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Abstract

Using data collected with the L3 detector at LEP from 1992 to 1995 on the Z peak, we determine the branching fractions of
ther lepton into one, three and five charged particles to be:

B(t — (1-prong) = 85.2744 0.105+ 0.073%

B(t — (3-prong) = 14.556+ 0.105+ 0.076%

B(r — (5-prong) = 0.170+ 0.022+ 0.026%

The first uncertainties are statistical and the second systematic. The accuracy of these measurements alone is similar to that ¢
the current world averagél 2001 Elsevier Science B.V. All rights reserved.

1. Introduction construction, which must be precisely understood.

The reconstructed topology is influenced by photon
Measurements of the topological branching frac- conversions, subdetector inefficiencies and resolution

tions of ther lepton and the sum of measurements limitations. Detailed studies of these effects are per-

of the exclusive branching fractions were previously formed in order to control the systematic uncertainties

inconsistent. Solving this “one-prong puzzle” moti- t0 the level of the statistical uncertainties.

vated many precise determinations of the exclusive

branching fractions at the permille level [1] but only

a few less precise determinations of the topological 2. Dataand Monte Carlo samples

branching fractions [2] have been performed.

In this Letter, we present a new measurementofthe The data used were collected with the L3 detec-
topological branching fractions using data collected tor [5] at LEP from 1992 to 1995 on the Z peak, cor-
by the L3 detector at LEP on the Z resonance. These responding to an integrated luminosity of 92.6pb
results supersede those of our previous publication [3]. The most crucial subdetectors for this analysis are:
Here we follow the convention that tracks stemming the central tracking system consisting of a silicon
from neutral kaon decays are not accounted for in the microvertex detector (SMD), a time expansion cham-

topology. Another measurement of the topologieal

branching fractions was recently reported in Ref. [4].
The measurement entails a selection dke —

tTt7(y) events followed by an event topology re-
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numbers T019181, F023259 and T024011.
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7 Supported by the National Natural Science Foundation of
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ber (TEC) and proportional chambers measuring the
Z coordinate, the electromagnetic calorimeter com-

posed of Bismuth Germanium Oxide (BGO) crystals,

the hadron calorimeter (HCAL) and the muon spec-

trometer. Detailed studies of the efficiencies of these
subdetectors using control samples are performed,
yielding precise determinations of the efficiencies.

For efficiency studies, &~ — 77 (y) events
are generated with the KORALZ Monte Carlo gen-
erator [6]. Background estimations are performed
using the following Monte Carlo generators: KO-
RALZ for ete™ — u™u~(y); BHAGENE [7] for
ete” — ete (y); JETSET [8] for €e™ — qi(y);
DIAG36 [9] for ete™ — eTe ¢T¢~, wherel = e, p,
or . The Monte Carlo events are simulated in the L3
detector using the GEANT program [10], which takes
into account the effects of energy loss, multiple scat-
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tering and showering. Furthermore, time dependent e Data
detector inefficiencies are considered. These events are O MC t—hadrons L3
reconstructed with the same program as the one used

200 | Background
for the data.

3. Subdetector efficiencies and calibrations
100

Entries / 1 mrad

Efficiency studies of the subdetectors are done
separately for each year of data taking. As the year-
by-year efficiency variations are small, average values
are given in the following.

The efficiency of the TEC to measure a track is el SN = e
studied using data samples of Bhabha and dimuon 0 0.005 0.01 0.015 0.02
events and muons originating from decays. The A¢ (rad)

Bhabha and dimuon samples are selected by requiring _. o _ _

two energy deposits in the BGO or two tracks in Fig. 1. Distribution of the azimuthal angle between two adjacent
tracks A¢, where the tracks must have a transverse momentum

the muon spectrometer of about the beam energy andjarger than 10 Gev.

back-to-back topology. The muons in decays are

identified as tracks in the muon chambers pointing to

the interaction region. In addition, the energy deposits the muon spectrometer is required, which points to

in the BGO and HCAL must be consistent with the the interaction region and matches an energy deposit

expectation for a minimum ionising particle (MIP). in the HCAL that corresponds to a MIP. From these

