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1. Introduction

Lepton flavour violation (LFV) has long been recognised as a unambiguous signature of New
Physics. LFV is allowed in various extensions of the Standard Model (SM), but has never been
observed. Fig. 1 shows the branching fraction upper limits (ULs) at the 90% confidence level (CL)
for existing LFV tau decays and what they are expected to be in the Belle II experiment. The
following benchmark tau decays encompass almost all of the possible decay modes in the search
for LFVs, including rediative decays 7~ — ¢~y (£ = e, u), leptonic decays 7~ — (™ {*{~, semi-
leptonic decays 7~ — ¢~ + hadrons and baryon number violation (BNV) decays 7= — pl~¢7),

T~ > An",and 7T —> An”.
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Figure 1: Current status of observed ULs at CLEO, BaBar, Belle, ATLAS, CMS, and LHCb experiments
and the expected upper limits at the Belle II experiment [1].

Belle [2] operates at the KEKB asymmetric e*e™ collider [3] in Tsukuba, Japan, and Belle
II [4] and SuperKEKB [5] are upgrades of Belle and KEKB. In B factories such as Belle and Belle
I1, asymmetric energies e*e™ collide at and near the Y (4S) resonance, and the cross section for BB
pairs and 7 pairs production is of the same order of magnitude, so they are also said to be 7 factories.
When searching for LFVs in Belle and Belle II, our advantages include the known initial state, the
clean environment, the high trigger efficiency and close to zero background searches. There is also
the increase of the luminosity, with 980 fb~! of data collected in Belle and 530 fb~! in Belle II.
Such a large data sample gives us more sensitivity to search for LFV tau decays.

We present several searches for decay channels that are forbidden in the SM but allowed in
several new physics scenarios. For the LFV decay 7~ — £~V (¢ = ¢, g and V° = p°, w, ¢, K*°
and K*0), we are most interested in the 7~ — u~¢ mode, as it is a sensitive probe for leptoquark
models. For BNV decay 7~ — A(A)n~, BNV is one of the necessary conditions to explain the
asymmetry of matter and antimatter and BNV is allowed in the beyond SM scenario. For LFV
decay 7~ — u~utu~, it is experimentally the most accessible.
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2. Search for LFV decay 7~ — ¢~V" at Belle

Previously, Belle performed this analysis using 854 fb~! data and the 1-prong tag method,
setting the UL on the branching fractions at the 90% CL in the range of (1.2 ~ 8.4) x 1073 [6].

The latest results use the full Belle data at 980 fb~!, add the 3-prong tag method, use Boost
Decision Tree (BDT) to further suppress backgrounds [7]. Figs. 2(a) and 2(b) show the M y0 vs.

AE 2D distributions for 7~ — e~ ¢ and 7~ — u~ ¢, where M0 = ‘/E{%Vo - P?VO is the invariant
mass of the £V final state and AE = Eg‘% — +/s/2. Here and following all equations, E and P
indicate energy and momentum, respectively, the CM indicates the centre-of-mass system, and the

+/s is the centre-of-mass energy.
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Figure 2: Distributions of selected events in the (M,y0, AE) plane for (a) 7~ — e "¢ and (b) 7~ — u~¢.
The red elliptical lines are the signal regions. The gray dashed rectangles are the blind regions.

The estimations of the number of background events (V) are done using the data between the
red horizontal lines outside the blind regions. The observed number of events (N,ps) in the signal
region (SR) has no excess over Npg. The ULs at 90% CL on the branching fractions are listed in
Table 1. With the 9% increase in signal efficiency and the 126 fb~! additional data set, we achieved
an average 30% improvement over previous results.

The results for B(* — £*p°) in Table 1 are worse compared to the previous results: for
% — u*p® channel, the Bayesian limits are used instead of the Frequentist limits, which are
negatively proportional to Ngg when Ny is fixed; for 7* — e*p? channel, after unblinding, one
event is observed in the signal region and the Npg is greater than previously expected. The rest of
the modes have achieved better limits than previously.

3. Search for BNV decays 7~ — A(A)n~ at Belle IT

The 7~ — A(A)7~ is a BNV decay as well as an LFV decay. Previously, Belle searched for
this decay mode using 154 fb~! of data and the 1-prong tag method, setting the UL on the branching
fraction at 90% CL of 0.72(1.4) x 1077 for 7~ — A(An~) decay mode [8].

