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H.M. Fischer3, I. Fleck8, R. Folman26, A. Fürtjes8, D.I. Futyan16, P. Gagnon7, J.W. Gary4, J. Gascon18,
S.M. Gascon-Shotkin17, C. Geich-Gimbel3, T. Geralis20, G. Giacomelli2, P. Giacomelli2, V. Gibson5, W.R. Gibson13,
D.M. Gingrich30,a, D. Glenzinski9, J. Goldberg22, W. Gorn4, C. Grandi2, E. Gross26, J. Grunhaus23, M. Gruwé27,
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P. Hüntemeyer27, P. Igo-Kemenes11, D.C. Imrie25, K. Ishii24, F.R. Jacob20, A. Jawahery17, H. Jeremie18, M. Jimack1,
A. Joly18, C.R. Jones5, P. Jovanovic1, T.R. Junk8, D. Karlen6, V. Kartvelishvili16, K. Kawagoe24, T. Kawamoto24,
P.I. Kayal30, R.K. Keeler28, R.G. Kellogg17, B.W. Kennedy20, A. Klier26, S. Kluth8, T. Kobayashi24, M. Kobel3,e,
D.S. Koetke6, T.P. Kokott3, M. Kolrep10, S. Komamiya24, R.V. Kowalewski28, T. Kress11, P. Krieger6, J. von Krogh11,
P. Kyberd13, G.D. Lafferty16, D. Lanske14, J. Lauber15, S.R. Lautenschlager31, I. Lawson28, J.G. Layter4, D. Lazic22,
A.M. Lee31, E. Lefebvre18, D. Lellouch26, J. Letts12, L. Levinson26, R. Liebisch11, B. List8, C. Littlewood5, A.W. Lloyd1,
S.L. Lloyd13, F.K. Loebinger16, G.D. Long28, M.J. Losty7, J. Ludwig10, D. Lui12, A. Macchiolo2, A. Macpherson30,
M. Mannelli8, S. Marcellini2, C. Markopoulos13, A.J. Martin13, J.P. Martin18, G. Martinez17, T. Mashimo24,
P. Mättig26, W.J. McDonald30, J. McKenna29, E.A. Mckigney15, T.J. McMahon1, R.A. McPherson28, F. Meijers8,
S. Menke3, F.S. Merritt9, H. Mes7, J. Meyer27, A. Michelini2, S. Mihara24, G. Mikenberg26, D.J. Miller15, R. Mir26,
W. Mohr10, A. Montanari2, T. Mori24, K. Nagai26, I. Nakamura24, H.A. Neal12, B. Nellen3, R. Nisius8, S.W. O’Neale1,
F.G. Oakham7, F. Odorici2, H.O. Ogren12, M.J. Oreglia9, S. Orito24, J. Pálinkás33,d, G. Pásztor32, J.R. Pater16,
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Abstract. An upper limit for the τ–neutrino mass has been determined from the decay τ → 5π±ντ using
data collected with the OPAL detector from 1991 to 1995 in e+e− collisions at

√
s ≈ MZ. A limit of

43.2MeV at 95% CL is obtained using a two–dimensional method in the 5π invariant mass and energy
distribution from 22 selected events. Combining this result with OPAL’s previously published measurement
using τ+τ− → 3h±ν̄τ + 3h∓ντ decays, a new combined limit of mντ < 27.6MeV (95% CL) is obtained.
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1 Introduction

The question of whether neutrinos have mass is one of the
outstanding issues in particle physics, astrophysics, and
cosmology. Massive neutrinos are strong candidates for
solving the dark matter problem of the universe [1]. Of the
three neutrino species, the τ–neutrino, is likely to have the
largest mass. For instance, in the ‘see–saw’ mechanism [2]
a mass hierarchy exists between neutrinos and their cor-
responding lepton partners, rendering the τ–neutrino the
heaviest of the three known neutrino types.

On the basis of cosmological arguments a stable τ–
neutrino with a mass larger than a few eV cannot exist [3],
however unstable neutrinos may be more massive [4]. Pre-
viously, OPAL has published an upper limit on mντ

of
74 MeV based on one event in the rare τ → 5π±ντ decay
channel [5] in the 1992 data. In this final state the distri-
a and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
c and Institute of Nuclear Research, Debrecen, Hungary
d and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
e on leave of absence from the University of Freiburg

bution of events in energy E5π and invariant mass m5π of
the hadronic system at the two–dimensional limit of the
kinematic range is sensitive to mντ .

