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Using a data sample of (1310.6 4 7.0) x 10° J/y events taken with the BESIII detector at the center-of-
mass energy of 3.097 GeV, we search for the first time for the lepton number violating decay X~ — pe~ e~
and the rare inclusive decay X~ — £*X, where X denotes any possible particle combination. The X~
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candidates are tagged in J /yr — £(1385) X decays. No signal candidates are found, and the upper limits

on the branching fractions at the 90% confidence level are determined to be B(X~™ — pe~e™) < 6.7 x 107

and B(Z™ — Z*X) < 1.2 x 107,

DOI: 10.1103/PhysRevD.103.052011

I. INTRODUCTION

In the Standard Model (SM) [1-3] of particle physics,
lepton number conservation is associated with a global
U(1), symmetry. In addition, under the postulate of
massless neutrinos, U(1), x U(1), x U(1), is an auto-
matic global symmetry, which means that individual
lepton-flavor numbers—e, y, and 7 number—are expected
to be conserved. However, the discoveries of neutrino
oscillations [4-7], the matter antimatter asymmetry of the
Universe [8—11] and the existence of dark matter [12—14]
require new physics theories beyond the SM. New physics
models of nonzero neutrino masses predict neutrinos to be
Dirac or Majorana fermions [15—-18]. If neutrinos are Dirac
fermions, U(1), may remain as an exact global symmetry.
However, if neutrinos are Majorana fermions, U(1), is not
a good global symmetry. Currently, we cannot distinguish
whether neutrinos are Dirac fermions or Majorana fer-
mions. Hence, it is important to investigate the validity of
lepton-number conservation directly. Observation of lepton
number violating (LNV) processes would explicitly point
out the direction of new physics, while experimental upper
limits (ULs) could translate into stringent conditions for
theoretical models.

A number of experiments have searched for LNV in
meson decays [19], while only a few experiments have
reported searches in hyperon decays [20,21]. The LNV
decay of By — B3 171~ (B = baryon; [ = e, u) is a unique
process, in which two down-type (d or s) quarks convert into
two up-quarks changing the charge of the hyperons accord-
ing to the AQ = AL = 2 rule, where AQ and AL are the
changes of charge number and lepton number, respectively.
The transition of the quarks is assumed to occur at the same
space-time location, as shown in Fig. 1, and is determined by
local four-quark operators [22—24]. The underlying mecha-
nism is similar to that of neutrinoless double beta (0v/3f)

o

d

FIG. 1. Typical Feynman diagram for By — B; 71~ (I = e, p),
in which two down type quarks convert into two up type quarks
and two leptons.

nuclear decay (A,Z) — (A,Z + 2)e”e™, which is a sensi-
tive probe in the search for the effects of very light Majorana
neutrinos [25,26]. In Refs. [22,23], based on a model where
the dominant contributions are given by a loop of a virtual
baryon and a Majorana neutrino, as shown in Fig. 2, the
predicted branching fractions of X~ — pe~e” and
¥~ — XTee”, can reach 107! and 1073, respectively.
While in Ref. [24], based on the Massachusetts Institute of
Technology bag model [27,28], the branching fractions are
increased by several orders of magnitude, and, for example,
the branching fraction of ¥~ — pe~e™ can reach 10723,

In this paper, using the process J/yr — £(1385)7X~ [19]
from the data sample of (1310.6 4= 7.0) x 10° J/y events
[29-31] collected with the BESIII detector, we present the
first search for the AQ = AL = 2 process in £~ decays. In
the channel £~ — XTe~e™, due to the limited phase space
(Ms- — My+ ~ 8 MeV/c?) and the small momentum of the
27, the leptons have very small momenta and cannot be
reconstructed in the detector. Therefore, the processes
investigated in this analysis are X~ — pe~e™ and the rare
inclusive decay X~ — X" X, where X represents any par-
ticles or particle combinations, including e~ e~. Throughout
this paper, the charge conjugate channels =+ — pe*e™ and
=+ — £~X are investigated at the same time. It is important
to note that the blind analysis method is used in this paper.
The Monte Carlo sample is used to determine the analysis
strategy. Then, with fixed strategy, the data sample is
opened to obtain the final results.

