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Abstract. The branching ratios of the decay of the 7 lepton to five charged hadrons have been measured
with the OPAL detector at LEP using data collected between 1991 and 1995 at ete™ centre-of-mass
energies close to the Z° resonance. The branching ratios are measured to be

B(t~ — 3h"2hTv,) = (0.091 + 0.014 + 0.006)%

B(r~ — 3h 20" 7 v,) = (0.027 + 0.018 4 0.009)%

where the first error is statistical and the second systematic.
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Introduction

Knowledge of the tau lepton properties is becoming in-
creasingly more precise with the large data sets available.
Measurements of the decay modes to a single charged par-
ticle (1-prong) and three charged particles (3-prong) have
been made by numerous experiments with precision sur-
passing the 1% level [1]. However, only a few measure-
ments of the 7= — 3R 2h1v, and 7= — 3h 2~ 7011
branching ratios (5-prong) have been made [2-5]. Studies
of the 5-prong decay modes are important as they are used
in the determination of the mass limit on the tau neutrino
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(for example, see [6]). Further the branching ratios of tau
decays to five and six pions can be compared with the
predictions of an isospin model [7,8].

This paper presents a new measurement of these modes
using the data collected between 1991 and 1995 at energies
close to the Z° resonance, corresponding to an integrated
luminosity of 163 pb~!, with the OPAL detector at LEP.
A description of the OPAL detector can be found in [9].
The performance and particle identification capabilities of
the OPAL jet chamber are described in [10]. The tau pair
Monte Carlo samples used in this analysis were generated
using the KORALZ 4.0 package [11]. The dynamics of the
tau decays were simulated with the TAUOLA 2.0 decay li-
brary [12]. A total of 830 000 tau pair Monte Carlo events
were used in this analysis. In addition, samples of 5000
7= — 3h 2hty, and 2000 7~ — 3h~2htT7%y, Monte
Carlo events were also used. Both the 7= — 3h~2h1 v,
and 7~ — 3R~ 2hT 7%, decays were generated with a uni-
form phase space distribution. The 7= — 3h~2hT27%,



The OPAL Collaboration: Measurement of tau branching ratios to five charged hadrons

decay was not simulated. The Monte Carlo events were
then passed through the OPAL detector simulation [13].

Event selection

The procedure used to select Z® — 717~ events is similar
to that described in previous OPAL publications (for ex-
ample, see [14]). The 777~ events are characterized by a
pair of back-to-back, narrow jets with low particle multi-
plicity. The two tau jets are restricted to the barrel region
of the OPAL detector by requiring that the polar angle
of the two jets satisfy |cosf| < 0.68 in order to avoid
regions of non-uniform calorimeter response. Background
from other two fermion events is reduced by a number of
requirements. Multihadronic events (ete™ — qq) are sig-
nificantly reduced by requiring fewer than eight tracks and
ten electromagnetic clusters per event. Bhabha (ete™ —
eTe™) and muon pair (ete™ — p ™) events are removed
by rejecting events where the total electromagnetic en-
ergy or the scalar sum of the track momenta are close to
the centre-of-mass. Two photon (ete™ — (ete™) eTe™ or
ete™ — (eTe™) putp™) events are removed by rejecting
events in which there is little energy in the electromag-
netic calorimeter.

In the OPAL tau pair selection events are usually re-
quired to have between two and six tracks; however, events
with up to eight tracks are allowed in the present selection
in order to increase the efficiency for 7= — 3h=2h* (7%,
decays. In addition, tracks are normally required to have
at least one hit in the central drift chamber at a radius
of less than 75 cm from the beam axis. However, for this
analysis this requirement is not imposed in order to avoid
rejecting tracks that overlap at small radii. The efficiency
for selecting tau pair events is approximately 54% from
the Monte Carlo simulation, primarily due to the require-
ment that the tau jets are in the barrel region of the OPAL
detector.

