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Abstract: Using (1.0087 +0.0044) x 10'0 J/y events collected by the BESIII detector at the BEPCII collider, we
search for the lepton number violation decay ¢ — ntnte~e™ via J/ — ¢n. No signal is found and the upper limit

ot =,

on the branching fraction of ¢ — 77 e"e

is set to be 1.3x 1077 at the 90% confidence level.

Keywords: Lepton number violation, matter anti-matter asymmetry, neutrinoless double beta decay
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I. INTRODUCTION

Matter-antimatter asymmetry [1] is one of the most
important problem in the standard cosmology model. Ac-
cording to the Big Bang theory [2], matter and antimatter
in the universe should be produced equally and exist in
equal amounts. However, observations show that the
number of baryons in the universe is 10° - 10'° [3] times
that of antibaryons. To understand this puzzle, Sakharov
proposed the three conditions [4], the first of which is that
the baryon number conservation must be violated. There
have been many baryon number violation (BNV)
searches at collider experiments and specially designed
non-collider experiments, such as proton decay experi-
ments, however no positive results have been obtained.
Many theories [5, 6] pointed out that if there is BNV,
then the lepton number should also be violated (LNV).
This provides us another perspective on exploring the
asymmetry between matter and antimatter in the universe.

On the other hand, neutrino oscillation experiments
[7-10] show that neutrinos have tiny masses, which is
evidence that the Standard Model (SM) cannot fully de-

scribe neutrino sector. Some of the SM extensions be-
lieve that neutrinos may have majorana components
whose particle and antiparticle are identical [11]. This
may lead to LNV processes with AL =2, such as neutri-
noless double beta decay (0v28) [12]. Although hadrons
composed of the first generation quarks have been well
explored in 0v2B, constraints on the LNV process
[13—18] suggest that searching for LNV with non-first
generation quark decays at collider experiments would be
necessary.

In recent years, many collider experiments, such as
NA62 [19], E865 [20], LHCDb [21], CMS [22], ATLAS
[23], CLEO [24] and BESIII [25], searched for LNV pro-
cesses. Among them, references [19, 20] reported LNV
with second generation quark decays in K mesons.
However, no significant evidence of a possible LNV ef-
fect is observed yet. Complementary to those measure-
ments, the study of LNV using ¢ decays is distinctive due
to the different phase space (PHSP) it explores. In this pa-
per, we analyze (1.0087+0.0044)x 10'° J/y data sample
collected with the BESIII detector [26] operating at the
BEPCII storage ring [27] to search for the SM forbidden
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LNV decay of ¢ — n*n*e"e”. The charge conjugate chan-
nel is always implied throughout this paper.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [26] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [27] in the
center-of-mass energy range from 1.85 to 4.95 GeV, with
a peak luminosity of 1.1x10* cm™s™' achieved at
/s =3.773 GeV. BESIII has collected large data samples
in this energy region [28]. The cylindrical core of the BE-
SIII detector covers 93% of the full solid angle and con-
sists of a helium-based multilayer drift chamber (MDC),
a plastic scintillator time-of-flight system (TOF), and a
CsI(T1) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet provid-
ing a 1.0 T magnetic field. The magnetic field was 0.9 T
in 2012, which affects 11% of the total J/y 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 specific ionization
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-is110 ps.
The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a
time resolution of 60 ps, which benefits 87% of the data
used in this analysis [29].

Simulated Monte Carlo (MC) samples produced with
GEANT4-based [30] software, which includes the geo-
metric description of the BESIII detector [31] and the de-
tector response, are used to determine the detection effi-
ciency and to estimate the background contributions. The
simulation includes the beam-energy spread and initial-
state radiation (ISR) in the e*e” annihilation modeled
with the generator KKMC [32]. The inclusive MC simu-
lation sample includes both the production of the J/y res-
onance and the continuum processes incorporated in
KKMC [32]. The known decay modes are modeled with
EVTGEN [33] using world averaged branching fraction
values [34], and the remaining unknown decays from the
charmonium states with LUNDCHARM [35]. Final-state
radiation from charged final-state particles is incorpor-
ated with PHOTOS [36].

