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Abstract

We search for lepton flavor violating T decays into three leptons (electron or muon) using 535 b1 of data collected with the Belle detector
at the KEKB asymmetric-energy ete™ collider. No evidence for these decays is observed, and we set 90% confidence level upper limits on the
branching fractions of (2.04.1) x 10~8. These results improve upon our previously published upper limits by factors of 4.9 to 10.

© 2008 Elsevier B.V. All rights reserved.

PACS: 11.30.Fs; 13.35.Dx; 14.60.Fg

1. Introduction

Lepton flavor violation (LFV) appears in various extensions
of the Standard Model (SM). In particular, lepton flavor vi-
olating decays v~ — £~ £1t¢~ (where £ = e or pu)! are dis-
cussed in various supersymmetry models [1-7], models with
little Higgs [8,9], left-right symmetric models [10], as well as
models with heavy singlet Dirac neutrinos [11] and very light
pseudoscalar bosons [12]. Some of these models with certain
combinations of parameters predict that the branching fractions
for ™ — £~ ¢1¢~ can be as high as 10~7, which is already ac-
cessible in high-statistics B factory experiments. Searches for
LFV 7 decays into three leptons have a long history [13] be-
ginning from the pioneering experiment of MARKII [14]. In
previous analyses, both Belle and BaBar reached 90% confi-
dence level (C.L.) upper limits on the branching fractions at
the 1077 level [15,16], based on about 90 fb~! of data. The
BaBar Collaboration has recently used 376 fb~! of data to ob-
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1 Throughout this Letter, charge-conjugate modes are implied unless stated
otherwise.

tain 90% C.L. upper limits in the range (3.7-8.0) x 10~8 [17].
Here, we update our previous results with a much larger data
set (535 fb~!) collected with the Belle detector at the KEKB
asymmetric-energy eTe~ collider [18], taken at the 7" (45) res-
onance and 60 MeV below it.

The Belle detector is a large-solid-angle magnetic spectrom-
eter that consists of a silicon vertex detector (SVD), a 50-layer
central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-
of-flight scintillation counters (TOF), and an electromagnetic
calorimeter comprised of CsI(T1) crystals (ECL), all located
inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return located outside the coil is in-
strumented to detect KB mesons and to identify muons (KLM).
The detector is described in detail elsewhere [19].

Leptons are identified using likelihood ratios calculated from
the response of various subsystems of the detector. For elec-
tron identification, the likelihood ratio is defined as P(e) =
Le/(Le+ L), where L, and L, are the likelihoods for electron
and non-electron, respectively, determined using the ratio of the
energy deposit in the ECL to the momentum measured in the
SVD and CDC, the shower shape in the ECL, the matching be-
tween the position of the charged track trajectory and the cluster
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Fig. 1. Kinematic distributions used in the event selection after applying Eg‘g and T cuts: (a) the cosine of the opening angle between a charged track on the

QCM

tag side and missing particles in the CM system (cos {ag-miss

); (b) the reconstructed mass on the tag side using a charged track and photons. The signal MC

(t— — u~ptp7) distributions with arbitrary normalization are shown for comparison; the background MC distributions are normalized to the data luminosity.

Selected regions are indicated by the arrows from the marked cut boundaries.

position in the ECL, the hit information from the ACC, and the
dE /dx information in the CDC [20]. For muon identification,
the likelihood ratio is defined as P(u) = £, /(L + Ly + Lk),
where £, L; and Lk are the likelihoods for the muon, pion
and kaon hypotheses, respectively, based on the matching qual-
ity and penetration depth of associated hits in the KLM [21].
In order to estimate the signal efficiency and to optimize
the event selection, we use Monte Carlo (MC) samples. The
signal and the background events from generic t7t~ decays
are generated by KKMC/TAUOLA [22]. In the signal MC,
we generate 77T ~, where a T decays into three leptons us-
ing a 3-body-phase-space model [23], and the other t decays
generically. Other backgrounds, including BB and ete™ — ¢4
(g = u,d,s,c) events, Bhabha events, ete™ — puTu~, and
two-photon processes are generated by EvtGen [24], BHLUMI
[25], KKMC and AAFH [26], respectively. All kinematic vari-
ables are calculated in the laboratory frame unless otherwise
specified. In particular, variables calculated in the eTe™ center-
of-mass (CM) system are indicated by the superscript “CM”.