A total of 98347 77~ candidates were selected from
the 1991-1995 data set. The number of eTe™ — ete™,
ete™ — ptu~ and eTe” — (ete™ )X (where X is either
ete™ or uT ™) events in the tau pair sample is unaffected
by the modifications in the standard tau pair selection
and the background fraction is estimated to be (1.24 +
0.09)% (see [14]). The ete™ — qq background, however,
is sensitive to the requirement on the number of tracks
and was determined to be (0.74 & 0.05)% in the selected
sample. The qq background in the tau pair sample was
determined by comparing the data with the expectation
of the Monte Carlo simulation [15]. The qq@ Monte Carlo
generator is found to give more low multiplicity qq events
than are observed in the data and a correction is made to
the qq Monte Carlo. The total fraction of background is
estimated to be (2.0 +0.1)%.

The 7= — 3h=2h*(7°)v; selection begins by identify-
ing jets with five well-measured tracks where the absolute
value of the sum of the charges of the tracks must be equal
to unity. Approximately 72% of the 7= — 3h=2h™ (7%)v,
jets in the tau pair sample are selected with these require-
ments. A large fraction of this sample are 7= — 37~ (>
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17%)v, decays where one of the photons in the final state
undergoes a conversion to an ete™ pair. A neural network
algorithm [16] found 70% of the 5-track jets contained a
photon conversion and these jets are removed from the
sample. The rejection of jets with photon conversions de-
creases the efficiency for selecting 7= — 3h=2h* (7%,
jets from 72% to 64%.

The sample of 5-track jets also includes 7= — X K%,
decays where the K% decays to 777~ and X~ is any
number of hadrons. The sample also includes jets where
a hadron has interacted in a part of the detector creat-
ing secondary particles. After the 5-track jets with pho-
ton conversions have been removed, approximately 20%
of the remaining 5-track jets are found to have a pair of
oppositely charged tracks with a secondary vertex in the
r — ¢ plane. Details of the secondary vertex algorithm can
be found in [17]. The 5-track jets with an identified sec-
ondary vertex are rejected and the 7= — 3h~2h™ (7°)v,
selection efficiency decreases from 64% to 62%.

The residual background is reduced by requiring that
each track in the jet has a momentum (p) greater than
0.5 GeV (see Fig. 1a) and that the invariant mass of the
five tracks is less than 3 GeV assuming that the tracks are
pions (see Fig. 1b). The jet is rejected if the lowest mo-
mentum track has p < 2 GeV and dE/dz > 9 keV /cm (see
Fig. 1c), where dF/dx is the ionization energy deposited
by the track in the OPAL jet chamber. The dE/dz on a
track is only considered to be reliable if there are at least
20 wires out of a possible 159 wires with good dF/dx mea-
surements. Background from ete™ — qq events is reduced
by limiting the number of clusters in the electromagnetic
calorimeter to a maximum of eight clusters in the event
(see Fig. 1d). These selection criteria reduce the back-
ground to approximately 20% of the sample while only
slightly decreasing the 7= — 3h~2h™ (7°)v, selection effi-
ciency from 62% to 56%.

A total of 149 five-track jets pass the selection. The
sample includes a background estimated to be approxi-
mately 22 jets from other tau decays (primarily 3-prong
decays) and 10 jets from qq events.

Results

The number of 7= — 3h~2h1v, and 7~ — 3R~ 2h 7%,
decays is determined by performing a binned likelihood fit
of the E/p spectrum, where E is the sum of all the electro-
magnetic energy in the jet and p is the scalar sum of the
momentum of the five tracks. The shapes of the E'/p distri-
butions are obtained from high statistics 7= — 3h~=2h v,
and 7= — 3h~2h 7%, Monte Carlo samples. The E/p
distributions for the background are obtained from the
tau and qq Monte Carlo samples. The normalization of
the 7= — 3h~2hTv,., 7~ — 3h~2hT 1%, tau background
and qq background E/p distributions were allowed to vary
in the fit. The uncertainties in the tau and qq backgrounds
(discussed below) were included into the likelihood fit. The
result of the fit is shown in Fig. 3.
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The branching ratios were evaluated using

p___ N 11
N.(1—J) ¢ Fy

where N is the number of signal events determined from

the likelihood fit, NV, is the number of tau candidates, f

is the non-tau background in the tau pair sample, and €

is the efficiency.

