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Abstract. Lepton-flavor violating (LFV) decay in 7, B and Y(nS) is expected to be very
small in the Standard Model, even taking into account the effect of neutrino mixing. Therefore,
the observation of such decays would be a clear signal of new physics. The production rate of
T pairs at B factory is comparable to that of B meson pairs and hence B factories are also
excellent 7 factories. Many LFV decay modes have been searched for at the B factories. We
present the current status of searches for tau LFV decays as well as B and Y (nS) LFV decays.
Some of the upper limits are now reaching to a range predicted by some new physics models.

1. Introduction

In the Standard Model (SM), only lepton-flavor conserving processes are allowed. On the other
hand, various scenarios for the extension of SM or New Physics (NP) naturally include some LFV
processes. However, in the SM with neutrino oscillations, for example, the branching fractions
of 7 — puy and T — ppp are extremely small, i.e., O(10749~752) and O(10~1), respectively [1].
It makes their experimental observation impossible.

Since many NP models, such as SUSY models, predict that the various charged LF'V processes
are enhanced significantly, an observation of such a process is a clear signal of NP. Among them,
7 lepton has more than 40 possible LFV decay modes because it is the heaviest lepton and
can into various hadrons. According to the most optimistic prediction, at least, we need the
sensitivity of O(10~7) for the branching fraction to observe the 7 LFV decays, experimentally.
(See Table 1.)

Table 1. Theoretical predictions of the possibly largest branching fraction of 7 — puvy and
T — ppp modes

Model B(r — py) B(t — ppp) Ref.
SM + v mixing 1074952 10714 1]
SM + heavy Majorana vp 1077 10719 2]
Non-universal Z’ 1079 1078 3]
SUSY SO(10) 1078 10710 [4]
mSUGRA + seesaw 1077 107 [5]
SUSY higgs 1010 107 6]
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To discriminate models, search for various LFV modes is helpful; while many NP models
predict that the branching fraction for 7 — p7y should be largest, the Higgs-mediated model [7]
enhances 7 — un via the neutral Higgs (h/H/A) when the sleptons are much heavier than
the weak scale.! The ratios between theoretically predicted branching fractions of 7 — 7,
T — ppp, and T — pee are summarized in Table 2.

Table 2. Ratios between the branching fractions of 7 — vy, 7 — pup, and 7 — pee in various
NP models, based on [9].

SUSY+GUT Higgs Little Non-universal
(SUSY+Seesaw)  mediated Higgs 7’ boson
B
Bl =) o qps ~01  04~23 20
B(r — )
B(t — pee) 9 9
_—_ ~1x10 ~1x10 0.3~1.6 ~ 20
B(r — )
B(T — ppp) <1077 <1071 <1070 <1079

2. KEKB/Belle and PEP-II/BaBar
The KEKB is a eTe™ asymmetric-energy collider operating at the center-of-mass (CM) energy
corresponding to the Y (45) resonance. Experiments at the KEKB allow searches for LF'V decays
with a very high sensitivity since the cross section of 777~ production is o,» ~ 0.9 nb, close
to that of BB production, opp ~ 1 nb, and thus, B—factories are also excellent T—factories.
By summer 2008, the Belle detector [10] operating at the KEKB B-factory [11] accumulated
about 7.8 x 10% 7 pairs. Belle detector is the multi-purpose detector which has good track
reconstruction and particle identification ability.

