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Based on (10.087 4= 0.044) x 10°J /i events collected at the center-of-mass energy +/s = 3.097 GeV
with the BESIII detector, we search for the charged lepton flavor violating decay # — e*uT through the
process J /w — yn’ withyy — 7" 77 5. No signal is observed, and an upper limit on the branching fraction is
determined to be B(n — e*uT) < 6.8 x 1077 at the 90% confidence level. This result improves the

previous best limit by one order of magnitude.
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I. INTRODUCTION

In the Standard Model (SM), charged lepton flavor
violating (CLFV) processes are forbidden. Unlike other
conservation laws in the SM, lepton flavor conservation is
not associated with any conserved current derived from a
fundamental symmetry. Therefore, numerous models
beyond the SM naturally allow for CLFV processes,
including the minimal supersymmetric extension of the
SM [1], Grand Unified Theories [2], and Seesaw
Mechanisms [3]. Certain CLFV processes are predicted
to occur at rates close to current experimental limits in
specific parameter-dependent models [4,5].

Experimentally, the search for CLFV processes has a
long history. Although no evidence has been observed so
far, numerous upper limits have been established across a
variety of channels, providing increasingly stringent con-
straints on theoretical models. To integrate different mod-
els, the effective field theory can be employed to describe
CLFV processes. The CLFV decays of quarkonia, which
possess different quantum numbers, show sensitivity to
different Wilson coefficients. Therefore, by carefully
selecting quarkonium states, we can access specific
Wilson coefficients of interest [6]. Extensive searches have
been conducted on CLFV decays of quarkonia with various
quantum numbers, including vector states such as ¢ [7],
J/w [8,9],and Y [10,11], as well as pseudoscalar states like
7% [12,13], n [14], and 1’(958) [15]. However, no results are
available for w, p, 11./p,, T y/1,;. Pseudoscalar states such as
n and 5 are exclusively sensitive to the axial coefficients,

CZLZ‘/%R. Within the effective field theory framework [16],

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2026/114(7)/072012(10)

072012-1

the constraint for B(17 — ep) can reach ~10~!2 based on the
1 — e conversion limit in titanium. While the current
experimental upper limits on the branching fractions of
the decays 7 — eTu™ and i/ — e*uT are 6.0 x 107° [14]
and 4.7 x 107 [15], respectively. The B(n — e*uT) yields
the most stringent bound |C}/),,/A*| <3.0x107(¢ =
u,d) and |CiY),o/A’] <2.1x 107 (g =), where A
denotes the energy scale of new physics and AL/AR
indicates the chirality of the operator.

The BESII collaboration has collected the world’s
largest data samples of (10.087 4- 0.044) x 10°J /y events
produced in ete™ annihilation. Given the large branching
fractions J/yw — yn' and ' — x77n, this dataset contains
approximately 22.6 x 10° # mesons, allowing one to
search for rare » decays.

I1. BESIIT DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [17] records symmetric e*e”
collisions provided by the BEPCII storage ring [18] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 x 103* cm™?s~! achieved at
/s = 3.773 GeV. BESIII has collected large data samples
in this energy region [19]. 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 time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication 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 plastic scintillator TOF
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barrel region is 68 ps, while that in the end cap region was
110 ps. The end cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps, which benefits about 83% of
the data used in this analysis [20].

Simulated Monte Carlo (MC) samples generated using a
Geantd4-based [21] MC package, which encompasses the
geometric description of the BESIII detector and its
response, are employed to determine detection efficiencies
and estimate backgrounds. Approximately 10 billion J/y
inclusive MC events, corresponding to real data, are
utilized to investigate backgrounds from J/y decays.

The process of e*e™ annihilation into a J/y is modeled
using KKMC [22], which accounts for the beam energy
spread and simulates initial state radiation. For the J/y
inclusive decays, EviGen [23] is employed to simulate
known decay modes, with branching fraction sourced from
the Particle Data Group (PDG) [24]. For the remaining
unknown decays, LUNDCHARM [25] is used. Additionally,
final state radiation from charged final state particles is
incorporated using the PHOTOS package [26]. To estimate
the signal detection efficiency, 0.5 million signal MC
events are generated. The process J/y — yi' is simulated
by HELAMP model [23], which allows simulation of any
two-body decay by specifying the helicity amplitudes for
the final-state particles. The subsequent process 7' —
ata n is generated by using a DIY generator based on
the amplitude for # — z*z~n [27], and n — e*u¥ is
simulated by the phase space model [23], which assumes
a uniform phase space distribution for the decay products.