The tau pair selection does not select all tau decay
modes with equal probability. The factor Fp, obtained
from Monte Carlo, corrects for the bias introduced by
the tau pair selection. In general, these factors are close
to unity for most tau decay channels, however, they are
slightly less than unity for the 7= — 3h~2h"v, and 7~ —
3h~2h* 7%, decay channels (see Table 1) due to the re-
quirement that the tau pair events have less than or equal
to eight tracks. Minor variations in the tau pair selection
criteria were found to have little impact on the value of
Fg.

The results of this likelihood fit are given in Table 1.
The uncertainty of the background (discussed below) was
included in the likelihood fit. The normalization factors
of the tau and qq backgrounds obtained in the fit were
0.996 + 0.217 and 1.004 £ 0.337, respectively. The corre-
lation coefficient between the 7= — 3h~2htv, and 7= —
3h~2ht 7O, branching ratios is found to be —0.60. The
systematic errors on the branching ratios include uncer-
tainties on the tracking, energy resolution and fit method
(see Table 2).

The uncertainty in the tau and qq background includes
a statistical component based on the number of data and
Monte Carlo events in the background sample and a sys-
tematic component based on the modelling of the tau and
qq background. The statistical uncertainty is estimated
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Table 1. The results used to calculate the branching ratios

T~ = 3h 2RV,

7~ = 3h 2 7%,

Events 96.5 + 14.4 22.6 +14.8
Tau candidates 196694 196694
Efficiency 0.584 + 0.007 0.463 £ 0.011
Non-tau background 0.020 £ 0.002 0.020 + 0.002
Bias factor 0.941 £ 0.009 0.931 £0.014

Branching Ratio

(0.091 + 0.014 + 0.006) %

(0.027 + 0.018 = 0.009) %

to be 20% and 30% for the tau and qq backgrounds, re-
spectively. The systematic uncertainty is determined us-
ing a sample of events in which one of the two jets has
four tracks. The composition of this sample (3-prong tau
decays with a photon conversion and qq events) is very
similar to the background found in the 5-track sample. In
Fig. 2a the E/p distribution of the 4-track jets is plotted
for events in which the other jet in the event has only one
track in order to enhance the tau background. The ratio of
the number of 4-track jets in the data versus Monte Carlo
simulation is consistent with unity and we estimate the
uncertainty on the tau background to be approximately
10% based on the statistical uncertainty of the data and
Monte Carlo samples. In Fig. 2b, the E/p distribution is
plotted when the other jet in the event has more than
one track in order to enhance the qq background. Again,
the ratio of the number of 4-track jets in the data ver-
sus Monte Carlo simulation is consistent with unity and
we estimate the uncertainty on the qq background to be
approximately 20%. The combined statistical and system-
atic uncertainties are found to be 22% and 36% for the tau
and qq backgrounds, respectively.

As mentioned earlier, the normalization of the tau and
qq backgrounds were varied in the fit. If both the back-
grounds were fixed in the fit, then the statistical error
would be 0.012% and 0.014% for the 7= — 3h~2hTv,
and 7= — 3h~2ht 7%, channels, respectively. This sug-
gests that the error associated to the background is ap-
proximately 0.007% and 0.011% for the 7= — 3h=2hT v,
and 7= — 3h72h* 710, channels, respectively. The un-
certainty in the branching ratio associated with the back-
ground is larger than the total systematic uncertainty
given in Table 2.