A track in the TEC must have at least 25 out of muons 97% induce a signal in the BGO.
the 62 possible hits, one or more hits in the innermost ~ The same technique was used to estimate the HCAL
part of the chamber and to span over more than 40 and muon spectrometer efficiencies. Using muons
anode wires radially. Its transverse momentym, with a track in the TEC, a MIP signal in the BGO and
must be larger than 2 GeV. After rejecting tracks in the a matched muon spectrometer track, the efficiency of
low resolution region adjacent to the anode, the track the HCAL to detect such a particle is about 89%. The
finding efficiency is found to be about 96%, almost muon spectrometer efficiency is found to be 74% using
independent of the track momentum. The double track = decays with a track in the TEC and a MIP signature
resolution of the TEC is determined from data [11] inthe BGO and the HCAL.
to be about 500 um and is modelled correspondingly The subdetector efficiencies obtained from each
in the detector simulation. As a cross check, the year are used to correct the Monte Carlo simulation
distributions of the azimuthal angle between two of the detector response for thees — 7~ (y) and
adjacent tracks\¢, from data and Monte Carlo are  background processes. The energy scales of the subde-
compared in Fig. 1 for small values &f¢ and high tectors are calibrated using control data samples [12].
momentum tracks from 3-prong decays. ForA¢ The momentum scale of the central tracker is verified
larger than 0.005 rad excellent agreement is found. to 0.5% from 1 to 45 GeV. The BGO and the muon
The small discrepancy below 0.005 rad is taken into Spectrometer scale uncertainties are 0.5% at low ener-
account as a systematic uncertainty. gies and 0.05% at high energy. The scale uncertainty

The efficiency of the BGO to detect an electro- of the HCAL is 1%.
magnetically showering particle is determined using
Bhabha events to be about 99.5%. This efficiency is
found to be almost independent of the shower en- 4. Study of photon conversions
ergy from studies using’®~ — ete"ete™ events.

In order to estimate the efficiency of the BGO to de- Photon conversions occurring in the material inside
tect a MIP,r decays into muons are used. A track in the TEC may cause additional tracks and are studied
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on data and Monte Carlo for each year independently.

A loose selection of e~ — Tt~ (y) events is
made, requiring two low multiplicity jets and the
cosine of the polar angle of the event thrust axis
| coShinrusi < 0.7. Radiative photons or photons from
70 decays can convert in the detector. The tracks
from the conversion point either to their corresponding
cluster in the BGO calorimeter, or to a coalescent
cluster including the energy of the two conversion
tracks or of the 2 photons in the case of & decay.
Therefore, thepy measured in the central tracker must

L3 Collaboration / Physics Letters B 519 (2001) 189198

taking periods after the installation of the SMD, to
account for additional material not fully considered
in the Monte Carlo simulation. The flat background
stems mainly from 3-prong hadronicdecays.

After rejection of identified photon conversions,
0.4% of ther decays still contain tracks from photon
conversions. They are accounted for in the migration
efficiencies determined from Monte Carlo.

The effect of tracks scattered back from BGO
clusters is investigated. As their momenta are low
they are removed by the requirement on the transverse

be smaller than the transverse energy observed in themomentum of a track.

electromagnetic calorimeter.
In the case that only one track reaches the TEC,

its transverse momentum must be less than 4 GeV. 5 sgection of ete™ — 7+~ (p) events

When both tracks are reconstructed, the square of

their invariant mass must be less than 0.005 &eV
Taking track pairs which fulfil these requirements,
the distance of their vertex to the beam axs, is
calculated. The distribution aR, is shown in Fig. 2
for data from 1994 and Monte Carlo: most of the
photon conversions occur at radii between 40 and
90 mm, corresponding to the position of the two
cylindrical layers of the SMD. Good agreement of the
simulation of the photon conversion probability inside
the TEC with the data is obtained after enlarging the
conversion probability by a factor of about 1.6 for data

200
e Data L
O vy conversion 3
150 T — hadrons

Entries / 6mm
o
o
L

A
o
!