For this paper, all data collected by OPAL from 1991
to 1995 have been analysed to obtain a new limit on the
tau–neutrino mass using again the τ → 5π±ντ decay chan-
nel. Compared to the previous analysis, the number of
events considered has increased fivefold.

2 The OPAL detector and simulation

A detailed description of the OPAL detector can be found
in [6]. Subdetectors which are particularly relevant to the
present analysis are briefly described below.

The central detector consists of a set of tracking cham-
bers providing charged particle tracking over 96% of the
solid angle inside a 0.435 T uniform magnetic field paral-
lel to the beam axis. Starting with the innermost compo-
nents, it consists of a high precision silicon microvertex
detector, a precision vertex drift chamber, a large volume
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jet chamber and a set of z–chambers1 measuring the track
coordinate along the beam direction.

From 1991 onwards a silicon strip microvertex detector
was also present, consisting of two concentric layers with
readout strips at 50µm pitch, oriented for azimuthal (φ)
coordinate measurement [7]. In 1993 a new silicon strip mi-
crovertex detector with z–coordinate readout in addition
was installed [8].

The jet chamber is designed to combine good space
and double track resolution [9], which is important for this
analysis. It consists of 159 layers of axial anode wires,
which are located between radii of 255 mm and 1835 mm.
The efficiency for separating hits from two adjacent par-
ticles in the jet chamber is approximately 80% for dis-
tances between two hits of 2.5 mm in the projection on
the r–φ plane [9] and drops rapidly for smaller hit dis-
tances. The transverse momentum resolution of isolated
tracks is σpt/pt =

√
(0.02)2 + (0.0015 · pt [GeV])2. The

jet chamber also provides energy loss measurements for
particle identification (dE/dx). The dE/dx resolution is
σ(dE/dx)

dE/dx = 3.2% for minimum ionizing pions in jets with
the maximum number of hits (159), resulting in a π–e sep-
aration of at least 2 standard deviations up to momenta
of 14 GeV [10,11].

A lead-glass electromagnetic calorimeter (ECAL) lo-
cated outside the magnet coil covers the full azimuthal
range with excellent hermeticity in the polar angle range
of | cos θ| < 0.82 for the barrel region and 0.81 < | cos θ| <
0.98 for the endcap region.

The Monte Carlo samples used in this analysis consist
of 1.5 million e+e− → τ+τ− [12,13], 8.5 million e+e− →
qq̄ [14] and 10 500 e+e− → τ+τ−f f̄ [15] events, which are
processed through the OPAL detector simulation [16].
These samples correspond to about 8, 2 and 20 times the
data luminosity, respectively.

3 Event selection

Data collected during the years 1991 to 1995, correspond-
ing to an integrated luminosity of 155 pb−1 and almost
200 000 recorded e+e− → τ+τ− events have been anal-
ysed. The event selection is performed in two steps. First,
the preselection selects τ candidates with five charged
tracks in a cone. In the second step, background τ decays
and remaining non–τ events are rejected.

3.1 Preselection

A cone jet algorithm [17] is employed to assign all tracks
and electromagnetic clusters to cones with a half open-
ing angle of 35◦. For each event exactly two cones are re-
quired. The ‘signal’ cone is required to contain exactly five

1 The OPAL coordinate system is defined so that z is the
coordinate parallel to the beam axis, the radius r is the coor-
dinate normal to the beam axis, φ is the azimuthal angle and
θ is the polar angle with respect to z

charged tracks with unit total charge. The other ‘recoil’
cone is required to contain at least one track.

All tracks are required to satisfy the following condi-
tions:

– pt > 100 MeV, where pt is the momentum component
transverse to the beam direction;

– at least 20 hits in the central jet chamber. This re-
stricts the acceptance of the detector to tracks with
| cos θ| < 0.963;

– the distance |d0| of closest approach of the track to
the beam axis must be smaller than 2 cm. The dis-
placement of the track along the beam axis from the
nominal interaction point at the point of closest ap-
proach to the beam must be less than 75 cm;

– the radial distance from the beam axis of the first hit in
the jet chamber associated to a track must be smaller
than 120 cm.