III. DATA ANALYSIS
A. Method

In this analysis, we search for the decay ¢ — n*n*e”e”
via J/y — ¢n,n — yy. In order to avoid the large uncer-

tainty from B(J/y — ¢n) [34], which is about 11%, we
measure the branching fraction of the signal decay

+ - -

¢ > ntrte e relative to that of the reference channel
¢ — K*K~ via J/y — ¢n.
The branching fractions of ¢ —-n*n*e’e” and
¢ — K"K~ can be written as
N, e e
B( —>7r+7r+e_e_)= ntnte e TTnte e , 1
¢ N XB(J /g — ¢ X B — vy) M
and
y N k- lex k-
B(p - K K7)= K°K )
¢ N X BUI — o x B -y
respectively, where N..,, and N3$, are the signal

yields,- N is'the total number of J/y events, &,++.-,- and
ex+x-~ are the detection efficiencies for the J/y — ng,
n—-vyy.¢ onnteer and J/y —>ng.n—yy.¢— KK,
respectively. B(J/y — ¢n) and B(n — yy) are the branch-
ing fractions of J/y — ¢n and n— yy. With the above
two equations, the branching fraction of ¢ — n*nte e”
can be determined by
B(¢ + o+ - —) B(¢ K+K—) X 7?*6’;7*'(6‘ /87F+7T+€’€’
— T Tee )= - —_—
Ngig-lexk-

3)

where B(¢p - K*K™)=(49.2+0.5)% [34]. The uncer-
tainty of the input B(¢ — K*K~) is only 1.0%, thus the
total systematic uncertainty can be reduced significantly.

B. Analysis of ¢ -» K*K~

The reference decay J/y — ¢n is reconstructed with
n—vyy and ¢ » K*K~. In each event, at least two
charged tracks and two neutral candidates are required.

Charged tracks detected in the MDC are required to
be within a polar angle () range of |cosf| < 0.93, where 6
is defined with respect to the z-axis, which is the sym-
metry axis of the MDC. The distance of closest approach
to the interaction point (IP) must be less than 10 cm along
the z-axis, |V,|, and less than 1 cm in the transverse plane,
|V,yl. Events with exactly two good charged tracks with
zero net charge are kept for further analysis. For charged
particle identification (PID), we use a combination of the
dE/dx in the MDC, and the time of flight in the TOF to
calculate the Confidence Level (CL) for pion and kaon
hypotheses (CL, and CLg). For kaon candidates, they are
required to satisfy CLg >0.001 and CLgx > CL, to avoid
contamination from pions and to suppress background.

The photon candidates are selected from isolated
EMC clusters. To suppress the electronics noise and
beam related background, the clusters are required to start
within 700 ns after the event start time and fall outside a
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cone angle of 20° around the nearest extrapolated good
charged track. The minimum energy of each EMC cluster
is required to be greater than 25 MeV in the barrel region
(Jcos0 <0.80) or 50 MeV in the end-cap regions
(0.86 < |cosd| < 0.92). The 5 candidate is reconstructed by
n — yy, where the invariant mass of the yy pairis re-
quired to satisfy 0.45 GeV/c*<M,, < 0.65 GeV/c*. To
reduce backgrounds and improve mass resolution, a kin-
ematic fit is performed by constraining the total four mo-
mentum (4C) to that of the initial e*e~ beams, under the
hypothesis of e*e” —» K*K yy. All good photons are
looped over together with the two tracks in the kinematic
fit, and candidate with the least y? is retained for further
analysis.

To obtain the signal yield of ¢ - K*K~, we fit the
My k- distribution of the accepted candidate events in the
n signal region ([0.525,0.565] GeV/c?) and in the 7 side-
band region ([0.452,0.492] GeV/c* or [0.598,0.638]
GeV/c?). The signal region is determined by
[u—30,u+30]; the sideband region is outside the signal
region and the distance between the two intervals is 5o,
where u and o are mean and standard deviation obtained
from a Gaussian fit to the M,, distribution as shown-in
Fig. 1. In the fits to the My - distribution in the # signal
region, the signal shape is described by a MC shape con-
volved with a double Gaussian function and the back-
ground shape is described by second-order polynomial
function. In the fits to the My:x- distribution in the #
sideband region, the signal shape is‘described by a MC
shape convolved with a double Gaussian function and the
background shape is described by an inverted ARGUS
function [37] multiplied by a fourth-order polynomial
function. The parameters of the double Gaussian func-
tion and the background model are floating in the fits.
With the numbers of Ngna and Nygevana Obtained from the
fits in Fig. 2, the net number of the ¢ — K*K~ candidate

- n—=Y

400

200 {

Fig. 1. (color online) Fit to the M,, distribution, where the
black points represent the signal MC candidates, the blue
curve is the fit result, the red dashed line is the second-order
polynomial background, the red arrows show the signal re-
gion and the black arrows show the sideband region.

