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Abstract

We have searched for the lepton-flavor-violating decay ey using a data sample of 86.7 b collected with the Belle
detector at the KEKB asymmetrie e~ collider. No evidence for a signal is obtained, and we set an upper limit for the
branching fractior3(r — ey) < 3.9 x 10~7 at the 90% C.L.
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1. Introduction

Lepton-flavor-violating (LFV) processes are good
probes of physics beyond the Standard Model (SM).
For instance, in some supersymmetric models, off-

which oner (signal side) decays tey and the other
(tag side) decays to a non-electron charged particle
(denoted hereafter a4, neutrino(s) and any number
of photons.

The selection criteria are determined by studying

diagonal components of the left-handed slepton massMonte Carlo (MC) simulations for signatpair decay

matrix, m ;, could radiatively induce LFV such as in
7 — u(e)y andu — ey decaydq1l,2]. In general, the

branching fractiol5(r — py) is expected to be larger
than B(t — ey), since the mixing between the third

and background (BG) events, such as genefair
decay ¢*77), ¢g continuum,BB, Bhabha,u® ™,
and two-photon even{d1]. The KORALB/TAUOLA
[14] and QQ[15] generators are used for event gener-

and second families is typically assumed to be stronger ation, and the Belle detector response is simulated by

than that between the third and first families. However,
if the first and third families couple more strongly,
for instance, due to an inverted hierarchy of slepton
masses, thel8(t — ey) could exceed3(t — uy)
and might be detectablg]. Values of B(t — ey)
which can exceed that fd(z — wy) are also pre-
dicted in the models with heavy Dirac neutrirdss].
Thus, a study of both — ey andt — uy decays is

a GEANT3[16] based program. The two-body decay
T — ey isinitially assumed to have a uniform angular
distribution in ther lepton’s rest system.

The selection criteria are similar to those used in the
T — py search11]. Kinematic variables with a CM
superscript are calculated in the center-of-mass frame;
all other variables are calculated in the laboratory
frame. Before electron identification, all the charged

essential not only to search for new physics but also to tracks are assumed to be pions. Each track is required

further examine lepton flavor structure.

The decayr — ey has been searched for, along
with T — uy, by MARK Il [6], Crystal Ball[7],
ARGUS [8], DELPHI [9], and CLEO[10], among
which CLEO has set the most sensitive upper limit of
B(t — ey) <2.7x 106 at 90% C.L.

to have momentump®™ < 4.5 GeV/c and momentum
transverse to thet beamp, > 0.1 GeV/c, the for-
mer requirement being imposed to avoid Bhabha and
w ™ contamination. We require that the enegy

of each photon exceed 0.1 GeV. In addition, we also
require the total energy measured in the CsI(Tl) elec-

Recently the Belle Collaboration performed a search tromagnetic calorimeter (ECLEEgcL, to be less than

for the LFV decayr — uy [11]. Here we present
a new search for the decay— ey based on data
samples of 77.7 fol and 9.0 fo'l, collected at the

T (4S) resonance and in the continuum 60 MeV be-
low the resonance, respectively, equivalent in total to
77.3 x 10° ¢+t~ pairs. The data were collected with
the Belle detector at the KEKB asymmeteite™ col-
lider [12]. A description of the detector can be found
in Ref.[13].

2. Data selection

We search for events containing exactly two op-

9 GeV in order to suppress background from Bhabha
events.

The tracks and photons must be detected within the
detector’s fiducial volume-0.866 < cosf < 0.956,
but outside the barrel-endcap gaps defined.Bg @<
cosf < 0.880 and—0.716 < cos¥ < —0.602. Herep
is the polar angle with respect to the direction opposite
to the e™ beam. Identification of electrons is per-
formed using an electron likelihood ratig@,, which
is based on thdE/dx information from the central
drift chamber (CDC), the ratio of the energy deposited
in the ECL to the momentum measured by both the
CDC and the silicon vertex detector (SVD), the shower
shape in the ECL, the hit information from the aero-

positely-charged tracks and at least one photon. Thegel Cherenkov counter, and time-of-flight measure-

events should be consistent withw&t~ event in

ments[17].
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Fig. 1. (a) Energy distribution of the signal candidate photon. (b&ﬁ%distribution. (c)Eé:u"('n distributions. The open histogram is the sum of
backgrounds from generict t~, ¢4 (uds) continuum, Bhabha, .~ and two-photon processes evaluated from MC simulation. Dots indicate
the data distribution, and the shaded histogram is the signal MC distribution. Electron identification requirements were applied for these figures.

