n*an® decays are modeled by an @ Dalitz model
[43]. Other decays are modeled by a phase space model.

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*nte e relative to

the reference decay w — 7 n°

Bw—ntntee’)=Bw— 11’

sig
Ttrte-em /Enﬁﬁe’e’

ref
Nn+n,”0 / Ext =70

XB(n’ — yy) M

where B(w — n*n~n°) and B(n° — yy) are the branching
fractions of w—na*nr 72’ and #°— yy, respectively.
N2, and N are the numbers of signal and refer-
ence channel events, respectively. €pp+e-.- and €50 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 6 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 ‘Vx, , are required to
be less than 10 cm and 1 cm, respectively.

For charged particle identification (PID), we make
use of 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 can-
didates are required to satisfy CL,>0.001 and
CL, > CLg, while electron candidates are required to sat-
isfy 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 is required
to be within 700 ns after the event start time. To elimin-
ate photons emanating from charged tracks, the opening
angle between the photon and the nearest charged track is
required to be larger than 10 degrees.

Ao Analysis of w — nt 7 n°

For the reference channel J/¢ — wn, with n— yy,
w—ana® and n°— 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~ » candidates, we calculate the value of
(Myy-M0)* | (M,,—M,)* .
Amy, = —ms 4 %~ for all possible sets of four

0
photons, where M,, is the yy invariant mass, M,» and M,
are the known #° and » masses [39], and o0 and o, are
the corresponding mass resolutions determined from MC
simulation. The n° and # candidates with the smallest
Am3,, are kept for further analysis.

In order to reduce backgrounds and improve the mass
resolution, a five-constraint (5C) kinematic fit [44] is per-
formed to all the tracks enforcing energy and momentum
conservation and constraining M,, to M. The y3. from
the kinematic fit is required to be less than 20, which is
determined by optimizing the figure-of-merit 53,
where S is the number of signal events and B is the num-
ber of background events from the inclusive MC sample.
The requirement vetoes 84% of background contribu-
tions 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*n~n° (Ms,) and
M,, are negligible. The remaining backgrounds includes
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 u values but different tail
parameters to describe the signal of M;, 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 F% ® F;!

sig sig?
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the backgrounds like "7~ 7% and 7°72°w (BKGII) are de-
scribed by Fi, ® F{, and Fy, ® Fg,, and the non-peaking
background (BKGI) is described by Fi,®Fy,.The fit
range is chosen 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 functions (PDFs) during the fit and
the signal  yield s determined to  be

el o =941,336+ 1,352, where the uncertainty is statist-
ical. The projections of the 2D fit to the M3, and M, dis-
tributions are shown in Fig. 2. The detection efficiency of
the reference channel is determined by the dedicated MC
sample to be €+,-0 = (12.80+0.03)%. By taking into ac-
count the signal yield N _,, the detection efficiency
€+, and the decay branching fractions of w — n*7 7"
and n° — yy from the PDG [39], the branching fraction of
J/¥ — wn is measured to be consistent with its world av-
erage value quoted from the PDG [39] within one stand-

ard deviation.

: —# Data
I == Total fit

15000 o
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Fig. 2. (color online) The 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 by w-7. The non-peaking background dis-
tribution is shown by a cyan solid curve and labeled by non-w
— non-;. The peaking background in M3, is shown by a pink
solid curve and labeled by @ — non-5. The peaking back-
ground in M,, is shown by a green solid line and labeled by
non- — 1.