4

25 50

R, (mm)
Fig. 2. Distribution of the radial distance from the beam a%s,

of vertices reconstructed using photon conversion tracks. The flat
hatched distribution stems from track pairs of hadraniecays.

Events of the processte™ — ™77 (y) are char-
acterised by two jets with low track and calorimetric
cluster multiplicities, where a jet may consist of an
isolated electron or muon. To ensure good track mea-
surements only events in the barrel region of the
detector are accepted by requiringpSihrust < 0.7.
The event multiplicity is defined as the sum of the
number of tracks in the TEC and the number of neu-
tral calorimetric clusters, without an assigned charged
track and with an energy larger than 0.5 GeV. This
event multiplicity is required to be less than 10. Each
event is divided into two hemispheres with respect
to the plane orthogonal to the thrust axis. The main
backgrounds arise from two-photon interactionge
events and Z decays into two muons. These processes
are rejected using information from both hemispheres.

e Two-photon interactions: each hemisphere must
contain at least one calorimetric cluster. The sum
of the energy deposited in the calorimeters and the
muon momenta measured in the muon spectrometer
must be larger than 13 GeV.

e ete™ events: the total energy deposited in the
BGO must be less than 60 GeV. In addition, the
energy deposit in each hemisphere must be less
than 44 GeV and the acoplanarity angle between
the leading tracks of the two hemispheres must be
larger than 0.003 rad.

e Z decays into two muons: events with a track in
the muon chambers with a momentum larger than
42 GeV are not accepted. Furthermore, events with
a muon or a MIP in both hemispheres are rejected.
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Fig. 3. The distribution of the event multiplicity. The Monte Carlo
prediction for € e~ — Tt~ (y) and the background from other
leptonic and hadronic Z decays after application of the scale factors
is also given.
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e Data L3
> O MC1r
8 6000 - MC ee
N
8 4000 -
=
c
w
2000
0
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Eggo (GeV)

Fig. 4. The distribution of the BGO energy for selected
ete” — ttr=(y) events with relaxed cuts against
ete™ — ete (y) background. Also shown is the Monte
Carlo expectation foree™ — t+tr(y) and e — ()
events after rescaling.

A sample of 70016 ®e~ — Tt (y) events is

selected. The estimations of the efficiencies and back-

195

800

600

400

Entries / 1.33 GeV

20 30

p, (GeV)

40 50

Fig. 5. The momentum distribution of tracks measured in the
muon chambers in thete™ — Tt~ (y) event sample with
relaxed cuts against dimuon background. Also shown is the Monte
Carlo expectation foree™ — r+ 77 (y) and the background from
dimuon final states after rescaling.

The background from hadronic and other leptonic Z
decays and two-photon interactions is estimated from
Monte Carlo. As an example, the distribution of the
event multiplicity, is shown in Fig. 3 for data and a
superposition of Monte Carlo frome™ — Tt~ (y)
and background. The background from hadronic Z
decays dominates at large values of the multiplicity.
After applying a correction factor to the fraction of
the hadronic background of 1.05, very good agreement
is obtained. The background from Bhabha events
is determined using the upper part of the energy
distribution measured in the BGO. This is shown in
Fig. 4 for an event sample with the Bhabha rejection
cuts relaxed. The prediction from Bhabha Monte
Carlo is scaled by a factor of 1.1 to agree with
the data. The background after the final selection is
estimated from Bhabha events using this scale factor.
The same procedure is applied to estimatethg.~
background. Fig. 5 shows the spectrum of muons
measured in the muon spectrometer for data and
Monte Carlo after applying a correction factor of 1.1.

ground fractions are done separately for each year. TheThe background fractions from all sources are listed

average selection efficiency forre™ — tTt=(y)

in Table 1. The cosmic background, estimated from

events inside the barrel, estimated from Monte Carlo, the distribution of the distance of closest approach to

is 788+ 0.2%.