The electron track that forms a — ey candi- the momentum and cosine of the polar angle of the
date (hereafter denoted &sy)) is required to have  missing particle are impose@miss > 0.4 GeV/c and
an e likelihood ratio £, > 0.90 and a momentum  —0.866 < COS9miss < 0.956. To removertt~ BG

p > 1.0 GeV/c. This requirement has an efficiency events, we apply a requirement on the opening angle
of (934 3)% in the barrel and forward detector and between the tagging track and the missing particle of
(76 + 7)% in the backward detector because of the 0.4 < cos&r%i'\é'w <0.99.
additional material. On the tag side, tpdrack is re- The upper bound on Cﬁﬁi'\élw is introduced to re-
quired to havel, < 0.1. The fractiony of electrons ject radiative Bhabha events in which one of the elec-
with £, < 0.1 is measured to b@+3)% in the barrel  trons forms antey) candidate with a radiated photon
and forward detector and.3+ 5)% in the backward  and the electron on the tag side is misidentified as the
detector forp > 1.0 GeV/c. ¢ due to the electron identification inefficiency. By an-
The photon that forms af@y ) candidate is required  alyzing a Bhabha data sample, a large portion of such
to have £, > 0.5 GeV in order to reduce spurious events is found to have a very small opening angle,

combinations of a low-energy with an electron, see cosgn(ii'\élw ~ 1, and a polar angle peaking strongly for-

Fig. 1(a). . . ward, co, > 0.8. Fig. Xa) shows the casiil, .
A requirement on the cosine of the opening an- gistriputions with tag given by or e for ¢(ey) or
gle between the andy of the (ey) candidate, B < e(ey) modes, respectively, in the actual Bhabha data

cosiSM < 0.8, is particularly powerful in rejecting the samples, and the signal and genericr— MC data.
generict ™t~ BG events (se€ig. (b)). The events  Fig. 2(b) and (c) present the cégg distribution for

in Fig. 1(b) that peak at cag- ~ 1, arise from  4(ey) ande(ey) Bhabha data samples, respectively.
electrons that radiate a photon when they interact in The requirement, C(ﬂﬂ\élgtag < 0.99, reduces(ey)

the SVD or in materials around it. The requirement gnd e(ey) candidates that originate from radiative
EGM < 9.0 GeV is imposed to reject Bhabha and Bhabhas by 73% and 45%, respectively, while only
w* e production, whereEG), is defined as the sum  slightly affecting the signal (97%) and genetitt~

of the energies of the two charged tracks and the pho- (99%) events.

ton composing theey), seeFig. 1(c). The opening Finally, a condition is imposed on the relation be-
angle between the two tracks in the laboratory frame tween ppiss and the mass-squared of a missing par-
is required to be greater than®0 ticle, m2,. The latter is defined a&2, . — pZ;.s

We define pmiss as the residual momentum vec- where Enss is 11.5 GeV (the sum of the beam en-
tor calculated by subtracting the vector sum of all ergies) minus the sum of all visible energy and is
visible momenta (of both tracks and photons) from calculated assuming the electron (pion) mass for the
the vector sum of the beam momenta. Constraints on charged track on the signal (tag) side. We require
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Fig. 2. () co@rﬁi'\é'ﬂag distribution. Forg¢-tagged events, the distributions of signal MC (histogram), genefic~ MC (boxes), and¢(ey)

data sample (open circles) are shown. Bdagged events, the distribution fetey) data (closed circles) are also plotted. All requirements
except the one for caﬂ‘é’s_tag are applied. (b) ca% and (c) co®, distributions. These are polar angle distributions of the tag side track
for ¢(ey) ande(ey) data, respectively, where the solid histogram is for the events witﬂ%ﬁgag > 0.99 and the dotted histogram is for

0.4 < cos@r%’\é'gtag < 0.99 (tagged by or ¢).

Pmiss > —5 (c3/GeV) x me. . — 1 (GeV/c¢) and to the beam energy in the CM frame, i.&\F =

miss

pmiss > 15 (c3/GeV) x m2, . — 1 (GeV/c), where  ESM — Egld =~ 0. When deciding on our selection
PmissiS in GeV/c andmmissis in GeV/c? (seeFig. 3. criteria, we excluded the signal regior® GeV/c? <

With this cut, 98% of the generie™t~ and 97% of Miny < 1.85 GeV/c? so as not to bias our choice of cri-
the ete™y backgrounds are removed, while 69% of teria (a “blind” analysis). Only after all requirements
the signal events remain. In addition, most of the re- were finalized and the number of BG events estimated
maining BB, continuum, and two-photon events are did we include this region and count the number of
rejected by this requirement. signal events.

After these selection requirements, 224 events re-
main in the data, about 3 times fewer than in the
7 — py case. Since the inefficiency of electron iden- 3. Results
tification is much smaller than that of the muon, the
Bhabha BG is strongly suppressed in spite of its much 3.1. Background evaluation
larger cross-section than that efe™ — putu=y.