2. Event selection

We search for 777~ events in which one 7 (the signal 1)
decays into three leptons, and the other 7 (the tag t) decays
into one charged track, any number of additional photons and
neutrinos. Candidate t-pair events are required to have four
tracks with zero net charge. The following final states are con-
sidered: e"eTe™, uutp=, e utu=, pTete , etu ",
and ute~e™. The event selection is optimized mode-by-mode
since the backgrounds are mode dependent.

The event selection starts by reconstructing four charged
tracks and any number of photons within the fiducial volume
defined by —0.866 < cos6 < 0.956, where 6 is the polar angle
relative to the direction opposite to that of the incident et beam
in the laboratory frame. The transverse momentum (p;) of each

charged track and the energy of each photon (£, ) are required
to satisfy p; > 0.1 GeV/c and E,, > 0.1 GeV, respectively. For
each charged track, the distance of the closest point with respect
to the interaction point is required to be less than £0.5 cm in the
transverse direction and less than +3.0 cm in the longitudinal
direction.

Using the plane perpendicular to the CM thrust axis [27],
which is calculated from the observed tracks and photon can-
didates, we separate the particles in an event into two hemi-
spheres. These are referred to as the signal and tag sides. The
tag side contains one charged track while the signal side con-
tains three charged tracks. We require all charged tracks on
the signal side to be identified as leptons. The electron (muon)
identification criteria are P(e) > 0.9 (P(u) > 0.9) and momen-
tum greater than 0.3 GeV/c (0.6 GeV/c). The electron (muon)
identification efficiency is 91% (85%) while the probability to
misidentify a pion as an electron (a muon) is below 0.5% (2%).

To ensure that the missing particles are neutrinos rather than
photons or charged particles that pass outside the detector ac-
ceptance, we impose requirements on the missing momentum
Dmiss» Which is calculated by subtracting the vector sum of the
momenta of all tracks and photons from the sum of the e™ and
e~ beam momenta. We require that the magnitude of pp;ss be
greater than 0.4 GeV/c, and that its direction point into the fidu-
cial volume of the detector.

To reject gg background, we require that the magnitude of
thrust (7') be 0.90 < T < 0.97 for all modes except for the
77 — e~ etTe™ mode, for which it is 0.90 < T < 0.96. We
also require 5.29 GeV < E% < 9.5 GeV, where E‘C,ﬁ is the to-
tal visible energy in the CM system, defined as the sum of the
energies of the three leptons, the charged track on the tag side
(with a pion mass hypothesis), and all photon candidates.

Since neutrinos are emitted only on the tag side, the direction
of Pmiss should lie within the tag side of the event. The cosine
of the opening angle between pPrss and the charged track on
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the tag side in the CM system, cos 0"

(ag-miss’ is required to lie
in the range 0.0 < cos Qé‘é_miss < 0.98. This upper limit reduces

background from Bhabha, u™ ™ and two-photon background
events, as radiated gammas from the tag-side track result in
missing momentum if they overlap with the ECL clusters of the
tag-side track [28]. The reconstructed mass on the tag side us-
ing a charged track (with a pion mass hypothesis) and photons,
Myag, is required to be less than 1.777 GeV/c2. As shown in
Fig. 1, reasonable agreement between data and the background
expectation from MC simulation is obtained in the distributions
of cos Qég_miss and M.

Conversions (y — ete™) are a large background for the
77 — e eTe™ and u~ete™ modes. For these modes, if the in-
variant mass of the e*e™ pair (M,,) is less than 0.2 GeV/c?, we
require that the cosine of the opening angle in the CM system
between the momentum of the e*e™ pair and the momentum
of the other lepton (cos 6™ ) be less than 0.90. We retain

lepton-ee
the region, M,, < 0.2 GeV/c2, 0.85 < cos 91‘36“&011_@6 < 0.90 in
order not to suppress signal events with small M,., which are
possible in some models beyond the SM. As shown in Fig. 2 for
the T~ — e~ eTe™ mode (two entries for each event), the signal
efficiency is not affected by this cut, while the large background
from conversions is substantially reduced.

