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Abstract

In the Standard Model, charged lepton flavor violation (CLFV) is heavily suppressed by
tiny neutrino mass, while many theoretical models can enhance CLFV effects up to a
detectable level. The observation of any CLFV process would be a clear signal of new
physics beyond SM. BESIII experiment collected 10 billion J /v data and searched for
CLFV processes J/1 — et and eu. The upper limits at the 90% confidence level are
determined to be B(J /¢ — e7) < 7.5x 1078 and B(J /vy — eu) < 4.5 % 1072, respectively,
which are the most stringent constraints in the heavy quarkonium system.
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1 Introduction

In the standard model (SM), the flavor number is not a symmetry of a Lagrangian-like charge.
In the quark scenario, the quark flavor number is violated in weak decays according to Cabibbo-
Kobayashi-Maskawa matrix, while in the lepton case, the lepton flavor number should also be
violated according to Pontecorvo-Maki-Nakagawa-Sakata Matrix. Three neutral leptons, i.e.,
neutrinos, are found to oscillate and mix among themselves. However, flavor mixing among
charged leptons has never been observed so far, which remains a mystery to be explored [1].

According to Glashow-Iliopoulos-Maiani mechanism, the Charged Lepton Flavor Violation
(CLFV) event rate is too small to be observed if the only CLFV source is from non-zero tiny
neutrino mass. For example, the branching fraction (BF) of u — ey is suppressed below 1074,
Various theoretical models beyond the SM can greatly enhance the CLFV effects. For example,
two Higgs doublet model with extra Yukawa couplings [ 2—4], a model that constitutes a simple
example of tree-level off-diagonal Majorana couplings not suppressed by neutrino masses [5],
Supersymmetry (SUSY)-based grand unified theories (GUT) [6], SUSY with vector-like lep-
tons [7] and a right-handed neutrino [8], the minimal SUSY model with gauged baryon num-
ber and lepton number [9], models with a Z’ [10], etc. Therefore, the observation of any CLFV
process would undoubtedly be a clear signal of new physics (NP) beyond the SM.
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Search for CLFV processes is one of the most concerned directions in the field of particle
physics. Experimental measurements can be roughly divided into two aspects, one is per-
formed in dedicated muon beams, and the other is conducted in colliders. The upper limit
(UL) of ut — e'y process is determined to be 4.2 x 107!3 at 90% confidence level (CL) by
MEG experiment at PSI [11], and MEG II will further improve it. The uey dipole can also
be probed by u — 3e in Mu3e and uN — eN by COMET and MuZ2e in the future. Muon
beams give the most powerful limits but cannot study 7, Z, Higgs bosons, pseudoscalar mesons
(K, m, B), and vector mesons (¢,J /4, T) decays. For the CLFV decays of J /4, the decay rates
are predicted up to a detectable level of around 1078 ~ 1071® using model-independent meth-
ods [12, 13], unparticle physics [14], and the minimal supersymmetric model with gauged
baryon number and lepton number [9], etc. With 58 x 10° J /4 events, the BES Collaboration
obtained ULs of various decays of charmonium states, e.g. B(J /3 — eu) < 1.1 x 107° [15],
B(U/y — et) < 83 x107°, and B(J/yp — ut) < 2.0 x 107° [16]. Based on 225 x 10°
J /1 events, an UL of B(J/y — eu) < 1.6 x 1077 was obtained by the BESIII Collabora-
tion [17]. This paper summarized two recent published results of searching for J /v — e*77F
with ¥ — 7¥71%y_ based on 10 x 10? J /4 events and J /) — e*uT using 8.998 x 10° J /4
events collected with the BESIII detector [18,19].

2 BESIII detector

The BESIII detector [20] consists of four sub-detectors, i.e., multilayer drift chamber (MDC),
time-of-flight system (TOF), electromagnetic calorimeter (EMC), and muon counter (MUC).
BESIII operates in the tau-charm energy region with a center-of-mass from 2.0 to 4.95 GeV,

with a peak luminosity of 1.1 x 1033 em™2s71.

3 CLFV results from BESIII

The analyses are performed based on J /4 events collected in 2009, 2012, 2018, and 2019 at
Vs =3.097 GeV (J /4y — eu without data in 2012) [21]. To avoid potential bias, a semi-blind
analysis approach is employed, where 10% of the complete data sample is randomly selected
for analysis.