Events / (0.2 GeV/c?)

—

ST )
0.55 0.60
M,, (GeV/c?)

0.65

L (a) —>K'K

— 100 B Signal region

=

S L

X L

— L

§> 50 B

=5 L

= L

— L

= _F

3 KK

§ 15 ; Sideband region

= C

1
- 0 (o
0.5 = et
1 1.05 1.1
M, (GeV/c?)

Fig. 2. (color online) Invariant mass Mg+~ distributions of

J/¥ — ¢n candidates in the (a) signal and (b) sideband region
of 7, with fit results overlaid, where the black points represent
data, the blue curves are the fit results, the green dash-dotted
curves are the fitted background shapes, the red dotted curves
are the signal shapes.

events is calculated by

1
= Nsignal - E X Ngideband = 823764 +1023.

net
NK*‘K‘

4)

Here, %stideband is the yield of the background un-
der M,, signal region, where the scale factor 1/2 is de-
termined under the assumption that the background is flat
in the M,, distribution.

To determine the detection efficiency, the
JIy — ¢n(¢p > K*'K~,n—7yy) decays are simulated,
where the decays of J/y — ¢n, ¢ -» K*K~ and n — yy are
modeled by a helicity amplitude generator HELAMP,
VSS model (decay of a vector particle to a pair of
scalars), and a PHSP generator, respectively [38]. After
applying all the selection criteria, we fit the invariant
mass of the K*K~ (Mg+g-) for the survived signal MC
events in the signal region and sideband region, respect-
ively. In the fits, the signal shape is modeled by a MC
shape convolved with a double Gaussian function and the
background is described by a second-order polynomial
function. The number of observed signal events is ob-
tained to be NS = Niﬁn,?L k= % X N;if,?‘i“,?- , where N;‘i",?L -
and N;¥. are the observed numbers in the # signal re-
gion and sideband region, respectively. Dividing it by the
number of total signal MC events N, the efficiency of
detecting the decays of ¢ —» K"K~ is
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MC
N, obs

N, total

471297

®)

EKK

C. Analysis of ¢ » n*nte"e”

The LNV decay of ¢ — n*n*e e is searched through
J/y — ¢n, where the 7 candidate is reconstructed through
n— vyy. In each event, at least four charged tracks and
two neutral candidates are required.

The good charged tracks are selected with the same
criteria as the reference mode. For charged PID, we use a
combination of the dE/dx in the MDC, the time of flight
in the TOF, and the energy and shape of clusters in the
EMC to calculate the CL for electron, pion, and kaon hy-
potheses (CL,, CL,, and CLg). The electron candidates
are required to satisfy CL, > 0.001 and
CL,/(CL,+CLg+CL;) > 0.8. Furthermore, to suppress
background from pions, electrons must satisfy an addi-
tional requirement E/p >0.8 for tracks with p,> 0.5
GeV/c, where E and p represent the energy deposited in
the EMC and the momentum reconstructed in the MDC,
respectively. Pion candidates are required to satisfy
CL, >0 and CL, > CLg. The good photons are selected in
the same way as in the reference mode.

To reduce backgrounds and improve the mass resolu-
tion, a kinematic fit is performed by constraining the total
four momentum (4C) to that of the initial e*e” beams. All
the good photons are looped over together with the four
tracks in the kinematic fit. To suppress the combinatorial
background, the y? of the 4C kinematic fit is required to
be less than 30, which is determined through the Punzi

significance method [39] with the- formula ;,

where ¢ is the detection efficiency and B is the ndm-{)er of
background events from the inclusive MC sample. If
there is more than one combination, the combination with
the minimum y? is retained.

To suppress contamination of the final states with
four charged tracks from mis-identification, we perform
4C kinematic fits under six different hypotheses of
JlYy - ninte e yy, K*'K"K*K vy, K"K~ ppyy,
K*K n*n~yy, n*nn*nyy, and n*n ppyy.If the kin-
ematic fit for the n*n*e e yy hypotheses is successful
and gives the minimum y? among these six assignments,
the event is then accepted for further analysis.

To further suppress possible background from y—con-
version, the opening angle 6,, between any pions (pos-
sibly mis-identified from real positrons) and electrons are
required to be greater than 8°.