the beam position, is found to be negligible.
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Table 1 Table 2
The background fractions from the different sources in thee— The efficiency matrix of track reconstruction in perceMgen
T77(y) event sample denotes the number of charged tracks oftltecay before detector
Background source Fraction (%) simulation andVrec the number of tracks after the reconstruction
Z — hadrons 1.59 Nrec Ngen
. . 1 3 5
Two-photon interactions 0.16
ere - ete () 016 0 7.58+0.02 078+0.01 084+0.15
etem o utu— () 0.68 1 7018+0.05 688+0.04 358+0.30
2 0.33+0.01 2689+ 0.07 955+0.50
3 0.16+0.01 4705+0.09 2050+0.73
. . . . 4 <0.01 021+0.01 2438+0.79
6. Determination of the topological branching
fractions 5 <0.01 005+0.01 1488+0.63
6 <0.01 <0.01 <0.01
The maximum likelihood method is used to deter-
mine the topological branching fractions, with likeli-
hood functionL defined as: Table 3
6 The number ofr decays observed in the different topologies and
i i background estimated by Monte Carlo
LZHP( obs Ntlaxp)’ @
i=0 Nrec 0 1 2 3 4 5 6
Data 11935 107283 8166 12378 216 53 1

where P is the Poisson distributionN!  is the
number of observed events ai\l(élxp is the number of
expected events withreconstructed tracks. The latter

Background (%) 3.7 1.9 9.7 25 338 76 0

is:
. . i Table 4
Néxp= Ny Z B(j)e’ + Z Nf)g, 2 The correlation coefficients obtained from a fit of the topological
j=1,35 k branching fractions
where N; is the number ofr decays and3(j) is Source Bd-prong ~ B@-prong  B(5-prong
the branching fraction of-prongt decays,j =1, 3 B(1-prong 1.0 —-0.978 —0.082
or 5. The elements of the track detection efficiency p3.prong 1.0 _0.127

matrix, ¢/, are determined from Monte Carlo. The
non-diagonal elements represent migrations between
the topologies. The number of non-tau background
eventsVjy, obtained from Monte Carlo, is normalised
to the data luminosity. The indek runs over all ~ B(1-prong =85.274+ 0.105%
background sources. B(3-prong = 14,556+ 0.105%
The efficiency matrix of the track reconstruction is _
shown in Table 2, indicating the numbers of recon- B(5-prong = 0.170+0.022%
structed tracks forr decays to 1, 3 and 5 charged where the uncertainty is statistical only. Thé/d.o.f.
particles. Tracks arising from neutral kaon decays are is 5.7/4. The correlation coefficients are given in
not accounted for in the topology. Table 3 shows the Table 4.
number of observed decays in the different topolo- In Figs. 6 and 7 the number of observedecays is
gies and the estimated background. In the fit the shown as a function of the charged track multiplicity
constraint3(1) + B(3) + B(5) = 1 is applied and the  in linear and logarithmic scale, respectively. Also
sum of N, is constrained to the number of observed shown are the Monte Carlo predictions, using the fitted
t decays. The following results are obtained: branching fractions, and the background.

B(5-prong 1.0
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Fig. 6. The charged multiplicity distribution from decays. Also

shown is the expectation from Monte Carlo foree — t Tt~ (y)
and the background.
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Fig. 7. The charged multiplicity distribution from decays. Also
shown is the expectation from Monte Carlo fofes — 777 ()

and the background from hadronic Z decays and other sources.

7. Systematic uncertainties

tion are considered. The cross section uncertainties
on e'e” andutu~ final states and two-photon in-
teractions have negligible effects on the branching
fractions. The background uncertainties froree
andutu~ final states are obtained from the statisti-
cal uncertainty of 1% on the scale factors applied to
the Monte Carlo distributions shown in Figs. 4 and 5.
The systematic uncertainty due to track efficiency is
obtained by varying this quantity within its statistical
uncertainty of 0.25%. Furthermore, the track defini-
tion criteria are changed within reasonable ranges. The
uncertainty from double track resolution is estimated
by reweighting theA¢ distribution of Fig. 1 forcing
agreement between data and Monte Carlo in the low
A¢ region. The effects on the branching fractions are
taken as systematic uncertainties.

