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Search for Neutrinoless Decays of the Tau Lepton
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A search for lepton flavor violating decays of the tau into either three charged leptons or one charged
lepton and two charged hadrons was performed using 2.05 fb ' of data collected by the CLEO-II
experiment at the Cornell Electron Storage Ring. The upper limits obtained for 2 decay branching
fractions are several times more stringent than those set previously.
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PACS numbers: 13.35.Dx, 11.30.Fs

There is no fundamental motivation for lepton fla-
vor conservation in the standard model since there is no
symmetry associated with lepton family number. There-
fore, searches for the lepton flavor changing processes
probe basic assumptions of the theory. Many extensions
of the standard model predict lepton flavor violation;
these extensions are constrained by strict limits on neu-
trinoless muon decays: 9(p, ~ ey) &4.9 X 10 " and

9(p, ~ eee) & 2.4 X 10 '2 at 90% C.L. [1]. In some of
the models there is an enhancement of the rate of neutri-
noless tau decays due to mass-dependent couplings of the
proposed new physics processes. This has been empha-
sized in recent studies of left-right symmetric [2], super-
string [3], and other [4] models.

The most restrictive limits so far for neutrinoless tau
decays into three charged particles were published by the
ARGUS [5] and CLEO [6] collaborations. A search for
the decay r p, y using CLEO-II data has also been
published [7]. In this Letter we present the results of a
search for tau decays into three charged leptons:

~ e e+e, 7 ~e e p, +,

~ e e+p, 7 ~ e p+p,

7 «e P P, 7 ~P P P
together with a search for tau decays into one charged
lepton and two charged hadrons (pions or kaons):

~e m. m. , 7 ~ p, m+m

7 ~e m K+,

~ e m+E

~ e+m. m.

7 ~ P 7T EC

7 ~P 7T E
7 ~ P 7T 7T

e+m K, 7 p+m E
We also search for tau decays into one charged lepton
and a neutral meson which decays subsequently into two
charged hadrons:

7 ~ e p ~ p p,
e K*', ~ p, EC*,

—e SC*', 7 P, SC*'.

Charge conjugate reactions are also searched for in all 22
channels.

The data used in this analysis were collected with
the CLEO-II detector at the Cornell Electron Storage
Ring (CESR). A detailed description of the apparatus
can be found in Ref. [8]. Tau leptons were produced in
pairs in e+e collisions. About 60% of the events were
obtained at the Y(4$) and Y(1$) resonances, while the rest
were obtained at energies approximately 60 MeV below
the resonances. The data correspond to an integrated
luminosity of 2.05 fb ', and the number of produced tau
pairs, N„, is about 1.87 X 10 .

We search for events where one 7 decays into
a single charged particle (1-prong decay) and the
other r decays into three charged particles (3-prong
decay). The 3-prong decay is a signal candidate, and the
1-prong decay is an allowed 7 decay with one charged
particle, zero or more photons, and at least one neutrino
in the final state. For each candidate event we require
four well-reconstructed tracks of charged particles with
zero total charge. At CLEO-II center-of-mass energies
each tau lepton has sufficient boost to render its daughter
particles well separated from those of the other tau, so we
select candidate events in a 1-vs-3 topology. The event
topology is determined by defining a plane perpendicular
to each momentum vector and counting tracks on either
side of the plane. Events with no track separated by more
than 90' from all other tracks are rejected. In ambiguous
cases, where more than one such track exists, the event
topology is selected by choosing the solution with the
maximum angle between the 1-prong track momentum
vector and the sum of momenta on the 3-prong side.
Finally, events with more than one photon candidate in
the 3-prong hemisphere with energy larger than 60 MeV
are rejected.

Substantial background suppression comes from the
lepton identification on the 3-prong side. The particle
identification requirements used to select electron and
muon candidates in purely leptonic channels are not
very stringent. A particle is identified as an electron by
requiring that the energy deposited by the particle in the
CsI calorimeter, E, does not differ from its measured
momentum, p, by more than 20%: 0.8 & F/p & 1.2.
A particle is identified as a muon if it passes through
more than three hadronic absorption lengths of the muon
system and if the energy of the associated signal in the
calorimeter is compatible with that expected for a mini-
mum ionizing particle, 0.1 ~ E & 0.5 GeV. If there are
already two positively identified leptons on the 3-prong
side, the muon identification requirements are relaxed to
increase the selection efficiency. In such cases, the third
particle is considered a muon candidate if it is not already
identified as an electron, it has momentum below the
threshold for effective muon detection, p & 1.5 GeV/c,
and its energy deposit in the calorimeter is compatible
with that of a minimum ionizing particle.