Based on a fit with a double Gaussian function and a
Chebychev polynomial to model the signal and back-
ground shapes of the simulated M+~ and M,, distri-
butions, the signal region is determined to be [0.99,1.04]
GeV/c? for Myiqe and [0.52,0.57] GeV/c* for M,,.
This corresponds to a range of +3 times the mass resolu-

tion around their known masses [34]. The detection effi-
ciency is determined to be 4.40% with simulated
JIYy — ¢n — (r*nte e )(yy) events, where the J/y decay
is modeled by a helicity amplitude generator HELAMP
[38] and the ¢/n decays are modeled by a phase space
(PHSP) generator.

With an event type analysis tool, TopoAna [40], the
backgrounds from J/y decays are investigated using an
inclusive MC simulation sample, which has the same size
as the J/y data sample. Only 39 events from 14 different
decay channels remain. The distribution of M.+, for
the background events from the inclusive MC simulation
sample is shown-in Fig. 3, where the red arrows show the
signal region. No background event is found in the signal
region.

To avoid the influence of statistical fluctuation, large
exclusive. MC simulation samples for the three main
background channels, (1) J/y — ntnnpyt,n — ete y? (yF
is the® y  from final state radiation), (2)
Jy = > ntrnn—ete, 3)
JIy — ntnbi,n — yy,b] > nw,w — e*e”, are produced.
Furthermore, possible background from other ¢ decays,
such as J/y — ¢n,¢ — e*e™n,n — vy, is also checked. No
background event is found near the signal region under
the current MC sample statistics. Figure 4 shows the two
dimensional distribution of M,, versus My, of the
accepted ¢ — n*n*ee” candidate events in data. There is
no event in the signal region.

IV. SYSTEMATIC UNCERTAINTY

The sources of systematic uncertainties for the
product branching fractions include MDC tracking,
charged PID, 4C kinematic fit, y? requirement, 6,, re-

| ——<¢— Data
—~ F O] Jy-n'my', noetey”
NQ | B0 Jy—om, nonn, 1o ete’
~ 73 Jv-tm b’l, n- vy, b'larc’m, 0— e'e
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E - B J/v—n(1450)y, n(1450)— n'rmm—etey
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S | E=——3 Others
)
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= L
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Fig. 3.  (color online) The distribution of M,++,.- for the

events in the range of M,, €(0.52,0.57) GeV/c?, where the
points with error bars are data, the histogram in different
styles represent different sources of background modes shown
in legend. The red arrows show the signal region.
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Fig. 4. (color online) The distribution of M,, versus
Mg+~ Of the accepted ¢ — n*nte e~ candidate events in
data. The red box indicates the signal region defined as
[0.99,1.04] GeV/c? for My+p+o-.~ and [0.52,0.57] GeV/c? for
M,,.
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quirement, signal window, fitting procedure, MC model-
ing, N¥l- determination, and B(¢ — K*K™). All the sys-
tematic uncertainties are summarized in Table 1, and the
total uncertainty is obtained by adding the individual
components in quadrature.

According to Eq. 3, the systematic uncertainties of
photon detection and quoted branching fractions
(B(J/y — ¢n) and B(n — yy)) are cancelled.

The uncertainties on tracking efficiency are estimated
with the control samples J/y — n*n~n°, J/y — e* e~ (Yrsr)
(yesr is the FSR photon) and J/y — n°K*K~, and are de-
termined to be 0.3% per pion, 0.7% per electron and
0.3% per kaon considering the efficiency differences
between data and MC simulations, respectively. Simil-
arly, the uncertainties of PID are 1.0%, 1.0%, and 1.1%
for each charged electron, pion, and kaon, respectively.
After adding the systematic uncertainties of each track
linearly, the total systematic uncertainties on the tracking
efficiency and PID efficiency are obtained to be 2.6% and
6.2%, respectively.

The systematic uncertainty due to the 4C kinematic fit
for J/w — ¢n — K*K™n(n — yy) is studied by using the
control sample of J/¢y —» K*K n° (n° — yy) decay mode.
The corresponding uncertainty is estimated to be 0.2% by
comparing the difference of efficiencies between data and
MC simulation. Similarly, the systematic uncertainty due
to the 4C kinematic fit and x?><30 for
JIW — ¢n — ntnete n (n — yy) is studied by using con-
trol sample of J/y — n*n n*n"n (n — yy) decay mode.
The corresponding uncertainty is assigned to be 2.3%.