The tracks in 5-prong tau decays are extremely colli-
mated and the results may be sensitive to the modelling
of the tracks. This was investigated by studying the dis-
tribution of the angle between each track and its near-
est neighbour. The data were found to be well-modelled
by the Monte Carlo simulation. This comparison was re-
peated with a Monte Carlo where the track parameters
were smeared by +20%. The branching ratios were evalu-
ated using these samples and the change in the branching
ratios was included as part of the tracking systematic error
(see Table 2).

Possible differences in the modelling of the number of
reconstructed tracks in the data and Monte Carlo sim-
ulation were investigated using the dE/dz distributions

of the tracks. Single tracks in the OPAL detector with
momentum greater than 2 GeV should have a maximum
dE/dx of 10 keV/cm. Tracks with dE/dz substantially
above 10 keV/cm are likely due to two charged particles
being reconstructed as a single track. The fraction of jets
in the 5-track sample where there is at least one track with
dE/dx > 12 keV/cm was found to be 0.020 + 0.003 and
0.036 + 0.002 in the data and Monte Carlo samples, re-
spectively. Similar results were obtained using the 4-track
sample. The difference between the data and Monte Carlo
simulation was accounted for by adding a 2% uncertainty
to the tracking systematic error (see Table 2).

Additional studies of the modelling of the tracks were
made. For example, it is possible for 7= — 3h=2h™ (7°)v,
jets to appear in the 4-track sample if a track failed one of
the track quality requirements, such as the number of hits
in the tracking chamber or the impact parameter. Branch-
ing ratios obtained using different track quality require-
ments were almost unchanged and therefore no additional
systematic error was added.

The determination of the branching ratio relies on the
measurement of the total electromagnetic energy in the
jet. The advantage of using this quantity is that it is less
sensitive to hadronic fluctuations, such as a particle inter-
acting with some material in the detector. In addition, the
measurement of the total energy is not dependent of how
close the particles are to each other in the jet. As a conse-
quence, the branching ratio is less sensitive to the detailed
modelling of the energy in the electromagnetic calorime-
ter. However, a systematic error was added to account
for the uncertainty in the energy scale of the electromag-
netic calorimeter between the data and the Monte Carlo
sample. The uncertainty in the energy scale of the elec-
tromagnetic calorimeter using electrons is estimated to be
approximately 0.2%. However there may be differences be-
tween the data and Monte Carlo simulation in the amount
of energy deposited in the electromagnetic calorimeter by
the charged hadrons. Studies using tau 3-prong decays
showed that the electromagnetic energy was modelled by
the Monte Carlo simulation with a precision of approxi-
mately 0.5%. For the 5-prong sample, the uncertainty in
the E/p energy scale was estimated to be 2%. Although
the uncertainty determined using the 3-prong sample was
found to 0.5%, there is some uncertainty in the 7° content
within this sample and as a consequence the E/p energy
scale for the 5-prong sample was increased to 2%. This
large variation is felt to be conservative and scaling the
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Table 2. The systematic uncertainties of the 7= — 3h™2h v, and 7~ —

3h~2ht 7O, branching ratios

77 = 3h72hT v (%)

77 = 30 2h 7%, (%)

Tracking 0.004 0.006
Electromagnetic energy 0.004 0.005
Fit 0.000 0.003
T~ — 3k~ 2kt 270, 0.000 0.003
Total 0.006 0.009

Monte Carlo E/p spectrum by 2% for the tau 3-prong de-
cays results in a poor description of the data. The change
in the branching ratios when the energy was scaled by 2%
is included in the electromagnetic energy systematic error
(see Table 2).

The shape of the E/p distribution was found to be
well-modelled by the Monte Carlo simulation. Fig. 2 shows
that the Monte Carlo simulation gives a good description
of the E/p distribution for a sample of jets with 4 tracks
which consists of 3-prong tau decays containing a pho-
ton conversion and qq events. In addition, the branch-
ing ratios were re-evaluated when individual requirements
were dropped from the selection. Removing these cuts
changes the shape of the E/p distribution, yet no signifi-
cant change in the branching ratios was observed. Further,
the effect of smearing the electromagnetic energy on the
branching ratios was found to be negligible.