Similarly, the BABAR detector, described in more detail elsewhere [12], collects data at the
PEP-II asymmetric-energy e™e™ collider that operates at a CM energy of 10.58 GeV. Finally, a
557 fb~! data sample has been accumulated before the PEP-II collider stops running

3. Method
All searches for LEV 7 decays follow a similar procedure. We search for 777~ events in which
one 7 (signal side) decays into an LFV mode under study, while the other 7 (tag side) decays
into one (or three) charged particles and any number of additional photons and neutrinos (for
example, see Fig. 1 (a)). To search for exclusive LFV-decay modes, we select low multiplicity
events with zero net charge, and separate an event into two hemispheres (signal and tag) using
a thrust axis. The backgrounds in such searches are dominated by ¢q (¢ = u,d, s, c), generic
7777, two-photon, ptu~ and Bhabha events. To obtain the good sensitivity, we optimize the
event selection using particle identification and kinematic information for each mode separately.
Because every 7 LF'V decay is a neutrinoless one, the information from missing tracks is very
powerful to reject the background from generic 777~ events. As an example, our typical event
selection uses the relation between the missing momentum py,iss and missing mass squared mfniss
since neutrinos are included in the tag side only in a signal event (see Figures 1 (b) and (c)).
After signal selection criteria are applied, signal candidates are examined in the two-
dimensional space of the invariant mass, M;,,, and the difference of their energy from the

! Recently, detailed estimations concerning this model were discussed in [8].
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Figure 1. Event topology of LFV 7 decay in case of 7 — pvy analysis (a), Scatter-plots of
Pmiss V8. m2. for the 7= — p~~ signal Monte Carlo (MC) (b) and the generic 77~ MC (c)
distributions.

beam energy in the CM system, AFE. A signal event should have Mj,, close to the T-lepton
mass and AFE close to 0. Generally, Belle often uses Mjyy, while BaBar prefers instead a beam-
energy-constrained mass, My, where the reconstructed 7 energy must be equal to the beam
energy in the CM frame. We blind a region around the signal region in the M;,, — AF plane
so as not to bias our choice of selection criteria. The expected number of background events in
the blind region is first evaluated, and then the blind region is opened and candidate events are
counted. By comparing the expected and observed numbers of events, we either observe a LFV
7 decay or set an upper limit by applying counting [13] or maximum likelihood [14] approaches.

4. Results

4.1. 77 = L7y

Figure 2 (a) shows scatter-plots in the Mj,, — AE plane for the 7= — p~7 mode, obtained
after event selection at Belle using 535 fb~! of data. The dominant background for this mode
comes from generic 77 events where one 7 decays into fvv with initial state radiation. In
order to evaluate the number of signal events, an unbinned extended maximum likelihood
fit is applied. Consequently, —3.9 (—0.14) events for the number of signal and 13.9 (5.14)
for the number of background events are evaluated in the 7 — pvy (ey) modes. From these
results, the following upper limits for the branching fraction at the 90% confidence level are set:
B(r™ — p=y) <45 x 1078 and B(1~ — e77) < 1.2 x 1077 [15]. The sensitivity is limited by
the background from 77~ events with initial state radiation.

BaBar also searches the signal of 7 — p7y/ey with a 211 fb~! data sample. After event
selection, the remaining data distribution is shown in Fig. 2 (b). By the maximum likelihood
fit, the number of signal events is evaluated to be —2.2 for 7 — u~y and the 90% confidence level
upper limit is derived to be 6.8 x 1078 [16]. For 7 — ey analysis, the counting method is taken
to evaluate the number of signal events. After event selection, one event is found and its upper
limit on the branching fraction is set to be 1.1 x 1077 at 90% confidence level [17].

Hereafter, upper limits for 7 decays are evaluated by the counting method.

4.2. 77 =00y 470
Belle searches for lepton-flavor-violating 7 decays with a pseudoscalar meson (7, 7’ and 7¥) using
401 fb~! of data. No signal is found and the following upper limits on branching fractions are
set as (6.5 — 12) x 10~® at the 90% confidence level [18].