To reject non–τ events the OPAL standard selection
of τ pairs is adopted [18]. The multihadronic background
(e+e− → qq̄) is reduced by demanding a maximum of
six tracks and 10 electromagnetic clusters in the event. A
cluster is defined as a group of contiguous lead-glass blocks
which has a minimum energy of 100 MeV in the barrel or
200 MeV in the endcap. The requirement on the maximum
number of tracks leads to a 5–1 topology of tracks in the
signal and recoil cone for all preselected events.

3.2 Final selection

The background from other τ decays and from multi-
hadronic events is reduced by rejecting events if the maxi-
mum opening angle αmax between two tracks in the signal
cone is larger than 10◦ (see Fig. 1a).

The remaining background is dominated by τ decays
into three charged particles accompanied by a photon con-
version to an e+e− pair thus creating a final state with five
charged tracks. To reject these events the following cuts
are applied on the signal side. Events where any track has
an impact parameter |d0| with respect to the beam axis
larger than 0.1 cm are rejected (Fig. 1b). The minimum
transverse momentum pmin

t of any track has to be larger
than 1 GeV (Fig. 1c). Furthermore the fraction E/p is re-
quired to be smaller than 0.7 (Fig. 1d), where E is the
deposited energy in the electromagnetic calorimeter and
p is the sum of the momenta of the five charged tracks.

The next two selection cuts exploit the dE/dx informa-
tion of the jet chamber together with the information from
the silicon microvertex detector mainly to reject events
from τ → 3π±π0ντ where a photon from the π0 decay has
converted. If a track appears to be more likely to originate
from an electron than from a pion (Pe > Pπ) or if insuf-
ficient dE/dx information is available, at least one asso-
ciated hit in the silicon microvertex detector is required.
Here Pπ(Pe) is the χ2-probability that the track is con-
sistent with the pion (electron) hypothesis derived from
the dE/dx and momentum measurement (Fig. 1e). A test
on the total likelihood for the 5π final state is also per-
formed. The fraction P (5π)/(P (5π) +

∑
P (3π)P (e+e−))
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Fig. 1. Distributions of the most important quantities used for
background suppression in the selection. The points with error
bars are the data. The histograms denote the Monte Carlo
expectation, normalized to the luminosity of the data. The
cut order and the cut definitions are described in Sect. 3.2. All
previous cuts have been applied in each plot. The dashed lines
indicate the positions of cuts and the arrows point into the
selected region

must favour the 5π hypothesis (> 0.2), where P (5π) =∏5
i=1 Pπ(i) and

∑
P (3π)P (e+e−) is the sum of the com-

binatorial possibilities of three particles to be pions and
two to be oppositely charged electrons (Fig. 1f).

Events with a cluster in the electromagnetic calorime-
ter within the signal cone with energy more than 4 GeV
and not associated with a track are discarded because this
signature probably comes from a photon.

Additional quality cuts on the tracks have been ap-
plied to ensure a good reconstruction of the 5π system.
Each track is required to have at least 40 hits in the cen-
tral jet chamber. Each track fit must have a χ2 per de-
gree of freedom smaller than 2. Given the high density of
tracks in the 5π final state, this cut aims to reject events
with falsely reconstructed tracks due to spatial distortions
of the chamber hits or due to hit misassignments by the
pattern recognition algorithm. Furthermore events are re-
jected where the angle between a high–momentum track
(pt > 15 GeV) and any wire plane of the jet chamber is
smaller than 0.3◦. This cut eliminates events with tracks
which may be badly reconstructed due to distortions of
the drift field in direct proximity of the anode and cath-
ode planes.
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Fig. 2. Selected events. The sensitive events are numbered (1–
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the resolution function. The crosses show the errors on m5π

and E5π for the insensitive events calculated from the track
parameter errors. The kinematically allowed regions for mass-
less, 40MeV and 100MeV τ–neutrinos are indicated by the
solid, dashed and dot–dashed lines, respectively

After this selection 22 candidate events remain. The
positions of these events in the E5π– m5π plane are shown
in Fig. 2. According to the Monte Carlo (MC) simulation,
the selection efficiency after all cuts is (9.3 ± 0.6)%, where
the error is statistical only.