The uncertainty of the 6,, requirement is estimated by
varying the optimized requirement 6,, > 8° with alternat-
ive 0, requirements, i.e. Oy >3°, O, >4°,.., O, >12°,
0. > 13°. The largest standard deviation on the detection
efficiency, 4.1%, is taken as the corresponding systemat-

Table 1. Relative systematic uncertainties in the branching
measurement.
Source Uncertainty (%)
MDC tracking 2.6
PID 6.2
4C kinematic fit for ¢ > K*K~ 0.2
4C kinematic fit for ¢ — ntn"ete” 23
Bre selection requirement 4.1
Signal window 0.2
Yield of ¢ - K*K~ 1.1
MC modeling 1.9
B(p— KYK™) 1.0
Total 8.6

ic uncertainty.

To-investigate the systematic uncertainty due to the
choice of 5 signal window, we use different signal win-
dow ranges, such as +3.10, +3.20, +2.80, etc. The
standard deviation on the detection efficiency of 0.2% is
taken as the uncertainty.

The systematic uncertainty of the yield of the refer-
ence decay J/y — ¢n,¢ — K*K~ includes the fit range,
the signal shape, and the background shape. The uncer-
tainty due to the fit range of Mgy is estimated by chan-
ging the fit from (0.99,1.10) GeV/c®> to (0.99,1.09)
GeV/c? and (0.98,1.10) GeV/c?. The uncertainty due to
the background shape is estimated by changing the
second-order polynomial function to a first-order polyno-
mial function. To estimate the systematic uncertainty due
to signal shape, we use alternative signal shapes, an MC
shape convolved with a Gaussian function. The relative
difference between the signal yield and the detection effi-
ciency is taken as the corresponding systematic uncer-
tainty. As a result, the systematic uncertainties are 1.0%,
0.1%, and 0.3% for fit range, background shape, and sig-
nal shape, respectively. After adding them in quadrature,
the total systematic uncertainty associated with the fit
procedure is obtained to be 1.1%.

In order to estimate the uncertainty related to the MC
simulation model, an intermediate majorana neutrino vy
is assumed to decay into n*e”. However, the mass of vy
remains unknown and can range from the me mass
threshold to the largest available phase space of ¢ decay,
which needs to satisty m, +m, <m,, < '"7‘” We divide the
mass range (0.150,0.50) GeV into 14 equidistant inter-
vals, with a step of 0.025 GeV, i.e., 0.175 GeV, 0.200
GeV,..., 0.500 GeV. The detection efficiency is averaged
to be (4.32+0.09)%. The difference between this value
and the detection efficiency obtained by the PHSP model
of 1.9% is taken as the associated systematic uncertainty.

The uncertainty of the quoted branching fraction
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B — KK is 1.0% [34].

V. RESULT

Because no event is observed in the signal region, the
signal yield (N*¢) and the background yield (N°e€) are de-
termined to be 0. The upper limit on the signal yield
N2 ... is estimated to be 45.4 at the 90% CL by utiliz-
ing a frequentist method [41] with unbounded profile
likelihood treatment of systematic uncertainties, where
the background fluctuation is assumed to follow a Pois-
son distribution, the detection efficiency (&ptqre-e =
4.40%) is assumed to follow a Gaussian distribution, and
the systematic uncertainty (Ay, = 8.6%) is considered as
the standard deviation of the efficiency.

The wupper limit on the branching fraction of

¢ — ntnte e is determined by

up

ntate e

net ’
Kok 1Ekvk-

B(ponntee)<B(p—> K K)x

where exix = 47.1%, NI = 823764 + 1023,
B(p—> KK )=(49.2£0.5)% [34] and N ., , =454.

Thus, the upper limit on the branching fraction is set to be

Blp - rintee)<1.3x107.

VI. SUMMARY

In summary, by analyzing (1.0087+0.0044)x 10'°
J/y events collected with the BESIII detector at the BEP-
CII collider, we search for the LNV decay ¢ — n*nte e”
via J/y — ¢n for the first time. No signal event has been
observed and the upper limit on the branching fraction of
this decay is set to be 1.3x 107 at the 90% CL. This is
the first constraint of LNV signal in ¢ meson decays. Our
result improves the experimental knowledge of LNV de-
cay for the hadrons composed of second generation
quarks.
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