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We report the result of a search for 75 — (*y (£ = y, e) using the full data sample at Belle.
Since the observation of neutrino oscillations has unambiguously shown that the lepton flavor is
no longer conserved, we can expect lepton flavor violation (LFV) in the charged lepton sector.
Though the standard model (SM) does not predict charged LFV decays at an observable rate,
7* — (*v is predicted by many new physics scenarios and is thus one of the most promising
LFV modes. Consequently, we have obtained the most stringent limit on the branching fraction
of t* — u*vy. In addition, we report the result of a search for tau electric dipole moment (EDM)
evaluating u vertex coupling using the full data sample at Belle. At present, the observed CP
violation is insufficient to explain the prevalent matter-antimatter asymmetry in our universe. On
the other hand, the EDM of leptons is predicted to be negligibly small in the SM and is expected
as a source of CPV in the lepton sector induced by some new physics. We have obtained one order
more sensitive result both for the real and imaginary parts of the r EDM.
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New physics searches through T decays at Belle

1. Introduction

Tau is the heaviest lepton in the standard model (SM). Plenty of new physics phenomenons
like lepton flavor violation, lepton number violation, baryon number violation, CP violation are
possible to study in various tau decays. LFV decays are forbidden in the SM but occurs with a yet
unobservably small probability, O(1074°), via neutrino oscillations [1]. However, several theories
beyond standard model (BSM) such as SUSY, GUT, seesaw mechanisms predict enhancement of
the LFV transitions in 7* — {*y (€ = y, ¢) decays to the current experimental sensitivity [2—4]. An
observation of LFV would be a clear signature of BSM physics. Also, the electric dipole moment
of the 7 lepton is a physical parameter that parameterizes CP violation at the y77 vertex. In the SM,
existence of 7-lepton EDM is unobservably small (~ 10737 ecm) [5]. However, some new physics
models indicate a larger EDM of order 107! ecm [6]. Hence, observation of a non-zero T EDM is
a clear sign of new physics phenomena. Belle detector [7] was installed at the KEKB asymmetric
ete” collider [8].

2. Search for LFV in 7* — (*y decays

We update the search for LFV in 7* — £*y decays [9] using 988 fb~! of Belle data correspond-
ing to 912 million of 7-pair events. Signal Monte Carlo (MC) samples and generic 77~ processes
are generated by KKMC and TAUOLA [10]. A vt~ pair event is divided into two hemispheres,
signal-side and tag-side tau, in the CM frame using a thrust vector [11]. The signal-side tau decays
to a muon (electron) and a photon for the 75 — u*y (¥ — e*y) search. The number of photons
in the signal side should be exactly one. The tag-side tau is assumed to undergo one-prong decays
such as T — evv, uvv, mv and pv and named as e, y, m and p channel, respectively.

A missing-mass-squared on the tag side (m2) is defined as m2 = (E ng - Eta(éM 2 ﬁn?llsvs[ 2
where, E KSM (Egg") is the sum of the energy of the signal (tag) side in the CM frame and |5, SV | is

the magnitude of the missing momentum in CM frame. The shape of the m? distribution depends on
the number of the neutrinos on the tag side. The m? requirements for e/u, 7 and p channels within
[0.0, 2.8], [-0.1, 1.2] and [-0.3, 1.5] GeV? (assuming ¢ = 1 here and all other places) respectively
are applied to reduce the 777~ background. To improve the sensitivity, two more variables are
introduced. The first one is an energy asymmetry between the lepton and the photon in the signal
side, [EEM — ECM|/(ESM + ECM), requiring the energy asymmetry less than 0.65. The second

variable £ is defined as:
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77 and other backgrounds are removed by selecting 0 < ff(gg) track(tag)

are shown in the Fig. 1. Huge

< 1. The signal region is

beam ly
the normalized energy difference, AE /+/s where p lEyM is a sum of the lepton and photon momenta in

defined by two kinematic variables: i) beam-constrained-mass, My, = \/ (ESM Y2 _ |5 M2 and ii)
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Figure 1: Distribution of §f(1t\:g) track(tag)

histograms show the signal MC samples with an assumed branching fraction B(t* — *y) = 2.0 x 107 [9].

for ¥ — u*y (left) and v* — e*y (right) channels. The blue

the CM frame. The elliptical signal regions are selected with [(Mp. — s, )/ 20'Mbc]2 + [(AE /s -
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Figure 2: AE/+/s vs My distribution for 7* — p*y (left) and 7* — e*y (right) events. Black points are
data, blue squares are 7* — (*y signal MC events, and magenta ellipses show the signal region used in this
analysis (+20 region) [9].

HAE /N3 20 AE) \/5]2 < 1 where u and o are taken from the MC signal fits. Signal distributions are
shown in the Fig. 2.