4 Background

A high purity data sample is required for an unbiased
neutrino mass limit. The background can be divided into
two classes: (a) τ–pair events with a decay misidentified as
τ → 5π±ντ on the signal side and (b) non-τ events with
a topology similar to τ decays. The reconstructed mass
and hadronic energy of these events may be accidentally
located close to the kinematic boundary in the E5π–m5π

plane, leading to an artificially low neutrino mass limit.
The background is estimated from Monte Carlo event

samples described in Sect. 2. For the τ background class
(a) we have considered the following decay channels:

– τ → 3π±ντ : The τ decays into three charged pions one
of which undergoes a hadronic interaction within the
beam pipe or the vertex detector. The final state con-
sists of five pions tending to higher invariant masses.

– τ → 3π±π0ντ : One of the photons from the π0 decay
converts in the detector material or a Dalitz decay
(π0 → e+e−γ) occurs. If the two electrons are misiden-
tified as pions, the reconstructed invariant mass is ar-
tificially high.

– τ → K0
SK0

Sπ±ντ : If both the K0
S decay very close to

the interaction point, the final state 5π system cannot
be distinguished from the signal. The expected bias is
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small, because the mass hypothesis for all tracks is the
same as for τ → 5π±ντ .

– τ → 5π±π0ντ : A 20% contamination from these events
is expected in the data. As explained in Sect. 7 these
events cannot bias the measurement to lower mass lim-
its and this is therefore not a serious background.

In this background class only one τ → 3π±π0ντ MC
event passes the selection corresponding to 0.11 data
events in the full E5π–m5π region. The fraction of mντ –
sensitive or ‘effective’ τ background is smaller. An event
is denoted as mντ –sensitive, if its position in the E5π–m5π

plane could lead to a mass limit of below 100 MeV. Based
on the E5π–m5π distribution of MC events in the observed
background decay channel it is estimated that less than
one tenth of these background events would influence the
neutrino mass limit.

Out of the multihadronic MC samples, background
class (b), one event is selected. It has many clusters in the
electromagnetic calorimeter and the reconstructed mass
(2.3 GeV) of the signal cone is too high to be compatible
with a τ decay. Normalized to the data luminosity this
event corresponds to an expected qq̄ background of 0.45
events. For the estimation of the effective qq̄ background
the multiplicity cuts for tracks on the recoil cone and for
clusters in the event are relaxed. Then 11 qq̄ MC events
are selected. Three of these are located inside the kinemat-
ically allowed signal region and only one event lies close
enough to the boundary such that its consideration would
have an impact on the extracted limit. It is therefore con-
cluded that the qq̄ background that could affect mντ

is
only about 0.04 events.

The expected multihadron background has also been
cross–checked using data events looking for the 5–2 event
topology after relaxing the corresponding multiplicity cut.
One such event in the data sample is observed with 1.3
expected from the τ MC, confirming the direct MC pre-
diction of the qq̄ background.

The background from four fermion events (e+e− →
τ+τ−f f̄) originates mainly from a τ decay into three
charged tracks combined with the fermion–antifermion
pair. In order to estimate the contribution of this back-
ground, Monte Carlo samples are used where the ff̄ pair
is either a qq̄, e+e−, or µ+µ−pair. No such event passes
the selection.

The total effective background is therefore expected to
be about 0.05 events and is considered as negligible. The
estimated background is summarized in Table 1.

5 Determination of the mass limit

5.1 Likelihood analysis

The upper limit on the τ–neutrino mass is obtained em-
ploying a likelihood analysis. The probability Pi(mi,
Ei|mν) for observing each selected event i at the position
(mi, Ei) within the kinematic plane is derived as func-
tion of the neutrino mass mν . To obtain this probabil-
ity the theoretical prediction P(m, E|mν) for measuring

the observed distribution in the E5π–m5π plane is con-
volved with the experimental resolution R and the detec-
tion efficiency ε. Hence the probability can be written as

Pi(mi, Ei| mν) =∫
dm

∫
dE P(m, E| mν)R(m − mi, E − Ei, σmi , σEi , ρ)ε(m, E)∫

dm
∫

dE P(m, E| mν)ε(m, E)
.