II. BESIIT DETECTOR AND MONTE
CARLO SIMULATIONS

The BESIII detector is a magnetic spectrometer [32]
located at the Beijing Electron Positron Collider (BEPCII)
[33]. The cylindrical core of the BESIII detector consists of
a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all enclosed

V=V
LT
- ~
< N
By By
S

FIG.2. Feynman diagram for By — B "I~ (I = e, u), where a
loop of a virtual baryon, By, and a Majorana neutrino, v, is
introduced.
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in a superconducting solenoidal magnet providing a 1.0 T
(0.9 T in 2012) magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identifier modules interleaved with steel.
The acceptance of charged particles and photons is 93%
over 4z solid angle. The charged-particle momentum
resolution at 1 GeV/c is 0.5%, and the dE/dx resolution
is 6% for the 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 of
the TOF barrel part is 68 ps, while that of the end cap part
is 110 ps.

Simulated samples produced with the GEANT4-based [34]
Monte Carlo (MC) software, which includes the geometric
description of the BESIIl detector and the detector
response, are used to determine the detection efficiency
and to estimate the backgrounds. The simulation includes
the beam energy spread and initial state radiation (ISR) in
the e*e™ annihilations modeled with the generator KKMC
[35,36].

The inclusive MC sample consists of the production of
the J/w resonance, and the continuum processes
(eTe™ — gg) incorporated in KKMC [35,36]. The known
decay modes of J/y are modeled with EvtGen [37,38] using
branching fractions taken from the Particle Data Group
[19], and the remaining unknown decays from the char-
monium states with LundCharm [39,40]. The final state
radiation from charged final state particles are incorporated
with the pHOTOS [41] package.

III. EVENT SELECTION

In this paper, the X~ data sample is obtained through the
process J /yr — £(1385)TZ~. A double-tag method, which
was developed by the MARK-III experiment [42], is
employed to determine the absolute branching fraction
and reduce the systematic uncertainties. First, we recon-
struct £(1385)* via the decay £(1385)* — Az™ and then
determine the number of X~ events in the recoil mass
spectrum of the £(1385)", which is defined in Eq. (2).
These events are referred to as “single tag” (ST) events.
Next, we search for signal candidates in the selected X~
sample by looking directly for their decay products. Events
with signal candidates are called “double tag” (DT) events.
The absolute branching fraction is calculated by

obs
N DT

B, —— DI
sig obs ’
Ngrepr/e€st

(1)

where N$5 is the ST yield, Ny is the DT yield, est and epy
are the ST and the DT efficiencies.

A. ST event selection

In the selection of ST events, %(1385)" is reconstructed
via the £(1385)" — Az* decay. All charged tracks are

required to have a polar angle within |cos 8] < 0.93. The A
is reconstructed via A — prxt decay. Each track used to
reconstruct A is required to have a distance of closest
approach to the interaction point (IP) along the beam
direction less than 20 cm, while the bachelor pion candi-
dates are required to have a distance of closest approach to
the IP less than 1 cm in the plane perpendicular to the beam
and less than 10 cm along the beam direction. The values of
20 cm, 1 cm and 10 cm are based on track performance
study.

We perform particle identification (PID) on the charged
tracks with the information of dE/dx measured in the
MDC and the time of flight measured by the TOF. The
confidence levels (CLs) for the pion, kaon, and proton
hypotheses (CL,, CLg, and CL ) are calculated. The anti-
proton candidates are required to satisfy CL, > 0.001,
CL, > CL,, and CL, > CLg. The bachelor pion candi-
dates are required to satisfy CL, > 0.001 and CL, > CL,
while there is no PID requirement for the pion from A
decay.