For the T~ — e~ete™ and 1~ — e~ T~ modes, the
charged track on the tag side is required not to be an electron
by applying P(e) < 0.1; this reduces large backgrounds from
two-photon and Bhabha processes that remain. Furthermore,
we reject events if the charged track on the tag side traverses the
gap between the barrel and the endcap of the ECL. To reduce
Bhabha and u ™ backgrounds, we require that the momen-
tum in the CM system of the charged track on the tag side be
less than 4.5 GeV/c forthe 1~ — e ete” and 1™ — " ete™
modes.

Finally, to suppress backgrounds from generic t"t~ and gg
events, we apply a selection based on the magnitude of the miss-
ing momentum pp;ss and the missing mass squared mrzniss for all
modes except for T~ — et~ and wTe"e”. We do not ap-
ply this cut for the latter two modes since backgrounds in these

+

Table 1
The selection criteria for the missing momentum (ppiss) and missing mass

squared (m2mi ss) for each mode. The units for ppjgs and mrzniss are GeV/c and

(GeV/c?)?, respectively

Mode Hadronic tag mode Leptonic tag mode

2

miss

Pmiss > —3.0m%. —1.0

miss

Prmiss > 4.2m2. —1.5

miss

T e ete” Pmiss > —2.5m

Pmiss > 2.0m 1

miss
2

miss
2 1

miss

T —> ,lt_,ll+ﬂ_ Pmiss > _3'Omr2niss - 10

T e utu” Pmiss > 3'Omﬁﬁss =15
T — ;,Fe+e

Pmiss > —2.5m
Pmiss > 1.3m

T —setuTu” Not applied Not applied

T —> ;,L+e_e

cases are much smaller. We apply different selection criteria ac-
cording to the lepton identification of the charged track on the
tag side, as the number of emitted neutrinos is two if the track
is an electron or muon (leptonic tag) while it is one if the track
is a hadron (hadronic tag). The selection criteria are listed in
Table 1; the distributions of mfmss and ppss for hadronic and
leptonic decays are shown in Fig. 3.

3. Signal and background estimation

The signal candidates are examined in the two-dimensional
plot of the £~ ¢* ¢~ invariant mass (M3;) versus the difference
of their energy from the beam energy in the CM system (AE).
A signal event should have M3, close to the 7-lepton mass and
AE close to zero. For all modes, the M3, and AE resolutions
are parameterized from fits to the signal MC distributions, with
an asymmetric Gaussian function that takes into account initial-
state radiation. The resolutions in M3y and A E for each mode
are summarized in Table 2.

To evaluate the branching fractions, we use elliptical signal
regions that contain 90% of the MC signal events satisfying all
selection criteria. We blind the data in the signal region until
all selection criteria are finalized so as not to bias our choice
of selection criteria. Figure 4 shows scatter-plots for the data
and the signal MC distributed over 200 in the M3, — AE
plane. No events are observed outside the signal region for
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tags, while (c) and (d) show the same distributions for the leptonic tags. Selected regions are indicated by lines.

Table 2
Summary of M3, and AE resolutions. The o
deviation on the higher (lower) side of the peak

high (alow) means the standard

Mode h‘gh (MeV/c?) ol (MeVic?) oh & (MeV) oo% (MeV)
T > e ete” 5.1 7.8 13.4 25.1
T uutpT 48 5.4 12.5 15.7
T e utu” 51 5.6 12.1 19.6
T — [L “ete™ 5.0 6.6 134 21.3
T etuTpT 50 6.0 133 19.9
T > utee” 54 6.7 13.8 23.0

any modes except for 7~ — e~ eTe™, in which four events are
found. These remaining events all have eTe™ invariant masses
below 0.1 GeV/c2, and we nominally attribute them to Bhabha
electron or T~ — e~ vV, processes accompanied by a gamma
conversion. The final estimate of background is based on the
data with looser selection criteria for particle identification and
event selection in the M3, sideband region. The sideband region
is defined as the box inside the horizontal lines but excluding
the signal region, as shown by the lines in Fig. 4. Assuming
that the background distribution is uniform in the sideband re-
gion, the number of background events in the signal box is
estimated by interpolating the number of observed events in the