To avoid involuntary bias during the analysis procedure,
blind analysis method is used in this work. The selection
criteria are optimized using MC simulated signal and
background samples. About 1.06 billion J/y events
(approximately 10% of the full J/y data) are used to
validate the remain analysis strategy. The full J/y data
sample is analyzed only after the analysis procedure has
been fully fixed. In this paper, only results based on the full
data sample are presented.

III. EVENT SELECTION AND DATA ANALYSIS

In this analysis, we investigate the decay n — euT
through the decay chain J/y — yn’ with ' - =zt 727 n. We
require four charged tracks whose total charge is zero and
at least one photon. 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 symmetry axis of the MDC. For charged
tracks, the distance of closest approach to the interaction
point (IP) must be less than 10 cm along the z axis, and
less than 1 cm in the transverse plane.

Photon candidates are identified using isolated showers
in the EMC. The deposited energy of each shower must
be more than 25 MeV in the barrel region (| cos 8| < 0.80)
and more than 50 MeV in the end cap region

(0.86 < | cos | < 0.92). To exclude showers that originate
from charged tracks, the angle subtended by the EMC
shower and the position of the closest charged track at the
EMC must be greater than 10 degrees as measured from the
IP. To suppress electronic noise and showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns.

The final states are composed of z*, 7=, e*, ™, and y. In
this decay, the momenta of 4= and z* are low and largely
overlapping, making it difficult to distinguish muons from
pions. Therefore, we apply a combination of particle
identification (PID) and the four-constraints (4C) kinematic
fit to separate the charged particles 7+, 77, e*, and uT. The
PID for each charged track hypothesis is based on the
dE/dx, EMC and TOF information and the (i) =
Xigjax T X7or T XEmc is  calculated.  The combined
I (T 7 e uT) = () + 2 (77) + P (eF) + (1)
value is determined for all the track hypotheses. Then,
4C kinematic fits are performed under all different
photon combinations and charge track hypotheses,
which enforce energy-momentum conservation. The com-
bination with the minimum yie, pp(777 e p¥) =
YicrntaetuT) + yhp(nta~e*uT) is retained and
required to be less than 36, which is optimized by the
Punzi figure of merit (FOM) [28]

o 8signal ’ (1)

to optimize the sensitivity to the signal by balancing the
signal efficiency and background suppression. &ggy, r€p-
resents the detection efficiency from MC simulation, a is
the significance value set to 3, and B is the expected
number of background events, which is estimated using the
J/y inclusive MC samples.

Additionally, the yjc.pyp values under the
ata~ete” and ntx~n"x~ hypotheses are also calculated
to further reduce background. To suppress these back-
grounds, yic pip (7 77 e* u¥) < yic pp(rTr7eTe™) and
Yicarn (T 77 ™) < yic,pp(nta ntam) are  also
required for candidate events. The ratio between energy
deposit in the EMC and momentum is further required to
be larger than 0.8 for electron. And the deposited energy
for the muon is required to be in (0.1, 0.3) GeV.

After applying the above selection criteria, the invariant
mass of 77z~ e*uT, M(n"n~e*uT), is shown in Fig. 1. To
further reduce backgrounds that do not come from the 7/,
M(ztn~e*uT) is required to be in the 5’ signal region
(0.946,0.97) GeV/c?, which is around three times the 7’
mass resolution.