We searched for this decay mode using the 364 fb~! data at Belle II [9], and we similarly
reconstructed the four charged tracks using the 1-prong tag method, where A(A) is reconstructed
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Mode Ngg Nobs BobS(XIO‘S)
™ — utpd 0.95+0.20(stat.)+0.15(syst.) 0 <1.7
* = e*pl 0.80+0.27(stat.)+0.04(syst.) 1 <22
T > u*¢ 0.47+0.15(stat.)+0.05(syst.) 0 <23
Tt > e* 0.38+0.21(stat.)+£0.00(syst.) 0 <2.0
5 > utw 0.32+0.23(stat.)+£0.19(syst.) 0 <39
™ > e*w 0.74+0.43(stat.)+0.06(syst.) 0 <24

* — K0 0.84+0.25(stat.)+0.31(syst.) 0 <29
% — e*K*0 0.54+0.21(stat.)£0.16(syst.) 0 <19
* — K0 0.58+0.17(stat.)+0.12(syst.) 1 <43
T+ — ¢*K*0 0.25+0.11(stat.)=0.02(syst.) 0 <1.7

Table 1: Summary of the ULs on B(7 — (V).

from a p(p) and 7~ (n™), and for the signal selection and background suppression we used loose
pre-selection, followed by Gradient-BDT (GBDT). Figs. 3(a) shows the flight significance (the flight
distance L divided by its uncertainty o-) of A candidates, it is one of the most discriminant variables,
and a large number of backgrounds are excluded using this variable during the pre-selection stage.
The resulting pr~ invariant mass distribution is shown in Fig. 3(b). Figs. 4(a) and 4(b) show the
M(An) vs. AE 2D distributions for 7~ — Az~ and 7~ — An~, where M(An) = 1/Elz\ﬂ - Plz\n
and AE = EM - +/5/2.
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Figure 3: Distributions of (a) L/o and (b) M (pn~) of A candidates for 7~ — Ax~.

We used the Poisson counting experimental technique to calculate the expected number of
events within the sideband regions. The expected number of events is 1 (0.5) for 7~ — A(An™)
channel. The signal efficiency is 9.5% (9.9%) for 7~ — A(An~) channel. No events are observed
within the SR for both decay modes, so we use the Bayesian approach to estimate the UL on the
branching fraction at 90% CL of 4.7(4.3) x 1078 for 7~ — A(An~) channel.
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Figure 4: Distributions of selected events in the (M(Ax), AE) plane for (a) 7~ — Az~ and (b) 7~ — An~
channels. The red solid ellipses identify the SRs, while the areas between the dashed black boxes and the
corresponding ellipses are the sideband regions.

4. Search for LFV decay 7~ — u~u*u~ at Belle II

Previously, Belle searched for this decay mode using 782 fb~! of data and the 1-prong tag
method, setting the UL on the branching fraction at 90% CL of 2.1x 1078 for v~ — = pu* ™ decay
mode [10].

We use the inclusive tag method based on 424 fb~! data at Belle II to search for this decay mode
and use the BDT method to further suppress the background [11]. Fig. 5(a) shows the M3, vs. AE3),
2D distributions for 7~ — p~u*u~ channel, where M3, = , /Egﬂ - P%ﬂ and AE3, = E%VI —/s/2.
Forareal T~ — pu~pu*u~ signal event, AE3, should be near 0 and M3, should be near the normal 7
mass. The radiation of photons from the initial state leads to a tail at low values of AE3,. Instead,
final state radiation produces a tail at high values of M3, and AE3,,.

Using a novel inclusive-tagging reconstruction followed by a BDT-based selection, the effi-
ciency is higher by a factor of 2.5 than the efficiency in the latest Belle analysis. Fig. 5(b) shows the
CLs curves computed as a function of the UL on the branching fractions for the inclusive tagging
analysis. The dashed black line shows the expected CLs and the green and yellow bands give
the +10 and +20 contours, respectively. The expected number of background events is 0.7 and
one event observed in the SR. The observed (expected) UL at 90% C.L. computed in a frequentist
approach is 1.9 (1.8) x 1078, which is more restrictive than the previous results.

5. Conclusion

The Belle(Il) detector provides significant advantages for searching for LFV in tau decays,
including increased luminosity, and improved detection efficiency. In the 7= — £7V°, 7= —
A(An7), and T~ — u~utp” analyses presented above, we achieved higher signal efficiencies
and lower background levels using either larger data samples than previously, or more advanced
analysis techniques (tagging and BDT) than previously. In these analyses, with the exception of
the 7% — (*p° model, we estimate by far the tightest the limits on the branching fractions in the
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Figure 5: Distributions of (a) the selected events in the (M3, AE3,) plane and (b) the observed and expected

CL as a function of the assumed branching fraction of 77 — u~p*u~.

world. As Belle II data continues to be collected, we believe that more world-leading results are on
the way.
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