Channels containing a lepton and two hadrons in their
final state suffer from a large background from copious
tau decays into three pions and a neutrino, where one
of the pions is misidentified as an electron or a muon.
In such channels more restrictive criteria are used for
lepton identification: an electron candidate is required to
have 0.9 ( E/p ( 1.05, and ionization energy loss and
time-of-flight measurements for this candidate must be
consistent with the electron hypothesis whenever these
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measurements are available. Stricter muon identification
is obtained by demanding that the penetration depth
exceeds five absorption lengths.

We do not require unambiguous particle identification
for hadrons. For kaon candidates we impose loose criteria
on ionization energy loss and time-of-flight measurements

by requiring them to be within 2.5 standard deviations of
their expected values. We try all possible permutations
of kaons and pions for all charged particles which are not
identified as leptons to calculate kinematic parameters for
tau decays into one charged lepton and two hadrons in

the final state. Thus, a single event can be a candidate
for more than one final state. We avoid counting the
same event twice in r ~ l+mEc. hannels (I stands
for e or p, ) by choosing the permutation with the 3-prong
invariant mass closest to the tau mass. In the
led channels, where 94 represents neutral meson p",
K*, or K*", we require the two-hadron invariant mass
to be consistent with that of the corresponding meson:
M - — & 1.2 GeV/c and 0.7 ~ M~=~- ~ 1.1 GeV/c-.

The dominant background remaining after the applica-
tion of the event topology and particle identification crite-
ria is due to photon conversions in radiative Bhabha and
muon pair events. This background is reduced by allow-

ing at most one charged particle with momentum greater
than 0.85 of the beam momentum and requiring the invari-
ant mass of two oppositely charged particles, M, , —, to
be above 150 MeV/c, assuming electron masses for each
particle. The remaining backgrounds are due to 2-photon
processes, low multiplicity e+e qq events, beam-gas
events, and 7 decays into three hadrons and a neutrino
where at least one hadron is misidentified as a lepton.
In signal events there will be either one or two neutri-
nos on the 1-prong side which can result in a large total
transverse momentum with respect to the beam direction,
pT. In contrast, two-photon background has a character-
istically low value of the transverse momentum. We re-

duce two-photon background contributions by requiring

PT & 0.2 GeV/c. Events with neutrino emission from the

1-prong tau decay should exhibit a substantial acollinear-

ity between the direction of the sum of the charged par-
ticles' momenta in the 3-prong hemisphere of the event
and the 1-prong momentum. The data, however, show a

pronounced peak near zero acollinearity angle. This back-
ground can be eliminated by requiring the acollinearity to
be greater than 3'. Finally, in the rest frame of a 1-prong
tau each of its decay products must have momentum less
than half of the ~ mass. The boost parameters from the

laboratory to the tau rest frame are obtained by summing
the four-momenta of the 3-prong side particles which for
neutrinoless decays define the tau direction and energy.
Neglecting radiative effects, the other 7- in the event has
an opposite momentum vector. The requirement that the
1-prong momentum in the parent tau rest frame be less
than 1 GeV/c considerably reduces the background. All

of the above requirements do not significantly affect the

efficiency of event selection. This is illustrated in Fig. l.
where the kinematical distributions for selected events in

all channels are compared with the Monte Carlo expecta-
tions for the neutrinoless decay ~ p e

The efficiencies of the selection criteria are estimated
using 10000 Monte Carlo events of each neutrinoless
decay channel. The KORALB/TAUOLA program package
[9] was used to simulate the tau-pair production and the

decay of the 1-prong tau. Neutrinoless tau decays into
three particles are assumed to follow a 3-body phase space
distribution, and decays into one charged lepton and one
neutral meson are generated according to a 2-body phase
space. The means and widths of the Breit-Wigner shapes
of the meson's mass distributions are taken from the
Particle Data Group [l], and the subsequent meson decays
and decays of the opposite tau are generated according to
their branching fractions. Detector signals are simulated
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FIG. 1. Kinematical distributions used in the event selection
for the data and Monte Carlo (Mc) events. The area of the
Monte Carlo distributions is normalized to that of the data over
the total range of corresponding variables: (a) invariant mass
of two oppositely charged particles assumed to be electrons,
M, -„-, (b) total transverse momentum of all charged particles
in the event, pT, (c) acollinearity angle between the vector sum
of the 3-prong momenta and the 1-prong direction, A, and (d) 1-

prong particle momentum after its boost to the rest system of
the parent tau, ppppsTpp.
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TABLE I. The detection efficiencies, e, and upper limits for
the branching fractions at 90% C.L., 9, together with the most
restrictive limits from previous experiments [1,5].