With the selection criteria applied, the signal region of
the invariant mass of e*u¥, M(e*uT), is defined as
(0.538,0.558) GeV/c?, corresponding to three times the
1 mass resolution. No events from either the data or the
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FIG. 1. Distribution of M(z*z~e*uT). The red histogram
illustrates the signal MC sample, the blue histogram repre-
sents the inclusive MC sample, and the black dots with error
bars denote the data. The red arrows indicate the signal
range, M(z"n"eTu¥)€(0.946,0.97) GeV/c?.
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FIG. 2. Distribution of M(e*u¥). The red histogram illustrates
the signal MC sample, the blue histogram represents the inclusive
MC sample, and no data survived. The red arrows indicate the
signal range, M (e*uT) € (0.538,0.558) GeV/c?.

inclusive MC sample are observed in the # signal region, as
shown in Fig. 2.

To further check the continuum background contribution,
data samples collected at center-of-mass energies (,/s;)
of 3.08 GeV, 3.65 GeV, 3.682 GeV, and 3.773 GeV,
corresponding to integrated luminosities (£;) of
166.3 pb~!, 455 pb~!, 404 pb~!, and 20274.8 pb~!, were
used and no events survived the above selection criteria.
With a dedicated signal MC sample, the selection efficiency
is estimated to be (14.96 & 0.05)% with statistical uncer-
tainty only.

IV. SYSTEMATIC UNCERTAINTY

The systematic uncertainties in the measurement of the
branching fraction for 5 — e*u™ primarily arise from

several sources: the total number of J/y events, the
branching fractions of decays of intermediate states,
tracking, PID, photon selection, and 4C kinematic fit.
The systematic uncertainties from these sources are inves-
tigated and discussed below.

The number of J/y events in data is determined to be
(10.087 £ 0.044) x 10°, and its uncertainty is estimated to
be 0.5% [29]. The world-average [24] branching fractions
of the J/y — yn and ' — zan decays are used, which
both have 1.2% relative uncertainty.

The difference between data and MC samples for the
tracking efficiency of charged pions is investigated using a
control sample of J/yw — ztn 7" events [30]. For the
tracking of electrons and positrons, the radiative Bhabha
process ete™ — eTe~y from the data samples collected at
the center-of-mass energies of 3.08 GeV and 3.097 GeV is
used [31]. The systematic uncertainty due to the tracking of
muons has been assigned as 1.0% per track by using the
control sample of eTe™ — yuTu~ in Ref. [32]. A transverse
momentum and cos @ dependent correction to the detection
efficiency is obtained by comparing the efficiency between
the data and MC simulation, where 6 is the polar angle of
the track. The differences in the selection efficiencies are
taken as the systematic uncertainties, which are 0.4% for
7, 0.2% for n~, 1.2% for e*, and 1.0% for uT. The total
uncertainty is calculated as (1 — (1 —0.4%)(1 —0.2%)
(1-1.2%)(1 —1.0%) = 2.8%), which is approximately
the linear sum. The uncertainty associated with tracking of
charged particles amounts to 2.8% in total.

The systematic uncertainty associated with PID mainly
originates from two sources: one comes from the yp
information used in the combined PID and 4C kinematic
fit, and the other part arises from the further requirements
for electron and muon. The uncertainties associated with
the first part are evaluated using the same method as that
employed for tracking efficiency studies, which are esti-
mated to be 0.3% for z*, 0.3% for z~, 0.5% for e*, and
1.0% for uT. The uncertainty of 5.8% associated with the
additional requirement for electron is estimated by a mixed
sample of ete™ — yete™ at the J/y meson mass and
J/w — yete~ [31]. The extra uncertainty of 3.1% for
muon selection is determined from a control sample for
J/w — yutu~. The overall uncertainty associated with PID
amounts to 6.9%.

The systematic uncertainty of photon detection is inves-
tigated using the control sample of ete™ — yu™u~ [33].
The results indicate that the discrepancy between data and
MC simulation is approximately 0.5%, which is taken as
the systematic uncertainty per photon.

The uncertainty in the 4C kinematic fit arises from the
difference between data and MC simulation. This differ-
ence is reduced by correcting the track helix parameters in
the MC simulation [34], which is found to be 2.2%.

All the systematic uncertainties discussed above
are summarized in Table I, where the total systematic
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TABLE I. Relative systematic uncertainties for the n — e*u¥
J/w =y, i — zt 7 n) process.

TABLEII. Updated constraints on the Wilson coefficients from
1 meson decays.

