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We report on a search for the lepton-flavor-violating processes e

+ +

e~ — puT7" and ete” — eT77. The data

sample corresponds to an integrated luminosity of 211fb~! recorded by the BABAR experiment at the SLAC
PEP-II asymmetric-energy B Factory at a center-of-mass energy of /s = 10.58 GeV. We find no evidence for a
signal and set the 95% confidence level upper limits on the cross sections to be o,r < 4.6 b and cer < 10.1fb.
The ratios of the cross sections with respect to the dimuon cross section are measured to be o, /o, < 4.0 x 1076

and oer /o, < 8.9 x 107°.

1. INTRODUCTION

Within the Standard Model (SM), lepton-
flavor-conservation is not protected by an estab-
lished gauge principle. Extensions to the SM
which include our knowledge of neutrino masses
and mixing [1] predict lepton-flavor-violation
(LFV) in 7-decays at a level many orders of mag-
nitude below the current experimental sensitivity
(B(* — p*™y) ~ O(1077)) [2-5].

Searches for LF'V have primarily concentrated
on the decay of the lepton. Limits in a number
of muon decay channels have reached the 107! —
10712 level [4] while recent measurements of LFV
in tau decays have placed limits on the branching
fractions B(7* — p*v) < 6.8x107% and B(r* —
eTy) < 1.1 x 1077 [5] at the 90% confidence level
(CL).

1.1. Predictions and Experimental Status

There are theories that suggest lepton-flavor
can be conserved in lepton decay but still be
violated in production. Some of these mod-
els predict cross section ratios for channels such
as eTe” — u+7'7 and ete”™ — et7™ up to
01/ ~ O(1071) at center-of-mass (CM) ener-
gies /s = 10.58 GeV [6]. Experimental limits on
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LFV in production are considerably weaker than
for decay. At CM energies, /s = 29 GeV, there
are limits on the cross section ratios o, / Oup <
6.1x107% and 0., /0, < 1.8x1073 (95% CL) [7];
at /s = 92GeV, where ZY exchange dominates,
Our/ouy < 3.6 x 1074 and 0.7 /0y, < 2.9 x 1077
(95% CL) [4,8]. The best limits from searches at
LEP energies above the Z° peak are o, /0y, <
2.4x1072 and o¢r /o, < 2.9%x1072 (95% CL) for
the energy range /s = 200 — 209 GeV [9]. The
huge data sets accumulated by the B Factories
BABAR and BELLE are ideally suited to achieve
a new level of precision in these searches.

We present results on two modes of the pro-
cess ete™ — [T77, where [T is an electron or
muon and the 7~ decays either to 7~ 77 v,
(3-prong) or 7~ v, (1-prong). The analysis uses
data recorded by the BABAR detector at the
SLAC PEP-II asymmetric-energy eTe™ storage
rings. Inclusion of the charge-conjugate reaction
eTe™ — [~ 77 is assumed throughout this paper.
The data sample corresponds to an integrated lu-
minosity of £ = 211fb ™! recorded at a CM energy
of /s = 10.58 GeV.

2. DETECTOR AND SIMULATION

The BABAR detector is described in detail in
Ref. [10]. Charged particles are reconstructed
as tracks with a bH-layer silicon vertex tracker
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(SVT) and a 40-layer drift chamber (DCH) inside
a 1.5 T solenoidal magnet. Electrons and photons
are identified using an electromagnetic calorime-
ter (EMC). A ring-imaging Cherenkov detector
(DIRC) is used to identify charged hadrons and
provides additional electron identification infor-
mation. Muons are identified by an instrumented
magnetic flux return (IFR).

Monte Carlo (MC) simulation is used to eval-
uate the background contamination and selec-
tion efficiency. The simulated backgrounds are
also used to cross-check the selection optimization
procedure and for studies of systematic effects;
however, the final background yield estimation
relies solely on data. The signal ete™ — [T77
channels are simulated using EvtGen [11] in which
radiation is handled by the PHOTOS package [12]
to an accuracy better than 1%. The background
T-pair events are simulated using the KK2F MC
generator [13]. The 7 decays are modeled with
TAUOLA [14] according to measured rates with the
decay 7 — 7 7T 7w v, assuming an intermedi-
ate aj (1260) axial-vector state [4,15]. We also
generate light quark continuum events (eTe™ —
qd, ¢ = u,d,s), charm, dimuon, Bhabhas, BB
and two-photon events [11,16]. The detector re-
sponse is simulated with GEANT4 [17] and all simu-
lated events are reconstructed in the same manner
as data.