B. Analysis of v — n*nte e”

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

In order to reduce backgrounds and improve the mass
resolution, a four-constraint (4C) kinematic fit [44] is per-
formed by constraining the energy and momentum of the
four charged tracks (nfn*e”e™) and two photons to those
of the initial state. If there are more than two photons, we
keep the candidate with the lowest x3. for further analys-
is. To further suppress backgrounds, the 3. is required to
be less than 10, which is determined by the Punzi figure-
of-merit method [46], with the figure of merit eyt
where € is the detection efficiency and B is the number of
background events. This selection criterion can remove
99% of background 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 kinematic fit with different mass assignments
(%) mtnntnyy, K'K"K'Kyy, ntn KK 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
Mz~ and M, distributions of signal MC samples,
where the signal shape is modeled by a double Gaussian
function and the background shape a second-order poly-
nomial function. The fitted regions are determined as
[0.72,0.84] GeV/c* for Mz~ 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
scatterplot no candidates are found inside the defined sig-
nal region. Thus, the number of observed events is
N, - =0. To study the possible backgrounds,
1.0011x 10 inclusive J/y» MC events are analyzed. We
find there is no event located near the signal region, and
the number of background events is determined to be
NYE, ., =0.

ntate e

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, N _, de-
termination, and input branching fractions. The systemat-
ic uncertainties of the # reconstruction with 8(J/¢ — wn)
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Fig. 3.  (color online) The 2D distribution of M,, versus

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

and B(n— yy) cancel due to calculating the relative
branching fraction ratio.

The systematic uncertainties of MDC tracking and
PID for charged pions and electrons are 1.0% [47, 48] per
charged track. Since there are two charged tracks for the
reference channel and four charged tracks for the LNV
channel, the systematic uncertainties are assigned to be
2.0% and 4.0%, respectively. The individual systematic
uncertainties for both MDC tracking and PID of charged
tracks are calculated to be +/(2.0%)2+ (4.0%)? =4.5%
each.

The systematic uncertainty of 7z’ reconstruction is
1.0% [49]. The systematic uncertainty in the kinematic fit
and the y? requirement of the signal (reference) decay is
estimated with the controlsample J/yr— n*n n*n n,n — yy
(J/ — wr®,w — n*n~a°). 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 MC simulation).
The maximum differences of 3.3% and 1.1% between the
signal yields are taken as the uncertainties due to back-
ground and signal shapes. So 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

0

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,r,if,r-,,o determination 02

MC statistics 0.3

Blw =1 7%710 = yy) 0.8

Total 7.9

Majorana neutrino (w — vyn*e ,vy — nte”), where the
mass of the Majorana neutrino can range from the ne
mass threshold to the largest phase space of @ decay. The
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_ﬂo determination is
calculated to be 0.2%. The uncertainty due to MC statist-
1-€
€ NMC ]

of w—- e e, an(tina}\flﬁgl is the total number of pro-
duced signal MC events. It is determined to be 0.3%. The
uncertainty of the input branching fraction
B(w — 77 7%, 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 detection efficiency

IV. RESULT

Since we do not observe any signal or background
events, we set an upper limit on the signal yield at the
90% confidence level (C.L.) using Feldman-Cousins in-
tervals [50]. Both the number of observed events and the
background yield are assumed to follow Poisson distribu-
tions, and the upper limit on the signal yield is calculated
to be 2.44 at the 90% C.L. Since the Feldman-Cousins
method does not take into account the systematic uncer-
tainty (Agys =7.9%), the upper limit is shifted up to
2.44/(1 - Ayys) = 2.65. Thus, the upper limit on the branch-
ing fraction of w — n*n*e”e” at the 90% C.L. is calcu-
lated by Eq. (1) to be

Blw—-n'nte e) <2.8x1075.
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V. SUMMARY

In this paper, we search for the LNV decay
w-ontnte e for the first time by analyzing
1.0087 x 10'° J/y events collected with the BESIII detect-
or. No signal is observed, and the upper limit on its de-
cay branching fraction is set to be
B(w - ntnte e +c.c.) <2.8x107° at the 90% C.L. This
is the first experimental constraint on the LNV decay of
the @ meson. Our result enriches the searches for 0vB8
decay in the collider experiments which are compliment-
ary to the specially designed 0v3B searching experiments.

The upper limit may be further improved with other ad-
vanced methodology, such as the partial reconstruction
strategy which is based on inclusive @ signal finding,
which will introduce a higher background 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 7-charm facility [51].
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