The two charged tracks used to reconstruct A are
constrained to originate from a common decay vertex by
performing a primary vertex fit on the two tracks. The y3,
which represents the goodness of the primary vertex fit, is
required to be less than 100. A secondary vertex fit is also
performed on the same daughter tracks of A candidates,
imposing the additional constraint that the momentum of
the candidate points back to the IP. The y3 of the secondary
vertex fit is required to be less than 100. The two values of
y? requirements result in high quality vertex fits. To further
suppress non-A background, the decay length of A, which
is the distance between the IP and the secondary vertex,
is required to be larger than 2 standard deviations of the
decay length. The fitted four-momentum of the pa™
combination is used in further analysis, and the invariant
mass of the pz™ combination is required to be within
(1.112,1.120) GeV/c?.

The recoil mass of X(1385)" is defined as

Mrecoil = \/(EJ/V/ - E/_\ - Eﬂ+)2 - (6]/1// - 5[\ - ﬁﬂ+)27
(2)

where, Ey;, (Py), ), Ex(Pi) and E,+(p,+) are the energies
(momenta) of J/w, A and z" in the J/y’s center-of-
mass frame. To suppress backgrounds, such as J/y —
¥(1385)"%(1385)", the sum of Ej and E,+ is required to
be within (1.59,1.70) GeV.

Al £(1385)" candidates in an event are retained. We then
fit the M ...; distribution to obtain the ST yield. Figure 3
shows the fit to the M distribution of data. In the fit, the
background is described by a second order Chebychev
polynomial function, and the signal shape is modeled by MC
simulated shape convolved with a Gaussian function to
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FIG. 3. Fit to the M distribution of ST events in data. Points
with error bars represent data. The solid blue line is the total fit,
the green line is the signal shape and the red line is the
background component. The arrows denote the M., signal
region.

account for the resolution difference between data and MC
simulation. The mean and the width of the Gaussian function
are additional free parameters in the fit. The ST efficiency
obtained from MC simulationsis (31.59 & 0.09)%. With the
ST yield returned by the fit, Ngr = 147743 £ 563, we
obtain B(J/y — £(1385)7Z7) = (3.21 £0.07) x 1074,
where the uncertainty is statistical only. This branching
fraction is compatible with the world average value taken
from the PDG [19], (3.1 +£0.5) x 10~*, within the large
uncertainties of the world average.

B. DT event selection

In the recoil side of the selected ST events, we search for
the LNV process £~ — pe~ e and the rare inclusive decay
¥~ — XTX, using the charged tracks and electromagnetic
showers not used previously. Each charged track is also
required to have a polar angle within |cos | < 0.93 and a
distance of closest approach to the interaction IP along the
beam direction less than 20 cm. The momentum of the X~
is small and the phase space in £~ — ZtX is extremely
small like that in £~ — X"e~e™ due to the small difference
in the ©* masses. Therefore the momenta of particles in the
¥~ —» XX decay, except for X reconstructed via
=+ — pa®, are too small to reach the MDC and other
detectors. So only three charged tracks are required for
¥~ — pe~e” and one charged track for £~ — XTX.

Proton PID is performed as above. Electron PID is
performed using the dE/dx, TOF, and EMC information,
with which the CLs for electron, pion and kaon hypotheses
(CL,, CL,, and CLg) are calculated. Electron candidates
are required to satisfy CL, > 0.001 and CL,/(CL,+
CL,+ CLg) > 0.8.

Electromagnetic showers are reconstructed from clusters
of energy deposited in the EMC. The photon candidate
showers must have a minimum energy of 25 MeV in the
barrel region (Jcos @] < 0.80) or 50 MeV in the end cap
regions (0.86 < |cos@| < 0.92). To suppress electronic

noise and energy deposits unrelated to the event, timing
information from the EMC for the photon candidates must
be in coincidence with collision events, with a requirement
of 0 <t<700ns. The z° candidates are reconstructed
from pairs of photon candidates. Due to the worse
resolution in the end cap regions of the EMC, z° candidates
reconstructed with both photons in the end caps of the EMC
are rejected. The invariant mass of two photons is required
to be within (0.115,0.150) GeV/c? for z° candidates. To
improve the overall kinematic resolution, a mass-constraint
kinematic fit is performed by constraining the yy invariant
mass to the nominal z° mass [19]. When multiple 7°
candidates are reconstructed, we retain the one with the
smallest y? of the mass-constraint kinematic fit.