3. EVENT SELECTION

The signature of the signal process in the
CM frame is an isolated high-momentum muon
or electron recoiling against either one or three
charged pions and no neutral particles. The re-
constructed mass of the missing neutrino should
be consistent with a massless particle and the in-
variant mass of the recoiling pions and neutrino
consistent with that of the 7.

We search for events with zero total charge and
either two or four well-measured charged tracks
originating from near the eT™e™ interaction point.
All charged tracks must be isolated from neutral
energy deposits in the EMC and be within the
acceptance of the EMC, DIRC and IFR to ensure
good particle identification. One track must be
identified as either an electron or muon with a
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CM momentum greater than 4.68 GeV/c and no
other track identified as a kaon or lepton. Events
with converted photons are also rejected, where a
converted photon is defined to be a pair of oppo-
sitely charged tracks assumed to have the electron
mass and coming from a vertex with a combined
mass of less than 150 MeV/c?2.

In the CM system, the event topology must be
consistent with an e¥/u™ recoiling against the re-
maining tracks. We calculate the thrust axis [18]
using all the charged and neutral deposits in the
event and define two hemispheres with respect to
the plane normal to the thrust axis. The e /u™
and the other tracks are required to be in separate

hemispheres.
The 7 has a fixed CM energy and momentum:

2 24/ M
p; = VEP-M?
where M, and M; are the masses of the 7 and
et /ut, respectively [4]. We define the direction
of the 7 as opposite to that of the e¥/u™ and
assign it the momentum from Equation 1. The
CM four-momentum of the missing neutrino from
the 7 decay, p}, is defined as p} = pX — p%, where
pr is the sum of the CM four-momenta of the
pions. The reconstructed m, mass is defined to
bem, = /(E:+ | p; [)2— | px |2 where E} is the
CM energy of the pions.

The signal-background separation is mainly
performed by considering AFE, the difference be-
tween the e /u™ CM energy and /s/2, AE =
E; — \/s/2. Events are rejected if AFE is less
than —0.5GeV or greater than 0.2GeV. True
signal events will have AE ~ —0.15GeV while
ete” — uTu~ or ete™ — ete™ events will peak
at zero and eTe™ — 777~ background events
have large negative AE. The AFE resolution is
approximately 50 MeV.

3.1. Optimization of the Signal Selection
We use a number of kinematic variables to fur-
ther suppress backgrounds. The missing event
energy in the CM frame, E} .., is defined as the
difference between /s and the sum of the charged
track energies. It is distributed uniformly for

signal but peaks at zero or near +/s/2 for the
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most important backgrounds. The missing mass
squared, m2 . should be consistent with zero.
A requirement on the maximum neutral energy
cluster in the detector, F,, eliminates events with
neutral pions or photons [19]. A requirement on
the angle between the direction of the neutrino
and the beam axis in the CM system, cos*(6,),
ensures that the reconstructed neutrino direction
is within the detector acceptance to reject events
with significant radiation along the beam direc-
tion. The angle in the CM system between the
direction of the neutrino and the 7, 07, is used
to reject background events with a back-to-back
track topology such as dimuon and Bhabha pro-
duction. An event is accepted if it falls within
a two-dimensional region defined with respect to
m, and the et /p CM momentum, p;'. Events in
this region are then used in a maximum likelihood
fit to extract the signal yield.

Table 1
Selection criteria. Unless stated otherwise, iden-
tical criteria are used for both lepton flavors.

T—  artrTu, U,
Efi(um) (GeV)  0.015 — 3.23  0.65 — 4.55
Efi(em) (GeV)  0.015 —3.23  0.65 — 4.00
m2 . (GeV?/ct) < 0.56 < 0.65
E, (GeV) < 0.20 < 0.15
cos*(6,) -0.9-10.9 -0.9 — 0.7
0r, > 0.015 > 0.09
m, (GeV/c?) 1.6 — 2.0 1.6 — 2.0
p; (GeV/c) 4.90 — 5.32 5.02 — 5.32
e (ur) (%) 18.5 £+ 0.2 9.62 + 0.14
eMC(er) (%) 11.7 +£ 0.2 11.9 £ 0.2

The values of the selection criteria are shown
in Table 1. We optimize the selection sensitiv-
ity by defining a nominal signal box with a width
of three standard deviations in the reconstructed
m, and p;. The resolutions on m, and p; are
approximately 10 MeV/c? and 45 MeV/c, respec-
tively. The values of the selection criteria are cho-

sen to maximize the discriminant S/ v/B where S
is the number of MC signal events in the nom-
inal signal box and B is the number of data
events accepted outside this region but within
1.5 < m,; < 2.2GeV/c? and the p; boundaries
given in Table 1. As a cross-check, the proce-
dure was repeated using background MC within
the nominal signal box instead of data and this
produced consistent results. The signal MC re-
construction efficiencies and their statistical un-
certainties after the application of these selection
criteria are also shown in Table 1.