Source Uncertainty (%)
Number of J/y events 0.5
B(J/y — ) 1.2
By - atzn) 1.2
Tracking 2.8
PID 6.9
Photon detection 0.5
4C kinematic fit 2.2
Total 8.0

uncertainty, 8.0%, is given by the quadratic sum of the
individual uncertainties, assuming all the sources are
independent.

V. RESULT

No signal events are observed in the signal region, while
the number of background events is expected to be O.
Hence, no excess is observed and an upper limit on the
branching fraction B(n — e*u¥) is estimated with the
profile likelihood method [35]. The likelihood function
is defined as

L(B, &4g, Noig) = P(Nops|Ny, - B+ €435 + Npio)
- PN | Nig)

: g(£sig|8ls\i/l§v Sls\:[gc ) O-sys)v (2)

where the number of observed events, N, is assumed
to follow a Poisson distribution () with mean equal to
the sum of the expected signal yield from the # sample
(N,) and background events (Ny,); N, is equal to
Ny -B(J/w = yn') - B(n' = z*a™n), where N, is the
number of J/y events in the data. Given the limited number

L/Lmax

T 10°°
0 1 2 3

B — eu)

FIG. 3. Profile likelihood distribution as a function of
B( — e*u¥). The red arrow denotes the upper limit of branch-
ing fraction at the 90% CL.

Wilson

- PDG This work
coefficients
(GeV™) n(u/d) n(s) n(u/d) n(s)
Ci% g/ A2 3.0x 1073 21 %107 1.0x 107 7.0x 107
IChLpp/ N 17 x10° 12x 10 58x10* 4.0 x 10
|C?L/GR/A2‘ 1.6 x 107 5.4 % 10!

of events that survive in the data samples for the back-
ground study, the background events are assumed to follow
a Poisson distribution P. For the efficiency of signal
detection, we assume it follows a Gaussian distribution
G with the mean and width corresponding to the MC-
determined nominal efficiency sls\flgc and its absolute uncer-
\g " Osys» With the systematic uncertainty (o)
considered. The likelihood distribution serves as a prob-
ability function for the signal branching fraction B. The

fixed parameters in the likelihood function are N,, N, g}fg‘mc,

tainty, €

€Ny s Ogys» With corresponding values of 2.26 x 107, 0,
14.96%, and 8.0%, respectively.

By scanning the signal branching fraction B, a likelihood
distribution is obtained, resulting in a set of likelihood
values £;, with a maximum value L,,. The normalized
likelihood, defined as L;/L.x, Vversus the branching
fraction is shown in Fig. 3. By integrating the likelihood
distribution to 90% of the total probability, the upper limit
on the n — e*u¥ branching fraction is determined to be
6.8 x 1077 at the 90% confidence level (CL).

According to Ref. [6], for pseudoscalar mesons, the
constraints on Wilson coefficients are in direct proportion
to the square root of the upper limit on the branching

fraction
|C/A2| a\/B(Pefffz;), (3)

qt1¢s qt1¢ 10y
where C denotes CAL/AR, CPL/PR, or CGL/GR’

left- or right-handed Wilson coefficients of the axial-vector,
pseudoscalar, and gluonic operators, respectively. It is
important to note that the contributions from other
Wilson coefficients are neglected when imposing a con-
straint on one Wilson coefficient. The obtained constraints
are summarized in Table II. Compared with the upper limit
B(n — e*u¥) < 6.0 x 1076 from the PDG [24], this result
leads to a strengthened constraints on the Wilson
coefticients.

which are the

VI. SUMMARY

The large statistics of J/w data provides an oppor-
tunity to investigate the CLFV decay n — e*u¥, which
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would serve as a clear signature of new physics. Using
(10.087 +0.044) x 10°J /yr events collected with the
BESIII detector at the BEPCII, no events are observed within
the signal window of the data sample. The upper limit on
By — e*u¥) via J/y — y and yf — a7n7y is deter-
mined to be 6.8 x 1077 at the 90% C.L., enhancing the
precision by one order of magnitude compared to the PDG
value of 6.0 x 1076, Consequently, the upper limits on the
Wilson coefficients, Cf&”/ e Crl Jpg» and C‘g’L JGre AT
further constrained.
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