Table 3

The signal efficiency (¢), the number of the expected background events (Ngg)
estimated from the sideband data, total systematic uncertainty (osyst), the num-
ber of the observed events in the signal region (Ngpg), 90% C.L. upper limit on
the number of signal events including systematic uncertainties (s9g) and 90%
C.L. upper limit on the branching fraction (53) for each individual mode

Mode € (%) NgG osyst (%) Nobs So9  B(x107%)
T > e ete” 6.00 0.40+0.30 9.8 0 2.10 3.6
T uutpuT  7.64 0.07+0.05 7.4 0 241 32
T —e utu”  6.08 0.05+0.03 9.5 0 244 4.1
7> p"ete” 9.29 0.04+£0.04 7.8 0 243 2.7
T —etuTuT 108 0.024+0.02 7.6 0 244 23
7 > pte e 12.5 0.01£0.01 7.7 0 246 2.0

sideband region into the signal region. The signal efficiency and
the number of expected background events for each mode are
summarized in Table 3. After estimating the background, we
unblind and find no candidate events for any of the modes.

We estimate systematic uncertainties due to lepton identi-
fication, charged track finding, MC statistics, and integrated
luminosity. The uncertainty due to the trigger efficiency is neg-
ligible compared with the other uncertainties. The uncertainties
due to lepton identification are 2.2% per electron and 2.0% per
muon. The uncertainty due to the charged track finding is es-
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distribution with arbitrary normalization. The elliptical signal regions shown by a solid curve are used for evaluating the signal yield. The region between the
horizontal solid lines excluding the signal region is used to estimate the expected background in the elliptical region from data with looser selection criteria.

timated to be 1.0% per charged track. The uncertainty due to
the e-veto on the tag side applied for the T~ — e~e*e™ and
7~ — e~ ™ modes is estimated to be the same as the uncer-
tainty due to the electron identification. The uncertainties due to
MC statistics and luminosity are estimated to be (0.5-0.9)% and
1.4%, respectively. All these uncertainties are added in quadra-
ture, and the total systematic uncertainty for each mode is listed
in Table 3.

4. Upper limits on the branching fractions

We set upper limits on the branching fractions of 7= —
£~ £7¢~ based on the Feldman—Cousins method [29]. The 90%
C.L. upper limit on the number of the signal events and includ-
ing a systematic uncertainty (sgp) is obtained using the POLE
program without conditioning [30] based on the number of ex-
pected background events, observed data and the systematic
uncertainty. The upper limit on the branching fraction (B) is
then given by

590
2N; e’
where Ny, is the number of T+t pairs, and ¢ is the signal
efficiency. The value N;; =492 x 100 is obtained from the inte-

grated luminosity times the cross section of t-pair production,
which is calculated in the updated version of KKMC [31] to

Br~ = ¢t <

(1

be o7 =0.919 £ 0.003 nb. The 90% C.L. upper limits on the
branching fractions B(z~ — £~ £7£7) are in the range between
2.0 x 1078 and 4.1 x 107® and are summarized in Table 3.
These results improve upon our previously published upper lim-
its [15] by factors of 4.9 to 10. They are also more stringent
upper limits than the recent BaBar results [17], except for the
1~ — e~ ™ mode, for which the limit is similar.

5. Summary

We have searched for lepton flavor violating T decays into
three leptons using 535 fb~! of data. No events are observed
and we set 90% C.L. upper limits on the branching fractions:
Bt~ —eete ) <3.6x 1078, Bt~ - pu utu™) <32 x
1078, B(r- > e utu)<41x1078, Bt~ - uete) <
27x 1078, B(r~ > etu ) <23 x 1078 and B(z~ —
pute e™) < 2.0 x 1078, These results improve upon our pre-
viously published upper limits by factors of 4.9 to 10. These
more stringent upper limits can be used to constrain the space
of parameters in various models of new physics.
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