3.1 Search for CLFV decay J /¢y — eT

The final-state e in the decay J /v — et exhibits monochromatic behavior, hence the momen-
tum P, and the recoiling mass M, ,ecoq must fall within 1.009 GeV/c < P, < 1.068 GeV/c
and 1.742 GeV/c? < M, recon < 1.811 GeV/c?, respectively. The T lepton is reconstructed by
nn®v, channel. Since the neutrino cannot be detected in the BESIII detector, the signal is
searched in Uy, distribution, where U, is defined as Upyis; = Episs — ¢|Priss|- The missing
energy E, ;. is calculated as E;; = Ecys — E. — E; —E 0, Where Eq)g represents the center-of-
mass energy of the initial e*e™ system, and E,, E,, and E o denote the energies of the electron,
the charged pion and the neutral pion in the rest frame of the eTe™ system. To effectively
suppress the background events, the missing energy should exceed 0.43 GeV. The missing mo-
mentum P, is determined by P, S B,—B,—P,0, where P are the corresponding momenta
in the rest frame of e*e™ system. The U,y signal region is defined as —0.081 GeV < Uy, <
0.112 GeV. In data sample I (II), collected in 2009 and 2012 (2018 and 2019), there are 13
(69) candidate events observed. The detection efficiency for signal sample I (II) is determined
to be (20.24 % 0.05)% ((19.37 £ 0.02)%).
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Figure 1: The combined likelihood distribution as a function of the BF of the data
samples. The arrow points to the position of the UL at 90% CL. Figure adapted from
Ref. [18].

The primary background contamination arises from continuum processes, such as radia-
tive Bhabha scattering and hadronic J /) decays like J /1) — n* 7~ n°. The continuum back-
ground is analyzed using control samples at /s = 3.08 GeV and 3.773 GeV. The normalized
background events originating from the continuum processes are estimated assuming a 1/s
dependence of the cross section. The expected continuum background events are calculated
to be 5.8 +1.8 (37.9+11.5) for data sample I (I). The background from J /v decays is inves-
tigated using the inclusive MC samples. The estimated normalized background events from
the J /4 decays are 1.1+ 0.8 (25.7 &+ 6.4) for data sample I (II).

As no significant signal is observed, a maximum likelihood estimator, extended from the
profile-likelihood approach, is utilized to determine the UL on the BF of J /vy — e7. The UL is
determined to be B(J /1) — eT) < 7.5x107® at the 90% CL, as shown in Figure 1. The obtained
result enhances the previous best limits by two orders of magnitude and is comparable with
the theoretical predictions.

3.2 Search for CLFV decay J /¢y — eu

Two back-to-back oppositely charged tracks reconstruct each J/v candidate. Energy loss
dE/dx in MDC, deposited energy in EMC, and hit information in MUC are utilized to iden-
tify electrons and muons. The signal region is defined based on the principles of energy and
momentum conservation, requiring ».p/+/s < 0.02 and 0.95 < E/+/s < 1.04, where >.p
represents the magnitude of the vector sum of the momenta, and E,;; denotes the total recon-
structed energy of the electron and muon in the event. The detection efficiency for the signal
process is determined to be (21.18 £ 0.13%), with 29 candidate events observed within the
signal region.

The background contamination comes from two main sources, i.e., continuum background,
like ete™ — ete (y),utu"(y), and J /2 decay background, like J /4 — ete™, utu~, ntn,
K*K~, pp. Control samples at sqrts = 3.773, 3.510, and 3.090 GeV are used for continuum
background. By assuming a 1/s energy-dependence of the cross sections, the normalized num-
ber of continuum backgrounds is estimated to be 12.0 £+ 3.7. The number of the J /v decay
background event is analyzed using inclusive and exclusive MC samples, which is estimated
to be 24.8 £ 1.5.
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Figure 2: Normalized likelihood distribution as a function of the assumed
B(J /4 — eu). The red arrow points to the position of the UL at the 90% CL. The up-
per x-axis shows the corresponding values of the signal yields. Figure adapted from
Ref. [19].

Same statistical method with Sec. 3.1 is used for determination of the UL on B(J /vy — eu).
By integrating of likelihood distribution, the UL is calculated to be B(J /4 — eu) < 4.5x 107
at the 90% CL, as depicted in Figure 2. Improving the previous limit by more than 30 times,
this result is by far the most stringent constraint on CLFV within heavy quarkonium systems,
meanwhile constrains the parameter spaces of new physics models.

4 Summary

BESIII has collected the largest data samples of J /1) on threshold in the world. The high statis-
tics J /1) data offers a distinctive opportunity for an extensive exploration of CLFV searching
for new physics beyond the SM. This proceeding summarizes the studies of the CLFV processes
J/vy — et and J /v — eu at BESIII. The ULs are determined to be B(J /vy — et) < 7.5 x 1078
and B(J /vy — eu) < 4.5 x 1077 at the 90% CL.
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