The theoretical prediction P(m, E|mν) is generated
as a function of the neutrino mass mντ

using KORALZ–
TAUOLA [13,12] including initial–state radiation. The
neutrino mass was restricted to positive values. The detec-
tion efficiency ε(m, E) is derived from Monte Carlo using
full detector simulation [16]. The function used to describe
the experimental resolution R(m−mi, E−Ei, σmi , σEi , ρ)
is a two–dimensional Gaussian. The corresponding param-
eters, the errors on the invariant mass σmi , on the energy
σEi

, and the correlation ρ between them, are described in
the following section.

The efficiency ε(m,E) is, to a good approximation, in-
dependent of m and E (ε = 0.093 ± 0.014). Hence the
formula for Pi(mi, Ei|mν) simplifies to

Pi(mi, Ei|mν) =
1
k

∫
dm

∫
dE P(m, E|mν)

×R(m − mi, E − Ei, σmi , σEi , ρ)

with a constant k =
∫

dm
∫

dE P(m, E|mν).
The sensitivity of the neutrino mass limit to the effi-

ciency is small (see Sect. 7 below).

5.2 Experimental Resolution

Most of the events lie well inside the kinematically allowed
region in Fig. 2 such that they do not contribute signifi-
cantly to the mass limit. An event is denoted ‘insensitive’,
if a limit below 100 MeV cannot be achieved using this
event alone. For these events the errors on the track pa-
rameters are propagated to errors on the invariant mass,
energy and the correlation. These errors are then taken as
input for the binormal resolution function.

For the other events which are located near or out-
side the kinematic boundary (‘sensitive’ events), the exact
form of the error ellipse in the E5π–m5π plane is of cru-
cial importance for the determination of the limit on mντ

.
Therefore an approach is used which considers the strong
dependence of the resolution R on the specific topology of
the event (i.e., hits in particular subdetectors of the track-
ing system and susceptibility to reconstruction errors).

For these events the measured four–momenta of each
event are used as input for the detector simulation [16]
and reprocessed through the full simulation several thou-
sand times. The subsample of these events that all have
the same reconstruction properties as the original event
(e.g., same number of tracks with hits in the silicon mi-
crovertex detector and in the z–chambers) are used to
determine the experimental resolution. This is done by
fitting a two–dimensional Gaussian function with corre-
lation in an unbinned likelihood fit to the reconstructed
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Table 1. Expected background in the selected sample

Background class Background source Expected number of events Effective number of events

3π±π0 0.11 ± 0.11(a) τ→ X
K0

SK0
Sπ±, 3π± < 0.14(68%CL)

0.01 ± 0.01

qq̄ 0.45 ± 0.45(b) non–τ
τ+τ−f f̄ < 0.06(68%CL)

0.04 ± 0.04

total 0.56 ± 0.49 0.05 ± 0.04

E5π–m5π spectrum of the simulated events. A small non–
Gaussian (‘tail’) fraction of the distributions is eliminated
to a large extent by discarding events deviating by more
than 3 standard deviations from the fitted mean. The frac-
tion of discarded events is about 2%, and the remaining
events are used to determine the parameters of the reso-
lution function. The typical mass and energy resolutions
for 5π decays in MC are 20–25 MeV and 500 MeV, respec-
tively.

In order to assess a possible bias introduced by the tails
in the E5π–m5π distributions the influence of the fraction
of events residing in the tails has been estimated. First,
a sum of two 2–dimensional Gaussian functions has been
used in the fit, where the second wider Gaussian is in-
troduced to describe the tails. The fraction of this Gaus-
sian has been varied by ±50% to estimate the impact of
the tails. Alternatively, the sum of a Gaussian and a flat
pedestal distribution on the E5π–m5π plane has been fit-
ted. In both approaches the effect on the extracted limit
on mντ

does not vary by more than 3.5 MeV.
It is essential for this analysis that all events taken

into consideration for the mass limit are well measured.
Particularly for decays in which two or more tracks cross
within the drift chamber volume or approach each other
closely, an incorrect hit assignment may cause biases in
the tails of the E5π–m5π distributions. Such biases have
been studied using MC events for which generated and
reconstructed invariant masses and energies can be com-
pared. The same procedure as described previously was
employed. When the true and reconstructed E5π–m5π val-
ues do not agree within their errors, striking peculiarities
in the distribution after the detector simulation are ob-
served. The expected Gaussian peak, generated by the
simulation procedure, can appear shifted with respect to
its input value (Fig. 3a) and sometimes ambiguities may
occur (Fig. 3b).