The t — ey detection efficiency is evaluated by MC To analyze the BG distributions, we define a region,
to be 7.29%, about 40% smaller than thatoef ny, named “grand signal region™-0.5 GeV < AE <
mostly because of thEgc, requirement. 0.5 GeV and 15 GeV/c? < Min, < 2.0 GeV/c?, con-

True signal events will have an invariant mass taining 90% of signal MC events passing all previous
(Miny) close to ther lepton mass and an energy close requirements.



Belle Collaboration / Physics Letters B 613 (2005) 20-28 25

.................
uuuuuuuuuuuuuuuuu
..............

oooooo
coopooeDOOOODOOOO,

.....
/u\ =es«eescgooonoo00odO000000)
= taceecasalonsapon oooo00o0000000g
> +-- slec.opooooo0oooo0O0o0O0
=== .| o-opoo000oo000ooodooo;
o | -i-pOoguoscecsciieiiiiiif | aaiiaan b = o ofooooo0ooo00000000)
U « ses oefen oooo0o0
uuuuuuuu
| ---pOfooccsssseseeeaeadl | e e
@
» | .. ..hOpccoccssseeeeeaaaaf | Ll
£
B [5] oooooog
o ofJo0ooOodoo
o odooooOooOooooao
ofe ODOecooOoOccnenaa
(b) uuuuuuuuu Oosocmoosss
|

mZ,, (GeV’/c') m?, (GeV’/c!)

Fig. 3. Event distribution in thmﬁqiss—pmiSS plane for (a) signal and (b) generi¢ z— MCs. The events within the two lines are accepted in
the analysis.

The resolution imA E andMj,y is evaluated by MC: The Mi,, and AE shapes of both types of BG
an asymmetric Gaussian reproduces the dominant partevents are empirically reproduced by a combination
of the signal MC distribution with of Landau and Gaussian functions.

Forztz ™y,

oM _ (84.8+1.2)/(36.0+ 0.9) MeV,
low/high 2 N (Miny, AE)
oMM = (2574 0.3)/(14.3+ 0.2) MeV/c2, (Miny) exp{ —(52—)°]
Inv a inv -
V2uy

Wherecr""W/highl means the standard deviation at the for AE > AE" (Miny).
lower/higher side of the peak. The peak positions are = P 1)
—6.2+ 1.0 MeV and 1778 + 0.2 MeV/c? for AE a(Minv) exp[5 + 3{ £ —exp(£)}]
and Miny, _respectlvely. . B for AE < AE{,;gk(va),
A dominant source of BG is the processe™ —
Tt~ y, in which the photon is radiated from the ini- and forete™y,
tial state: an(ey) candidate is formed by the electron v
from the t — evi decay and the initial state radia- N°” (Minv, AE)

tion photon, while the tag side decays generically = b(Miny)
via a one-prong mode but not to an electron. From 1 1( B B
a 174 fb! sample of MCt+t~y events we find X exp[é + E{m _eXp<ﬁ>H
NT" =60.8+5.5 events in the “grand signal region”. ey / /
The contribution from the proceséy was de- for AE 2 AE, oo Minv). (2)
scribed above and is evaluated AH$¢Y = xkN¢, .
wherex = /(1 — ). From the datavee” is found to Here o = AE — AEpegk(Mi”V) and f = AE —

be 680+ 8.2 events and: is estimated to be. 06+ A EpeqdMinv), Where A Epeay denotes the peak posi-

0.03 from both the Bhabha data and MC samples tak- ion in terms ofcMiny + d for individual BGs. The pa-

ing into account the momentum dependence based Onrameters?r, b,c.d, v andayn are dite_rmmed from

the momentum distribution of the signal MC events. MC for t 7y and from data for the™e™y.

Thus, we haveV¢?” = 4.3+ 2.0 events. The BG distribution can then be represented by the
From the MC simulation, no other process is ex- Sum of the two BG components above as

pected to contribute to the background. Therefore, the : TV g

expected BG in the “grand signal region” is.65- 5.9 Nee(Minv, AE) = N" (Minv, AE)

events. + Kk NV (Miny, AE). (3)
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tion for signal MC is the shaded curve. See the text for more detail.
(b) Miny vs. AE distributions for the data (dots) and signal MC
(shaded boxes). The50 region is indicated by the dashed rectan-

gle.

Fig. 4@a) compares theAE distribution in the
1.70 GeV/c? < Min, < 1.82 GeV/c? (+30y,,) re-
gion for BG events expected from E(B) (the solid
curve) and the events obtained by interpolating the
data distribution from both sidebands53 GeV/c¢? <
Miny < 1.68 GeV/c? and 185 GeV/c? < Miny <
2.0 GeV/c? (the open histogram). Good agreement
between them is observed.

3.2. Upper limit for B(t — ey)

After opening the blinded region, we find theF
and M., vs. AE distributions that are shown in
Fig. 4(a) and (b), respectively. The number of surviv-
ing data events in the “grand signal region” is 60, in
good agreement with the expected BG contribution of
65.1+ 5.9 events.