Furthermore, we require the pe~e™ invariant mass to be
within (1.169, 1.209) GeV/c? and the pa° invariant mass
to be within (1.167,1.201) GeV/c?. For the ¥~ — Z+X
channel, to further suppress background, one additional
kinematic variable is defined as

ﬁmiss = ﬁ]/l// - 5[\ - ﬁn* - 52*7 (3)

where p are the corresponding momenta in the J/y’s
center-of-mass system, and |Ppmiss| is required to be less
than 0.1 GeV/c.

Since the X particles are not detected, the DT efficiency
of 2~ — X" X is only affected by the reconstruction of the
p and 7° from the * decays. Simulation studies show that
due to the limited phase space and small £~ momentum, the
momenta and the angular distributions of p and z° are
almost the same when X represents different final states.
Therefore, we use the MC samples of 2~ — Ztee™ to
estimate the efficiency of X~ — X X.

To determine the DT yield, we search for candidates in
the M,...; distributions for 2~ — pe~e¢” and £~ — X" X in
data, shown in Fig. 4. The signal region is defined as
[1.165,1.220] GeV/c?, which covers more than 99.7% of
all signal events. The DT efficiencies obtained from MC
simulations are 9.02% and 11.08%, respectively. No event
is observed in the signal region for either channel.

C. Background study

Potential background candidates come from the con-
tinuum process and from other J/y decays. To estimate the
first kind, we study the continuum process with data
samples collected at /s = 3.08, 3.65, 3.773 GeV, where
the integrated luminosity values are about 150 pb~!,
50 pb~!, and 2.93 fb~!, respectively. There is no ST
peaking background, and no event passes the DT selection.

We use the inclusive MC sample to estimate back-
grounds from J/y decays. The ST peaking background
component is from J/y — £(1385)°A +c.c., and the
number of events scaled to data accounts for about
0.07% of the total ST yield, so it is ignored. The smooth
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FIG.5. M. distribution of the inclusive Monte Carlo sample.

background components can be described by a second
order Chebychev polynomial. Figure 5 shows the different
components from the inclusive MC sample. For the DT
selection, only 4 and 3 background events survive in the
signal regions of the ¥~ — pe~e™ and £~ — "X chan-
nels, respectively, corresponding to normalized numbers of
0.3 and 0.6 background events.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurements,
summarized in Table I, mainly originate from differences

TABLE I. The relative systematic uncertainties (in %) on the
branching fraction measurements.

Source 3T > pee” T ItX
Tracking of proton 1.0 1.0
PID of proton 04 0.3
Tracking of electron 3.6 e
PID of electron 2.8 e
Photon detection e 2.0

7° reconstruction . 1.0

2~ mass window 0.5

¥ mass window e 0.6
Tag bias 1.3 1.3
MC model 1.0 0.9
Quoted branching ratios e 0.6
Total 5.0 3.1

between data and simulation in the tracking and PID
efficiency, the tag bias, the MC model, and the cited
branching fractions.

The systematic uncertainty due to the proton tracking
efficiency is determined to be 1.0% for each track by
studying the two control samples of J/y — pK~A +c.c.
and J/w — AA [43]. The uncertainty arising from the
proton PID efficiency is determined with the control sample
J/w — pprtr~. We bin events in the sample in cos 0 (i)
and |p| (j) of the proton [44] and add differences between
data and MC samples together with the following formula

AP =3 "(AefP x D), (4)
i,j

where Aej” is the difference of PID efficiency and o
the weight factor. The weight factor is defined as the ratio of
the number of events in the ij bin to the total number of
events of the sample. We use the total differences as the
uncertainties in X~ — pe~e” and ¥~ — XX, which are
0.4% and 0.3%, respectively.