These effects can largely, but not exclusively, be at-
tributed to pathological track topologies, e.g. hit sharing
when tracks cross or come very close or when tracks are
close to the anode plane of the jet chamber. While the
shifts as shown in Fig. 3a indicate such problematic topolo-
gies in a clear way, the quality cuts described in Sect. 3 are
sufficient to remove those pathological events in our data
sample that are sensitive to mντ

. From MC simulation it
is estimated that approximately 50% of the pathological
events are rejected by the cut against high–momentum
tracks in close proximity to a wire plane.
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Fig. 3. OPAL simulation of events. a and b show the output
of the simulation procedure with one MC event to each plot.
The starting point of the arrows shows the true position in
the E5π–m5π plane, the end point the reconstructed position.
The latter was used as input for the simulation (Sect. 5.2). In
cases where a large discrepancy between the true and recon-
structed values occurs, the simulation shows significant defects
such as shifts a or ambiguities b between simulation input and
output. c and d show the analogous output for the two most
sensitive data events. The crosses denote the input values. The
output distributions are centered around those points and are
unambiguous. The stars show the additional positions where
the resolution was determined

To assure that this measurement does not deteriorate
from such defects, all candidate events have been individ-
ually inspected. None of the sensitive data events is found
to suffer from the discussed biases. For the two most sen-
sitive events it has been additionally verified that the ex-
perimental resolution is nearly constant in the E5π–m5π

plane. Therefore the resolution has been determined for
similar events at several positions around the data event
(Fig. 3c,d). No significant deviation from the resolution of
the original data event has been found.
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Table 2. Impact of the five sensitive events. The second col-
umn shows the effect on the mass limit if that event were to
be discarded. The last column denotes the limit derived from
this event alone

Event Limit variation Limit from this
(MeV) event alone(MeV)

1 +1.8 97.7
2 +7.2 57.0
3 +3.4 66.6
4 +6.1 58.0
5 +0.4 130.0

6 Results

Five sensitive events are retained after the selection de-
scribed in Sect. 3. They are labeled by numbers (Fig. 2).
Three of them (events 2, 3, 4) are well reconstructed. All
tracks of the corresponding signal cones are separated suf-
ficiently and have at least 75% of the maximum number
of possible hits in the jet chamber.

Event 1 contains two high–momentum tracks that are
close to each other throughout the entire volume of the
tracking system. Thus the reconstruction of this event is
likely to be degraded (see position of this event in Fig. 2).
The effect on the limit is small, because the event is lo-
cated in a less sensitive region of the E5π–m5π plane.

In the signal cone of event 5, four track crossings oc-
cur in the jet chamber. This results in an increased non-
Gaussian fraction for the resolution function in the simu-
lated and reconstructed events (Sect. 5.2). This fact causes
a relatively large error on the invariant mass and energy
by the likelihood fit.

As a result of the background estimation in Sect. 4, the
probability that one of the remaining five sensitive events
is background is 1%.

The upper limit for mντ
is determined from the 2-

dimensional likelihood technique described in Sect. 5.1 us-
ing the combined likelihood of all events which have passed
the selection. This likelihood function is scanned by chang-
ing the assumed true neutrino mass mντ in steps of 6 MeV.
A third–order polynomial multiplied by a Gaussian is used
to obtain a functional description for the likelihood dis-
tribution. A 95% CL upper limit of mντ

< 39.6 MeV is
obtained by integrating the likelihood function over the
physical region of mντ

≥ 0. The result is shown in Fig. 4a
already including systematic uncertainties as described in
Sect. 7. An alternative (non–Bayesian) approach using the
log–likelihood has been applied as a consistency check, re-
sulting in an upper limit in agreement with the one quoted
above.