Belle Collaboration / Physics Letters B 613 (2005) 2028

In order to extract the number of signal events from
the surviving sample, we apply an unbinned extended
maximum likelihood fit with the likelihood function
defined as

N

[ [sSi +bBy).

i=1

ef(erb)

ﬁ:
N!

4

where N is the number of observed eventsand b

are free parameters representing the numbers of sig-
nal and BG events to be extracted, respectively, and
S;i=SMP AED) andB; = B(MY) AED) are the
signal and BG probability density functions for tié
event. The functioB(Mjny, AE) is taken from Eq(3)
while S(Miny, AE) is obtained by generating 48ig-

nal MC events.

We apply this fit fors andb to a £50 region in
Miny and AE: 1.65 GeV/c? < Miny < 1.85 GeV/c?
and—0.43 GeV< AE < 0.17 GeV. There are a total
of 20 events in this region while Zb+ 0.3 events are
expected from Eq(3), and, whens is constrained to
be non-negative, the fit finds= 0 andb = 20.0.

To calculate the upper limit, Monte Carlo samples
are generated by fixing the expected number of BG
events {) to the valueb = 20. For every assumed ex-
pected number of signal eventg),(10000 samples
are generated, for each of which the numbers of sig-
nal and BG events are determined by Poisson statistics
with means’ andb, respectively. We then assigtiny
and A E values to these events according to their den-
sity distributions. An unbinned maximum likelihood
fit is performed for every sample to extract the num-
ber of signal eventssf©). The confidence level for
an assumed is defined as the fraction of the samples
whosesMC exceeds. This procedure is repeated un-
til we find the value of (5g90) that gives a 90% chance
of sMC being larger than.

The resulting upper limit at 90% C.L. 39 = 3.75
events. An upper limit on the branching fraction is ob-
tained via the formula:

590
2¢N;;’

B(t —ey) < (5)
where N, is the total number ot-pairs produced,
and e is the detection efficiency in th&-50 region.
Inserting the valued/,, = 77.3 x 10° ande = 6.37%
givesB(t — ey) <3.8x 107",



Belle Collaboration / Physics Letters B 613 (2005) 2028 27

3.3. Systematic uncertainties actions are assumed; no statistically significant differ-
ence in theM;,,—AE distribution or in the efficiency
Systematic uncertainties afyg are evaluated by is found compared to the case of the uniform distrib-
varying all parameters of the BG probability den- ution. Therefore, systematic uncertainties due to these

sity function. The fractions oN™*" (M., AE) and effects are neglected in the upper limit evaluation.
N (Miny, AE) in Eq. (3) are varied by+20% and The incorporation of all systematic uncertainties in-
+100%, respectively, about double their estimated un- creases the upper limit by 2.1%. As a result, the upper
certainties. As a resulf§gp varies by +0.01/—0.00 limit on the branching fraction is

and+0.01/-0.02 events, respectively. The functional

form of the BG spectra is scaled by 1.15 or 0.90 B(t —ey) <39x 107" at90% C.L. (6)

times for NV (Miny, AE) and by 1.3 or 0.6 times
for N¢Y(Min, AE), and their centers are shifted
by +0.01/—0.015 GeV forN'* (Mjny, AE) and by 4. Summary
+0.1 GeV for N¢Y (M, AE), all changes cor-
responding to the estimated errors of the involved  This result improves the sensitivity to the branch-
parameters. The shift of the central value for the ing fraction by approximately one order of magni-
NTY (Miny, AE) spectrum yields the largest effect of tude compared to previous measurements. Despite a
+0.07/-0.13 events, and the overall systematic uncer- smaller detection efficiency comparedite> uy, the
tainty increasing the upper limit 6o is evaluated as  superior BG rejection for electrons allows us to reach a
+0.07 events. The stability of the result for the fit re- sensitivity fort — ey that is comparable to — .
gion is examined by extending th¥i,—AE region
from +40 to £80: no appreciable difference in the
upper limit is found. Acknowledgements
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tainty in the efficiency is assumed to have a Gaussian Foundation; the Polish State Committee for Scientific
distribution. Research under contract No. 2P03B 01324; the Min-
While the angular distribution of the — ey de- istry of Science and Technology of the Russian Fed-
cay is assumed to be uniform in this analysis, it is eration; the Ministry of Education, Science and Sport
sensitive to the LFV interaction structuf@9], and of the Republic of Slovenia; the Swiss National Sci-
spin correlations between the leptons on the sig-  ence Foundation; the National Science Council and the
nal and tag sides must be considered. To evaluate theMinistry of Education of Taiwan; and the US Depart-
maximum possible variatiory — A andV + A inter- ment of Energy.
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