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Charged lepton flavor and number violating T lepton decays (¢ LFV and © LNV) are strongly
suppressed in the Standard Model (SM) while New Physics scenarios beyond the SM predict
branching fractions in the range of (O(10~7) — 0O(10~%)), which are reachable in the current or
near-future experiments. The T LFV and LNV modes are studied using almost all data samples
from the Belle experiment at the KEKB collider to set 90% confidence level upper limits of
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on the T LFV and LNV decay searches in the Belle II experiment, as extrapolations of the Belle
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1. Introduction

In the Standard Model (SM), charged Lepton flavor violating (cLFV) decay is highly sup-
pressed and not reachable with current experimental techniques, even if neutrino oscillations are
taken into account. The branching fractions of T — gy and T — puu are expected to be O(1074 ~
10732) and O(10~33 ~ 1073)[ 1], respectively. On the other hand, various scenarios as extensions
of the SM, New Physics (NP), naturally allow some cLFV processes. Many NP models, such as
SUSY models, predict that several cLFV processes have large branching fractions detectable in
current experiments. An observation of the cLFV process is a clear signature of the NP because the
SM process is entirely suppressed. The 7 lepton is suitable for cLFV searches because it is the most
massive lepton and can decay into various hadrons, providing many decay channels. According to
the recent predictions summarized in Table 1, experimental sensitivities to the branching fractions
are required to be better than O(10~7). Comparison among various cLFV decay modes is helpful
to determine the NP models since scales of the predicted branching fractions differ among both
decay modes and the NP models. In addition to the LFV modes, 7 lepton is predicted to have flavor
number violating (cLNV) decay modes (7 — ¢hh) in the NP models. The cLNV modes are also
exciting since it has a clear hint to the light NP models.

Table 1: Summary of the predicted branching fractions in the T LFV decays among the NP models [2].

Physics models B(t — uy) B(T— puu)
SM + v mixing 1074 ~ 1072 | 1073 ~ 10730 [1]
SM+heavy Majorana Vg 10~° 10~1°
Non-universal Z’ 107° 1078
SUSY SO(10) 10°8 10710
mSUGRA + seesaw 10~7 107°
SUSY Higgs 10710 1077

2. cLFV and cLNYV at B factories

B factory is also an tfactory since the cross section of 757~ pair production is 67z ~0.9 nb~!,
almost the same as BB production, 635 ~ 1 nb~!. The KEKB accelerator [3, 4] is an eTe™ asym-
metric energy (e*: 3.5 GeV/e™: 8 GeV) collider with the center-of-mass (CM) energy correspond-
ing to the Y (4S) resonance. A data sample corresponding to an integrated luminosity of ~ 1 ab™!
from the Belle experiment, the world-highest luminosity, has been accumulated by the end of the
operation in 2010; this sample includes ~ 10° T+7~ pairs, which can be used to search for the ©
LFV decay modes.

All analyses that search for T cLFV decay are based on the tagging method of 77~ pairs. One
T, as the signal side, decays into a LFV mode while the other 7, as the tag side, decays into one
(or three) charged particles in the SM process followed by any number of photons and neutrinos.
The event selection is tuned based on particle identification and kinematic information for each
of the LFV decay separately, to maximize its sensitivity. Missing momentum due to neutrinos
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provides significant information to reduce the SM 777~ background, since T LFV modes have
neither neutrino nor missing momentum. Finally, we either observe an LFV 7 decay or set an
upper limit by comparing the expected and observed numbers of events in the signal regions. In
the remainder of this section, a few channels studied by Belle are reviewed.

Decays of the 7 to three charged leptons are the cleanest search modes and an almost back-
ground free analysis is possible in the Belle experiment, due to the three lepton tracks on the signal
side. Six decay modes are studied using 782 fb~! of data [5]. No signal event is observed in all
decay modes, while the backgrounds are expected to be less than 0.21 events. No evidence is ob-
served, and the 90% confidence level (C.L.) upper limits on the branching fractions are set in the
range of (1.5 —2.7) x 1073,

The channel T — £y is most interesting since the branching fraction in new physics models is
induced by one-loop diagrams with heavy particles. On the other hand, there are some difficulties
in separating the signals from backgrounds because only two particles are in the signal side, and
many background sources such as  pair with initial-state radiation can easily mimic these signals.
4.5x 1078 and 1.2 x 1078 at 90% C.L. are set for T — uy and T — ey, respectively [6].