In Table 2 the impact of each sensitive event on the
mass limit is listed.

7 Systematic errors

The largest systematic uncertainty is from the resolution
function, especially from the tail fraction. For the sensitive
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Fig. 4. Likelihood versus mντ for a this analysis using τ →
5π±ντ and b combined with the OPAL τ+τ− → 3h±ν̄τ +
3h∓ντ analysis. The effects of systematic uncertainties are in-
cluded

events the parameters of the experimental resolution are
varied by the average statistical error of the likelihood fit.
The effect on the limit is small (0.5 MeV).

As described in Sect. 5.2 the experimental resolution is
determined by the detector simulation only for sensitive
events. For the remaining events the errors from the track
fit are used. The consequences of this on m5π and E5π are
estimated by varying these errors by 30%. This is the aver-
age deviation observed between the resolution determined
by simulation and by calculation using track parameter
errors. The corresponding variation on the mass limit is
0.2 MeV.

The energy calibration has been checked with e+e− →
µ+µ− events to a level of 5·10−4. The effect on the mass
limit due to this uncertainty is small (0.2 MeV).

A contamination of 4 events out of the 22 selected
events is expected from the decay τ → 5π±π0ντ in the
lower E5π and lower m5π region, as predicted by MC.
These events do not bias the mass limit to lower values,
because the π0 is not included in the reconstruction. To
assess a possible impact on the limit, all possible combina-
tions of four events in the lower E5π– m5π region have been
successively removed from the event sample and the limit
has been recalculated. The shift in the limit is +0.5 MeV.
To be conservative we do not correct for this effect.

The structure of the τ → 5π±ντ decay dynamics only
has a very weak effect on the mντ limit [19,20], negligible
as a contribution to the systematics in this analysis.

As mentioned in Sect. 5 the detection efficiency is as-
sumed to be constant within the kinematic region. The
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Table 3. Systematic effects

Limit variationSource
(MeV)

tail fraction description 3.5
resolution function for insensitive events 0.2
resolution function error 0.5
energy calibration 0.2
slope of efficiency 0.3
tau mass 0.1
beam energy 0.1

total 3.6

effect of a possible m5π– or E5π–dependent efficiency has
been taken into account by introducing slopes in m5π and
E5π, varying the efficiency by ±25%. The effect on the
mass limit was found to be 0.3 MeV.

A τ mass of (1777.0 ± 0.3) MeV has been used [21]; its
uncertainty leads to a negligible effect on the neutrino
mass limit.

For the beam energy uncertainty, an absolute error of
4 MeV and an energy spread of 28 MeV are assumed as
obtained by the LEP energy working group [22].

The systematic uncertainties are summarized in Ta-
ble 3. All variations of the limit are added in quadra-
ture and then added linearly to the mass limit. The like-
lihood distribution including all systematic uncertainties
is shown in Fig. 4a; it is obtained by scaling the raw like-
lihood distribution (without systematic effects) in mντ

by
the ratio of mass limits obtained with and without sys-
tematic errors. This likelihood allows us to combine the
results of this analysis with previous OPAL results on mντ

including systematic errors.

8 Discussion

An upper limit for the τ–neutrino mass has been derived
using the τ decay mode τ → 5π±ντ . Including systematic
uncertainties, the upper limit

mντ < 43.2 MeV is obtained at 95% confidence level.

This result is based on a data sample that is five times
larger than the result previously published by OPAL for
this channel [5], and leads to a significant improvement of
the limit.

The combination of this measurement with the pre-
viously published OPAL analysis using τ+τ− → 3h±ν̄τ+
3h∓ντ decays [23] is obtained by multiplying the respec-
tive likelihood curves including the systematic uncertain-
ties. The result is shown in Fig. 4b. From the combined
new likelihood curve, the upper limit

mντ
< 27.6 MeV is obtained at 95% confidence level.

Similar limits of 31 MeV and 30 MeV have been also
obtained by the ARGUS [24] and CLEO [25] experiments,
respectively. Recently, a new upper limit of 18 MeV has

been determined by the ALEPH Collaboration [19], also
by using the results from three- and five-prong tau decays.
Thus, a tau–neutrino mass of less than 30 MeV is well
established and confirmed by several experiments.
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