BaBar also performs the analysis for these modes with a 339 fb~! data sample [19]. The
number of observed events is 0 or 1 and the evaluated upper limits on the branching fraction
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Figure 2. Scatter-plots in the M,y — AE plane by Belle (a) and BaBar (b): In (a), the data are
indicated by the solid circles. The filled boxes show the MC signal distribution with arbitrary
normalization. The large elliptical regions shown are used for evaluating the blind yield while
the small elliptical regions shown are used for evaluating the signal yield. In (b), My, is taken
instead of My, and the vertical and horizontal axises are exchanged against (a). Here, the data
distribution is shown with colored box. The elliptic region corresponds to 20 signal region.

are (11 — 26) x 10~% at 90% confidence level.
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Figure 3. Scatter-plots in the Mj,, — AFE plane for 7 — pun with n — v analysis by Belle
(a) and BaBar (b): In (a), the data and signal MC distribution are expressed by black dots
and yellow boxes, respectively. The signal region is defined by the elliptic region which includes
90% of remaining signal events. In (b), the dots (shaded boxes) correspond to the data (signal)
distribution. The small box is a 20 signal region.

4.8. T — 00T~
The following 7~ decays into three leptons are considered: e~ ete™, = u p=, e putpu=, p ete™,
p- et~ and e~ pte”. Experimentally, these modes can be separated well from the background
due to the good lepton identification and track reconstruction.

Recently, Belle updated this result with 535 fb~! of data [20]. Since each decay mode has
different background, the event selection is optimized mode by mode. The signal efficiencies
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are kept in the range of (6.0-12.5)%. After event selection, no events are observed in the signal
region for all modes while the expected background is less than 0.4 events as shown in Fig. 4.
Therefore, no evidence for these decays is observed and 90% confidence level upper limits on
the branching fractions are set to be (2.0-4.1)x1078. The branching fraction of 7= — ute e~
is the most stringent upper limit (< 2.0 x 107%) among currently measured LFV 7 decays.

Similarly, BaBar also updated this result with 339 fb~! of data [21]. The number of observed
events is (0 — 2) while the expected number of BG is (0.30 — 1.33) with the detection efficiency
of (5.5 —12.4)%. As a result, the 90% uppler limits on the branching fractions are evaluated to
be (3.7 —8.0) x 1078,

The background for these decays are negligible both Belle and BaBar experiments.
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Figure 4. Scatter-plots for 7 — eee (a) and 7 — pup (b) by Belle. In both of them, the signal
distribution is expressed by yellow boxes and the data is indicated by the black dots.

4.4. 7 — L7 fp(980)

Belle searches for LFV 7 decays into a lepton (electron or muon) and an fp(980) meson
using 671 fb~1 of data [22]. In this analysis, the f5(980) — 77~ decay mode is taken and
it is required that the invariant mass satisfy the condition 906 MeV/c? < M, .- < 1065
MeV/c? for f5(980) selection. Figure 5 shows scatter-plots for the data and the signal MC
distributed over £20¢ in the M., — AFE plane after the event selection. The expected numbers
of background in the signal region are around 0.1 events for both modes and no events are
observed. Finally, the following 90% C.L. upper limits on the branching fraction products are set:
B(t~ — e f0(980)) x B(f0(980) — nt7™) < 3.2x 1078 and B(1~ — p~ f0(980)) x B(fo(980) —
7tm) < 3.4 x 1078, This is the first search performed for these modes.

4.5 7 =V
Belle recently updated their searches, 7= — ¢~V where V9 is a neutral vector mesons such as
p°, ¢, K*(892)Y, K*(892)" and w, based on a data sample of 543 fb=1 of data [23].

The main background is SM 7 decays, such as 7 — 7mwv and 7 — 37wv. No excesses are
observed and upper limits on the branching fractions are set in the range (0.6 — 1.8) x 1077 at
the 90% confidence level.

BaBar separately reports the result for 7= — ¢~w with a 384 fb~! data sample [24] and the
others with a 451 fb~! data sample [25], where the result of the latter is preliminary. The AM —
AFE scatter-plots of the latter one after event selection are shown in Fig. 6, where AM is defined
as Mp. — m.
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Figure 5. Scatter-plots in the Mi,, — AFE plane: (a) and (b) correspond to the 200 area for
the 7= — ef(980) and 7= — pu~ fp(980) modes, respectively. The data are indicated by the
solid circles. The yellow boxes show the MC signal distribution with arbitrary normalization.
The elliptical signal regions shown by a solid curve are used for evaluating the signal yield.