The uncertainties due to the tracking and PID efficiencies
of the electron are studied with the control sample ete™ —
yete™ (at /s =3.097 GeV). Similar as above, we bin
events in the sample by cos@ and |p,| (|p|) for tracking
(PID). The uncertainties of the tracking efficiency for the
high-momentum and low-momentum electrons are 0.5%
and 3.1%, respectively, and the uncertainties of the PID
efficiency are 0.6% and 2.2%, respectively. The total
differences for tracking and PID for X~ — pe~e™ are
3.6% and 2.8%, respectively. The uncertainties associated
with photon detection and z° reconstruction are obtained
from the control sample J/y — ztz 2% [45]. The
differences between data and MC samples are 1.0% per
photon and 1.0% per 7°, respectively.

The systematic uncertainty due to the *(pz°) mass
window is determined to be 0.6% using a control sample of

PID
e ds
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J/w — Tt~ decays [46]. Since we do not have a sample
of X~ — pe~e”, we change the limits to those obtained
from the mass distribution of £~ whose decay is determined
by a phase space model. The relative change of the DT
efficiency, 0.5%, is taken as the uncertainty of £~ (pe~e™)
mass window.

The main uncertainties in the ST selection, including the
total number of J/y events, the reconstruction of A, and
the bachelor z™, cancel in the double tag method. The tag
bias is related with the MC sample used to obtain the ST
efficiency. We change the sample with the decay chain
J/w — £(1385)TZ7 (X~ — X) to the sample with the
decay chain J/y — Z£(1385)*Z7 (2~ - pe~e”) and
J/w — £(1385)7Z7 (X~ — Zte~e™). The average relative
change of the ST efficiency is taken as the associated
uncertainty, which is 1.3%. The statistical uncertainty of the
tag yields is 0.38%, and it is taken into account together
with the statistical uncertainties of efficiencies when
calculating the ULs.

To estimate the uncertainty of the MC model for the
signal, we change the values of parameters in the model that
describes the g*-dependent differential decay width of
BT — B; [T~ [24]. We take the relative changes of
the DT efficiencies as the associated uncertainties for
¥~ = pe~e” and ¥~ — Xt X, which are 1.0% and 0.9%,
respectively.

Since the limit for [P (0.1 GeV/c) is much larger
than the kinematic limit, the uncertainty of the requirement
on |Pmis| is negligible. The relative uncertainties for
branching fractions of 7° — yy and £+ — pz° are taken
from the PDG [19], and are 0.034% and 0.6%, respectively.
The uncertainty for the z° is so small that it can be ignored.
The total systematic uncertainties are obtained by adding
all uncertainties above in quadrature.

V. RESULTS

The ULs for the signal yields are calculated using a
frequentist method with an unbounded profile likelihood
treatment of systematic uncertainties, which is imple-
mented by the class TRolke in the ROOT framework [47].
The number of the signal and background events are
assumed to follow a Poisson distribution, the detection
efficiency is assumed to follow a Gaussian distribution, and
the systematic uncertainty is considered as the standard
deviation of the efficiency. The resulting UL for the
branching fraction is determined by

Sobs
up 90
Biig < yobre o (5)
tag €DT/€ST

where s3¢° is the upper limit on the number of signal events
determined at the 90% CL. The ULSs for branching fractions
are

B(Z~ = pe~e”) <6.7x 1073,
B(X™ - ZtX) < 1.2x 1074
VL. SUMMARY

To summarize, with the data sample of (1310.6 + 7.0) x
10® J/y events collected by BESIII detector, a search for
the LNV decay X~ — pe~e™ and the rare inclusive decay
¥~ —» ¥tX is performed for the first time. No signal
event is observed, and the upper limits on the branching
fractions of £~ — pe~e™ and T~ — £tX at the 90% CL
are 6.7 x 1075 and 1.2 x 107*, respectively. Our results are
well above the prediction in references [22-24].
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