The analysis uses unbinned maximum-likelihood fit (inside the signal region) for the signal
extraction. Estimated signal efficiency for7* — u*y and = — e*y are 3.7% and 2.9% respectively.
The expected yield of background events is 5.8+0.4 (5.1+0.4) for = — u*y (r* — e*y) mode. For
both LFV modes, we observe 5.0 events. Systematic uncertainties from various sources like track
reconstruction efficiency, photon reconstruction efficiency, photon energy calibration, integrated
luminosity, trigger efficiency, background model are consider as potential sources of systematic.
Adding individual the contributions from different sources in a quadrature, expected systematic
uncertainty for 7* — u*y and 7* — e*y modes are 6.2%, 6.5%, respectively. In absence of any
significant signal, we estimate the upper limit (UL) of branching fractions in a frequentist approach
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using toy MC simulations. The estimated ULs of branching fraction at 90% confidence level (CL)
are B(t* — pty) < 4.2x 1078 and B(r* — e*y) < 5.6 x 1078, Our upper limit for 7% — u*y is
the most stringent limit to the date.

3. Search for EDM of 7 lepton

The effective Lagrangian for 7-pair production including the EDM term at the y77 vertex [12]
is,
L =7[-eQy" Ay — 1d: o ys0, A T 2

Corresponding the squared spin density matrix for the production vertex in the process e*e™ — 77~
is given by,
M2 = M2y + Re(d )M3, + Im(d )M, + O(d?) 3)

ete —ttr™

where Mgy is the SM term, and Mge, M, are the interference terms between the SM and EDM.

These matrix elements can be expressed in terms of momentum of initial e* and outgoing 7*

along with the spin of the 7. To improve the sensitivity of the EDM searches, optimal variables,
2

2
ORe = //\‘4’2« and Oy, = % have been used in this analysis. The mean values of these observables
SM SM
({ORre), (Om)) are linearly dependent on the real and imaginary parts of d, with the following
equations.

(Ore) = aReRe(dT) + bRe (Om) = aImIm(dT) + bim 4)

Coefficient age/im (sensitivity) and bre/im (offset) are determined by using the MC samples.

We use 833 fb~! of Belle data in this analysis. Eight different final states with 7t — (ev¥)(uvv),
(uvv)(rv), (uvv)(pv), (evv)(mv), (evv)(pv), (rv)(nv), (pv)(pv) and (rv)(pv) decays have been con-
sidered and those are named as ey, um, up, en, ep, nn, pp and mp modes, respectively. p* has
been reconstructed from a charged track and a 7°. Charged tracks are selected with a transverse
momentum greater than 0.1 GeV/c in the lab frame and photons with energy in the lab frame
greater than 0.1 GeV. To suppress the background from two-photon event, we require the missing
momentum of the event not be directed along the beam pipe, —0.950 < c0S Opigsing < 0.985.

To calculate the optimal observables, one need to know the 7 spin vectors and those spin vectors
are depending on the 7 flight directions. Due to the presence of one or more missing neutrinos, 7
flight direction can not be determined experimentally. For the 77 final states with two neutrinos
(like rmr, pp and p modes), the tau directions can be determined with a twofold ambiguity. Having
one leptonic decay in the final state put one more ambiguity. Those ambiguities are resolved by
taking the most probable (instead of actual) spin direction by averaging over the possible solutions.
The relation between the EDM and the mean values of the observables, (ORe /lm>’ are evaluated
using MC simulation for various values of the EDM. By fitting the relation with a linear function,
the coefficients are/im and bge/im are obtained (shown in Fig. 3). Non zero values of by, arises due
to non-uniform acceptance of the detector. As one can see from the values of agre/im , the mp and
pp modes have the highest sensitivities for 7 EDM measurement.

Although the agreement between data and MC was good, we estimate the systematic errors
from different sources like detector alignment, momentum reconstruction, detector response on the
particle charge, mismatch in the data-MC distribution, variation in the background yield, effect of
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Figure 3: The EDM parameter sensitivity are/im (top) and offset bre/im (bottom) for each mode obtained by
MC. The errors are due to the MC sample size [13].

initial state radiations. Systematic for the real (imaginary) part of d; for various modes ranges from
0.9 to 5.2 (0.4 to 2.6) in the units of 1077 ecm. Finally, we obtain the mean values of * EDM for
the real and imaginary parts:

Re(dy) = (6.2 £6.3) x 1073 ecm Im(d;) = (—4.0 £ 3.2) x 107'® ecm

where statistical and systematic errors are summed quadratically. These results are one mag-
nitude order more stringent as compared to the previous results [12].

4. Summary

We search for LFV transition in 75 — ¢*y decays. In absence of any significant signal,
ULs of branching fraction at 90% CL are estimated to be B(r* — u*y) < 4.2 x 1078 and
B(t* - e*y) < 5.6 x 1073, Our result for 7* — p*y mode is most stringent to the date. Also, we
report a preliminary measurement on 7 EDM. New measurements of the EDM parameters are one
magnitude order more stringent with respect to the current results.
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