As a result, the 90% confidence level upper limits on the branching ratio of (0.8 — 18) x 1078
are obtained.
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Figure 6. Scatter-plots in the AM — AFE plane obtained by BaBar, where AM = My, — m.
In each plot, shaded (colored) boxes mean the signal MC (data) distribution and the black

rectangle is a signal region.

4.6. BY — ey T
From here, we discuss the LF'V processes other than 7 decays.
Some NP models predict that the branching fraction on B® — e* ¥ can be up to 10~
BaBar searches for this decay with 3.8 x 105 BB pairs [26]. Similarly to 7 LFV analysis,
in this decay, B% can be completely reconstructed from e and p. Therefore, to evaluate the

10~—16
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number of signal events, Mi,, — AFE plane is effective and the signal region is defined there. The
main BB BG comes from B? — 7w, 7K where the hadron is misidentified as a lepton. By the
maximal likelihood fit, the number of signal events is evaluated to be 1.1 and the upper limit
on the branching fraction is set to be 9.2 x 1078 at 90% confidence level.

4.7. BO — (1T
In the Higgs-mediated model, the branching fraction on B® — ¢*7F can be enhanced up to
2 x 10710

This decay is searched for by BaBar with 3.8 x 10 BB pairs [27]. In this analysis, differently
from the BY — e uT case, it is difficult to reconstruct the signal B (Bsig) due to existence of 7
in the final state. Therefore, one B (By,g) is fully reconstructed in the specific hadronic mode
(B — D™ X} .4, where Xp.q is a combination of up to nine neutral /charged kaons and pions).
And then, in the rest of the event, the /77T signature is searched for to find the By where six 7
decay modes are considered: T — evv, pvv, v, v, 7127°%, 37v. The signal yield is extracted
from a maximum likelihood fit to the signal lepton candidate momentum distribution in the
Bgig rest frame and 0.02/9.35 (0.01/13.03) signal/BG events are obtained in the B? — e*rT
(BY — p*7F) analysis. Finally, the 90% confidence level upper limit on the branching fraction
for BY — e*7F (BY — p*7F) is evaluated to be 2.8(2.2) x 1075.

4.8. Bt — K+tpu*r+

The semileptonic decay BT — K7Tu*rT is expected to have higher sensitivity to NP, in
comparison with leptonic decays such as BY — ur, since the latter is both helicity and Cabibbo-
Kobayashi-Maskawa quark-mixing matrix suppressed by a factor of |V;q/Ves|?.

BaBar searched for this decay with 3.8 x 10° BB pairs [28]. In the same way in the previous
section, the full reconstruction method is applied for Bi,g. After requiring exactly three charged
tracks in the event not associated with By,g, those are candidates for K, ;1 and a daughter of
7, are selected, the 4-momentum of 7 is completely determined from Bgi,, K and p when the
momentum of Bgje in the CM frame is evaluated as —p of Biag. The dominant BG comes from
B — (c¢)K with (c¢¢) — pp, where (cc) is a charmonium resonance. The signal extraction
is performed on the reconstructed 7 mass distribution and its upper limit is evaluated in the
counting method. Finally, the upper limit on the branching fraction is set to be 7.7 x 107> at
90% confidence level.
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Figure 7. Distributions to extract the signal yield for B — e*7~ (a), B® — p*7= (b) and
Bt — K*p*rF (c). In (a) and (b), the distribution of the electron and muon momentum
are used, respectively. Here, the green line represents the signal PDF with an arbitrary
normalization, the blue line shows the background shape and the dots are data. In (c),
distribution of m; is taken and applied for the data (points with error bars), background Monte
Carlo sample (main histogram), and signal Monte Carlo sample (inset histogram). The dotted
vertical lines show the m, signal region [1.65,1.90] GeV/c?.
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4.9. Y(nS) — p*7rF (n=1,2,3)
Here, we discuss LFV bottomonium decays Y(nS) — p*7F (n = 1,2,3). Various NP models
predict such decays via the flavor-changing neutral currents with, e.g., R-parity violating and
large tan 3 SUSY scenarios, leptoquarks and so on.