Decay
channel e (%)

9 (in units of 10 ')
Previous This analysis

T

T

7

7

'T

j
7

7

r
T

T

~ e e+e
p, e e

~ p, +e e~ e p p
e+p p,

p p p
e

~e n K+
~e m K~ e+n

e+m K~ p, 7T 7T

~p, m K+
~ p, m+K
~ P, 77 77

p, +m K
~e p

e K*'
e K'
p p~ p K
p, K*'

20.4
19.6
19.9
18.8
19.4
15.9
15.5
14.6
14.9
15.5
15.1
9.1

7.4
7.8
9.8
7.7

16.2
10.7
10.5
11.9
7.2
7.8

13
14
14
19
16
17
27
58
29
17
20
36
77
77
39
40
19
38

29
45

3.3
3.4
3.4
3.6
3.5
4.3
4.4
4.6
7.7
4.4
4.5
7.4

15
8.7
6.9

20
4.2
6.3

11
5.7
9.4
8.7

by the standard CLEO-II simulation program [10]. The
selection efficiencies obtained are summarized in Table I.

For a neutrinoless r decay the total energy measured
on the 3-prong side, E3, must be equal to the beam

energy, Eb„, and the invariant mass of the three charged
particles, M3, must be equal to the r mass. For each
channel we consider a rectangular signal region in the

E3 Eb„and M3 variables. The size of this signal
region depends on the resolution of the invariant mass and

energy measurements and, therefore, varies for different
channels. In particular, final state radiation degrades the
momentum resolution for electrons, affecting the size
of the signal region. The signal region range is also
sensitive to the background level. In order to avoid

any bias due to fluctuations in the data sample, we
determine the size of the signal region using a criterion
independent of the events near E3 = Eb„and M3 =
M, . This criterion is based on studies of the expected
limit of the decay branching fraction as a function of
the signal region definition. These studies consist of
extrapolating the background from the sidebands of the

M3 vs E3 —Eb„distributions into the signal region. For
each signal region definition we calculate the expected
upper limit on the branching fraction (assuming no signal
present) and choose the signal region which minimizes
this limit. We obtain similar bounds for all channels with
one lepton and two hadrons in the final state and for
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FIG. 2. Distributions of the invariant mass of the 3-prong
side particles, M3. The expected signal shapes are shown
with arbitrary normalization. The dotted lines indicate the
boundaries of the signal regions used.

practical reasons we define the same signal region for all

of them: —0.14 & E3 —Eb„&0.08 GeV and 1.74 &

M3 ( 1.80 GeV/c2. We also group together all leptonic
channels and define their signal regions to be —0.30 &

E3 —Eb„~ 0.10 GeV and 1.71 & M3 ( 1.81 GeV/c .
The channel r ~ e e+e requires special consideration
because it has the largest radiative effects and a very
low background level. For this channel we choose
the limits —0.50 & E3 —Eb„&0.08 GeVand 1.66 &

M3 ( 1.81 GeV/c .
The 3-prong invariant mass distributions of events

passing all selection criteria and lying inside the E3-
Eb„ limits defined above are shown in Fig. 2, together
with the expected signal shapes generated by the Monte
Carlo program. Within the signal region, there is one
event in the r ~ e ~+K channel which is also a
candidate for r e K . There is one event in the

~ p, m. K+ channel and two events in the r
p, +n. K channel. The number of observed events is
consistent with the estimated background due to hadron

misidentification as an electron or a muon. No candidates
are found in all other channels.

1893



VOLUME 73, NUMBER 14 PHYSICAL REVIEW LETTERS 3 OcToBER 1994

We do not subtract the remaining background. Instead,
using Poisson statistics for n observed events in the signal
region, we obtain the corresponding branching fraction
limits at 90% C.L. given by 'B = A„/2 e N„(Ao = 2.30,
A~ = 3.89, etc.).

Since no predictive model for neutrinoless 7. decays ex-
ists, we do not assign any systematic error due to model
dependence. However, we emphasize that our limits de-

pend on the assumed angular and momentum distributions
of the decay particles. The main systematic errors in the
analysis arise from uncertainties in our knowledge of the

luminosity, track reconstruction efficiency, lepton identi-
fication efficiency, and 3-prong energy and invariant mass
resolutions. Combined together, they are conservatively
estimated to increase the final limits by 10%. The cor-
rected limits are summarized in Table I. For comparison,
the table also shows the most restrictive upper limits ob-
tained by previous experiments [15]. The limits obtained
in this analysis are more stringent than those obtained
previously. In addition, the limit on $(r ~ eee) is the
most stringent limit to date on lepton flavor violation in v

decays.
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