The reliability of the likelihood fit was investigated by
using the tau Monte Carlo sample to generate many sets
of ‘data’ and subsequently fitting it with the distributions
obtained from the high statistic signal Monte Carlo sam-
ples. The systematic error quoted on the fit is the result of
changing the upper range of the fit (nominally F/p = 1.2)
between E/p = 0.9 and 1.4.

The 7= — 3h 2htv, and 7~ — 3h~2h 7% branch-
ing ratios were determined assuming that the 7= —
3h~2hT 27, branching ratio was negligible. The CLEO
Collaboration obtained a limit on the 7= — 3h~2h 1270
decay of 0.011% [3], suggesting that this decay mode could
contribute up to 10% of the inclusive 5-prong branching
ratio (based on the CLEO branching ratios). The system-
atic error due to this assumption is given in Table 2 and
was determined by assuming that the efficiency for select-
ing 7 — 3h™2hT27% . decays is approximately 0.3 and
that one third of the 7= — 3h~2h1T7%v, candidates are
7= — 3h~2h127%, decays.

The inclusive 5-prong branching, 7= — 3h~2hT(>
07%)v,, was determined by applying the same selection
procedure used in the exclusive measurement. The inclu-
sive branching ratio was determined using

N = Nog — Noho!
NT (l—f)EFB

where N is the number of 5-track jets in the sample (149.0),
Nqg is the number of background jets from qq events
(8.7), Nb*9d is the number of background jets from tau
decays (21.3), € is the efficiency for selecting the signal

jets (0.556), and Fp is the bias factor (0.94 £+ 0.01). The
branching ratio is found to be (0.119 + 0.013 4 0.008)%
where the first error is statistical and the second is system-
atic. The systematic errors are similar to those discussed
above. The error on the efficiency includes a statistical
component (0.006), a component (0.020) associated with
the uncertainty in the ratio between the 7= — 3h=2h v,
and 7~ — 3h~2h*T 7%, branching ratios quoted here and
a component (0.030) for the possible contribution from
the 7= — 3h~2hT 27, decay (discussed below).

The inclusive branching ratio was calculated assuming
that the efficiency for selecting 7= — 3h~2hT 270, de-
cays is the same as the efficiency quoted above. However,
the efficiency for selecting 7= — 3h™2h*Tv, and 7= —
3h~2ht 701, decays was found to 0.58 and 0.46, respec-
tively, so this assumption may not be valid. The difference
in the 7= — 3h~2htv, and 7= — 3h~2hT 7O, efficien-
cies was found to be due to the requirement that there be
five tracks in each candidate jet. The 7= — 3h~2h 7%,
decays contain a 7° that can produce additional tracks
by a Dalitz decay or photon conversion. The distribu-
tion of the number of electromagnetic clusters was found
to have the same shape for the 7= — 3h~2htv, and
77 — 3h=2h* 7%, so the cut on this quantity is not a
concern; this is not unexpected as tau decays are highly
collimated and a coarse clustering algorithm is used. The
systematic error on our efficiency (0.030) was obtained
by assuming that 10% of the inclusive branching ratio is
due to 7= — 3h72hT 27, decays (based on the CLEO
branching ratios) and that the efficiency for selecting these
decays is approximately 0.30.

Summary

The branching ratios of the decay of the 7 lepton to five
charged particles are found to be

B(r~ — 3h™2hTv,) = (0.091 + 0.014 + 0.006)%

B(r~ — 3h~2hT7%,) = (0.027 + 0.018 + 0.009)%

where the first error is statistical and the second system-
atic. These results are in good agreement with previous
measurements [2-5]. These results when combined with
other measurements of tau decays to five pions are found
to be consistent with the prediction of an isospin model
[7,8].
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