Recently, CLEO searched for these decays with 20.8, 9.3 and 5.9 million Y(15), T(25) and
T (3S5) resonance data samples, respectively [29]. The signature of the signal events is a muon
and an electron from the 7 decay and the signal events are extracted on the x — y plane, where
T = pu/Ebeam and y = pe/Fheam. After the selection, by a maximum likelihood method, the
number of the signal and BG events is evaluated and the 95% confidence level upper limits on
the branching fraction for T(1S) — prT, T(25) — p7T and Y(3S) — u=7F are set to be
6.0, 14.4 and 20.3 x1075, respectively.

5. Future Prospect

LFV sensitivity depends on the remaining background level. For the 7 — vy mode, there is large
remaining background from 777~ events with initial state radiation. In this case, the sensitivity
for 7 — py is scaled as 1/v/£ where £ means a luminosity. On the other hand, the remaining
background events for the 7 — £¢'¢” and ¢+meson modes are expected to be negligible even
for 50 times larger data set, i.e., at 50 ab~!. Therefore, the accessible branching fractions of
these modes scale linearly with luminosity from the current upper limits. A Super B—factory
is planned to collect more than 50-times larger luminosity than the current one. Therefore,
the accessible branching fraction of 7 — vy at the Super B—factory is O(1073~~?) while the
accessible branching fractions of 7 — £¢¢ and ¢/+meson are O(10~9~19) as shown in Fig. 8. Also,
in LHC, 7 — ppp will be investigated. However, the sensitivity of the super B—factory is 10
times better than that of LHC. Thus, we conclude that the super B—factory will provide us
valuable information for various NP scenarios.
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6. Summary

We have searched for 46 major modes of lepton flavor violating 7 decays with O(10%) 77~
pairs data collected by the Belle detector at the KEKB asymmetric-energy ete™ collider and
the BaBar detector at the PEP-II asymmetric-energy eTe™ collider. The current status of the
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7-LFV searches in B—factory experiments are summarized in Table 3. No evidence for these
decays is observed and we set 90% confidence level upper limits on the branching fractions at
the O(1078) level. The sensitivity for the LF'V search is 100 times improved in comparison with
CLEOQO’s one due to the effective BG rejection and increase of the data sample and achieves at the
level that limits the parameter-space of NP models such as minimal SUSY + seesaw mechanism.
In addition, a search for B® — ¢7, B — Kpur and Y(nS) — ur is also performed.

Hopefully, in the near future, we will learn from complementary studies at LHC and super
B—factories what NP is.

Table 3. List for the current upper limits for 7 LF'V decays with the analyzed luminosity at
BaBar, Belle and CLEO. Here, the symbols mean that f=e or pu, P° =n,7, or 7%, h = 7w or K
and VO = p0 K*, K_'*O, or ¢. The Belle’s result for 7 — h + A/A does not include KA and KA.
For 7 — £f((980), the upper limits are given for the product B(r — £f,(980)) x B(fo — n).

BaBar Belle CLEO
B(x1078) Lum.(fb=!) | B(x107®) Lum.(fb~!) | B(x1078)
T — pfe+ry 6.8/11 252 4.5/12 535 110/270
T — {+ PY 11-16 339 7-12 401 370-960
T —ule+ KO | 4.0/3.3 469 4.8/5.6 282 95/91
=0+ 0+ | 3.7-8.0 376 2.0-4.1 535 150-290
T—{+h+h"| 7.0-48 221 20-160 158 190-820
=0+ V0 0.8-18 451 5.9-13 543 200-750
T— ple+w 10/11 384 8.0/18 543 —
T—h+A/A 5.8-15 237 7.2-14 154 —
7 — ££5(980) — — 3.2—34 671 —
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