The decay T~ — ¢~ h™h'~ violates only the lepton flavor, while 7= — ¢*h~h'~ violates both
the lepton flavor and the lepton number (LNV). Eight modes of 7~ — ¢~ h"h'~ and six modes of
T~ — {th™ KW~ are studied. The lepton number conserving modes are expected to be enhanced
in the Higgs-mediated models. On the other hand, the searches for LNV decays are motivated
by the Majorana neutrino model. A data sample corresponding to an integrated luminosity of
854 fb~! was analyzed to search for these modes [7]. Main backgrounds are coming from the pion
misidentification into muon of T— > 77V decay, and into electron of T— > 77V decay. The 90
% C.L. upper limits on the branching fractions are set in the range of (2.0 —8.4) x 1073,

3. Status of the Belle 11

The Belle II experiment [8] performed its Phase II commissioning from April to July of 2018.
The Phase II data sample corresponds to an integrated luminosity of 500 pb~! at the Y (4S) energy.
Belle II started Phase III of data taking with an almost complete vertex detector.

The tau pairs are reconstructed using a Phase II data sample of 291pb~! by looking for 3-1
prong events. Reconstructed tracks provide event topology variables, such as thrust vector, which
is used to select tau pair candidates. After selection, 9800 events remain as candidates. Figure 1
shows the invariant-mass distribution of the three charged pions coming from T — 37V candidates,
which is consistent with Monte Carlo (MC) simulations. A measurement of T lepton mass is
carried out using the Phase II data as the first trial in Belle II, based on the method introduced by
the ARGUS collaboration. In 7 — 37V events, a pseudomass Mp;, is obtained with the following
definition:

Minin = /My +2(Evcam — Esz) (Esx — Pie), (3.1)
where Epeam 1S the beam energy and Mz, E3x, P3; are the invariant mass, the energy, and the mo-
mentum of the three pions in CMS, respectively. An empirical probability density function (p.d.f.)
is used to estimate the 7 lepton mass:

m* — Min

F(Min;a,b,c,m”) = (a X Mpin + D) X tanfl(
c

)+P1(Mmin)7 (3-2)
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where a,b, and c are real values and the parameter m* is an estimator of the T lepton mass. A
fit of the p.d.f. in the pseudomass region from 1.70 to 1.85 GeV/c?, shown in Figure 2, obtains
m; = (1776.4 4 4.8(stat)) MeV/c?, which is in good agreement with the previous measurements

[9].
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Figure 1: Invariant-mass distribution of the three pi- Figure 2: Distribution of pseudomass of

ons coming from 7 — 37V candidates reconstructed T — 37V candidates reconstructed using

in Phase II data [10]. the Phase II data. the blue line is the fit
results of the function 3.2.

4. Future Prospects

As for prospects of T LFV in the Belle II experiment, the sensitivities for T LFV decay modes
depend on the contamination of the remaining backgrounds. The sensitivity for T — 7y is scaled
proportionally to of 1/ VZ, where & is the integrated luminosity, while the sensitivity for T —
uuu can be scaled linearly since the remaining background is negligible. The upper limits of the
branching fractions of T — w7y and T — puuu are estimated to be O(107% ~ 107?) and 0(10~° ~
10719), respectively. Comparisons of the upper limits on the branching fractions from the current
experiments (CLEO, BaBar and Belle) with extrapolations for the Belle II and the LHCb upgrade
are summarized in Fig. 3. In all of the decay modes, the upper limits can be improved 10 times
compared to the Belle results using 50 ab~! of the Belle II data sample. These limits reach the
predicted branching fractions in some of the NP models.

5. Summary

Various T LFV decays are studied for using about 1 ab—! of data collected by the Belle detector
at the KEKB asymmetric e™ e~ collider, resulting in upper limits on the branching fractions of the
7 LFV decay modes of O(10~7 ~ 10~8), while several NP models predict large branching fractions
to be a bit lower than the current upper limits by O(10~2 ~ 10~3). The sensitivities to the T LFV
decay modes are expected to be improved by a factor of 10 by using the 50 times higher statistics
from the Belle II experiment to reach the NP predictions.
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Figure 3: 90 % C.L. upper limits on the branching fractions of cLFV decay modes based on results from
CLEO (pink), BaBar (blue) and Belle (green), and extrapolations for Belle IT (50 ab~') and LHCb upgrade
(50 fb~!, yellow) [11].
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