The backgrounds are dominated by eTe™ —
77~ decays where one 7 decays to an e™/u™
plus neutrinos and the other to either 7~ 7 7~ v,
or m~v,. Light quark continuum processes are
predicted to contribute significantly to ete™ —
putT=(t7 — 7 aTr"v;) only and events from
ete™ — pTp~ are only present in ete™ —
ptr=(r— — 7 v.). Charm and BB back-
grounds are eliminated by the track multiplicity
and AF requirements and all other backgrounds
are negligible. As a validation check, we compare
the predicted MC background levels and distri-
butions of the variables from Table 1 to the data
in the region outside the nominal signal box and
find that they are in agreement.

4. SIGNAL YIELD EXTRACTION

An extended unbinned maximum likelihood
(ML) fit to the variables m, and p; is used to ex-
tract the total number of signal and background
events separately for each mode. The likelihood
function is:

e Zj n; N
L=—x7 11> niPi@) (2)
T

where n; is the yield of events of hypothesis
j (signal or background) and N is the number
of events in the sample. The individual back-
ground components comprise ete” — 77T,
ete”™ — putp~(y) and light quark continuum de-
cay modes. P;(&;) is the corresponding proba-
bility density function (PDF), evaluated with the
variables Z; = {m, p;} for the ith event. For the
signal, we use double Crystal Ball functions [20]



for both m, and pj. Due to correlations between
m, and p] for non-signal events, we use a two-
dimensional non-parametric PDF obtained from
MC [21] for the backgrounds. In the maximum
likelihood fit to the data, the parameters of the
PDFs are fixed to the values determined from MC
and only the signal and the background compo-
nent yields are allowed to float.

We test the fitting procedure before unblind-
ing the yields by fitting the data with the back-
ground PDFs only and allowing the yields of the
MC background components to float. A varying
number of signal MC events are then embedded
in the background distributions and the full fit
performed a number of times. The distribution
of fitted signal yields is centered on the number
of embedded signal events, showing that the fits
are unbiased. We also perform fits where the rel-
ative yields of the MC background components
are changed and confirm that changes in the ra-
tio of the individual background MC components
do not bias the fitted signal yield.

As a validation check, we extrapolate the fit-
ted background PDFs from the region outside
the nominal signal region into the nominal sig-
nal region. We predict 193 & 9 and 112 + 7
events for the 3-prong 7 decay eTe™ — uT7~ and
ete™ — eT7~ channels. For the 1-prong 7 decay
ete™ — pT7~ and ete™ — et~ reactions, we
obtain 143 + 7 and 90 + 6 events respectively. All
uncertainties are statistical only, and the number
of data events in the same region is 202, 128, 154
and 75 respectively.

From the reconstructed MC efficiency, we can
estimate the expected number of background
events and compare to the result of the ML fit.
For eTe™ — 7777, the predicted background in
the fitted region is 750+43 and 414441 events for
the 3-prong 7 decay ete™ — pT7~ and ete™ —
et~ channels. The MC prediction for the 1-
prong 7 decay ete™ — uT7~ and eTe” — etr™
channels is 494 +40 and 319 £45 events. The ML
fit returns 775+19, 518441, 385+ 35 and 331418
events respectively. The dimuon background to
ete™ — utr= (1t~ — 7 v,) is predicted to be
114 + 38 events from MC and is measured to be
189430. The light continuum cross section is not
well known but the MC predicts 119424 and 19+
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9 events for ete™ — ut77 (77 — 7wt V)
and ete™ — eT77 (77 — w rtaTv,) respec-
tively, with 129 + 40 and 18 4+ 35 measured by
the ML fit.

The main sources of systematic uncertainties
come from uncertainties in the reconstruction, the
7~ — 7 a7 v, decay mechanism and the fit
procedure. A relative systematic uncertainty of
0.8% is applied for the reconstruction efficiency
added linearly for each charged track. A relative
systematic uncertainty of 1.0% added linearly for
each charged pion track and 1.3% for each e /™
is applied to account for differences in MC and
data particle identification efficiencies.

A possible non-axial-vector decay mechanism
for the decay 7~ — m~ 77~ v, is not completely
ruled out by current measurements [4]. To esti-
mate this effect, the signal MC events are gener-
ated with 90% axial-vector and 10% phase-space
decays and the difference in the reconstruction
efficiency compared to 100% aj (1260) decays ap-
plied as a systematic. This introduces a relative
systematic uncertainty of 3.2%.

The largest systematic uncertainties come from
the variation of the PDF fit parameters within
their fitted uncertainties and from varying the
selection criteria by their expected resolution.
The two-dimensional non-parametric background
PDF's show small structures that depend on MC
statistics and the value of the smoothing param-
eter [21] used. By varying the smoothing param-
eter, using different functional forms and vary-
ing the fitted parameters within their uncertain-
ties, we derive a systematic uncertainties of ~ 0.5
events. Repeating the analysis with the selec-
tion cuts varied by the resolution on the selection
variables introduces an uncertainty of 2.5 to 4.4
events associated with scale and resolution un-
certainties of these variables and a small contri-
bution from the beam energy uncertainty. The
total systematic uncertainty is between 2.6 and
4.4 events and our final limit on the cross sec-
tions is dominated by the statistical error which
is of the order of 10 events.
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Figure 1. Reconstructed distributions of the fit variables for ete™ — pu*7~

5. 5.3
g; (GeVic)

candidates: a) m, and b) p

for 7= — 777" v,; and ¢) m, and d) pj, for 77 — 7~ v, The projection of the ML fit (solid black
line) hides the background component (dotted red line). The projection of the few signal events is shown

on the horizontal axis as a dashed blue line.

5. RESULTS

The m, and p; distributions for the modes are
shown in Figures 1 and 2. The projection of the
signal PDF is shown as the dashed blue line, the
background PDFs as the dotted red line and the
total PDF as the solid black line. The central
value of the cross section for eTe™ — [T77 is
given by 0 = N/nel where N is the number
of signal events, n the signal reconstruction ef-
ficiency and € is the 7= — 7~ 7nTn vy or 77 —
m~ v, branching fraction. The measurements are
not statistically different from the null hypothesis
and we obtain 95% CL upper limits by finding the
maximum number of signal events N such that
the integral of the total likelihood function is 95%
of the total integral. From MC studies [13], the
total cross section of the process ete™ — ptpu~
at /s = 10.58 GeV is 0, = (1.13 £0.02) nb and
we use this to calculate 95% CL upper limits on
the ratio of the cross sections with respect to the

dimuon cross section. The central values of the
signal yields from the maximum likelihood fit and
the upper limits on the cross sections and cross
section ratios are given in Table 2.

We combine the 7= — 7~ 7nt7n v, and 7~ —
7~ v, decays and calculate 95% CL upper limits
on the cross sections of < 4.6 fb for ete™ — pT7~
and < 10.1fb for ete~ The 95%
CL upper limits on the ratios of the cross sec-
tions with respect to the dimuon cross section
are calculated to be 0,;/0,, < 4.0 x 107% and
Oer[opup < 8.9 x 1076,

In conclusion, we have performed the first
search at a CM energy of /s = 10.58 GeV of
the lepton-flavor-violating production processes
ete™ — ptr™ and eTe™ using the
BABAR detector. No statistically significant sig-
nal events were observed in any of the decay
modes. 95% CL upper limits have been placed on
the cross sections and ratios of cross sections to
the dimuon cross section to form the most strin-

— etr™.

et
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Figure 2. Reconstructed distributions of the fit variables for ete™ — et7~ candidates: a) m, and b)
p: for 7 — 7wt v, and ¢) m, and d) pf for 77 — 7 v, The solid black line is the projection of
the ML fit and the dotted red line is the background component. The projection of the signal events is
shown on the horizontal axis as a dashed blue line.

Table 2

Results for the signal yields, cross sections and ratios of cross sections to the dimuon cross section. The
first uncertainty is statistical and the second systematic.

ete™ — putr™ ete™ —etr™
T — 7r’7r+7r’1/7 T — T Vs T — 7T77T+7T71/T T — T Vs
Total Events 905 575 537 332
Signal Events -14 £99 +£ 26 19 £+ 10.1 £44 159 £+ 10.3 £ 2.7 10.7 £ 88 + 2.7
Olr (fb) —04 £26 £ 07 09+ 45+ 2.0 65+ 42 £ 1.1 39 £32+1.0
oir (95% CL) (1b) <5.9 <114 < 14.8 <11.1
oir /o (95% CL) < 5.2x 1076 < 10.1 x 10~ < 13.1x 1076 < 9.8x 1076
gent limits on eTe™ — pT7~ and ete™ — et 7™ Phys. Rev. Lett. 81, 1562 (1998); Q. R. Ah-
measured so far. mad et al., SNO Collaboration, Phys. Rev.
Lett. 89, 011301 (2002).
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