The systematic uncertainty due to photon conver-
sions is obtained from the statistical uncertainty of
10% on the photon conversion probability correction
factor and from variations of conversion identification
criteria.

The effect of nuclear interactions in the material
inside the TEC is studied in a way similar to photon
conversions and no deviation between data and Monte
Carlo is observed. In addition, subsamplesofe —
tT1~ events are selected requiring a leptonic tau
decay in one hemisphere and comparing the track
multiplicity distribution of the opposite hemisphere.
Excellent agreement between data an Monte Carlo is
fond. No systematic effects are hence expected from
this source.

The acceptance for tracks stemming fror‘é de-
cays is, due to the short distance between the inter-
action region and the inner TEC sectors, very small.
The contribution of I§ decays to tau decays classi-
fied as 3-prongs is determined from Monte Carlo to
be 0.1%. The uncertainty of the branching fraction of
the tau into IQ [1] has negligible effect on the topo-
logical branching fractions.

The uncertainty from Monte Carlo statistics is in-
cluded as statistical uncertainties on the efficiency

The criteria to suppress the different background matrix in Table 1. The resulting variations on the
sources are varied within one standard deviation of branching fractions are taken as systematic uncertain-
the resolution of the investigated variables and the ties. Effects from the energy scale uncertainties of the
changes in the topological branching fractions are subdetectors are negligible. A summary of the system-
taken as systematic uncertainties. The uncertainty onatic uncertainties is provided in Table 5.

the cross section of ‘&~ — hadrons [13] and the

After combination of the systematic uncertainties

scale factor applied to the Monte Carlo normalisa- the results for the branching fractions of thdepton
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Table 5 in the construction and maintenance of this experi-
Systematic uncertainties in % on the branching fractions resulting ment.
from the listed sources and their combined values

Source B(1-prong B(3-prong B(5-prong References

Z— hadrons 0.048 0.052 0.024 [1] D.E. Groom et al., Eur. Phys. J. C 15 (2000) 1.

ete” - efe () 0.010 0.010 0.001 [2] ARGUS Collaboration, H. Albrecht et al., Z. Phys. C 53
b + - (1992) 367;

ere ) 0.010 0.010 0.001 OPAL Collaboration, P.D. Acton et al., Phys. Lett. B 288
Two-photon interactions 0.011 0.011 0.001 (1992) 373;

CLEO Collaboration, R. Balest et al., Phys. Rev. Lett. 75

Track definition 0.035 0.035 0.003 (1995) 3809;
Double track resolution 0.012 0.012 0.001 OPAL Collaboration, R. Akers et al., Z. Phys. C 68 (1995) 555.
. [3] L3 Collaboration, B. Adeva et al., Phys. Lett. B 265 (1991)
Photon conversions 0.017 0.017 0.004 451,
Monte Carlo statistics 0.032 0.032 0.007 [4] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 20
(2001) 617.
Total 0.073 0.076 0.026 [5] L3 Collaboration, B. Adeva et al., Nucl. Instrum. Methods
A 289 (1990) 35;
J.A. Bakken et al., Nucl. Instrum. Methods A 275 (1989) 81;
. . . . O. Adriani et al., Nucl. Instrum. Methods A 302 (1991) 53;
decays into one, three and five charged particle final B. Adeva et al., Nucl. Instrum. Methods A 323 (1992) 109;
states are: K. Deiters et al., Nucl. Instrum. Methods A 323 (1992) 162;
M. Chemarin et al., Nucl. Instrum. Methods A 349 (1994) 345;
B(t — (1-prong) = 85.2744 0.105+ 0.073% M. Acciarri et al., Nucl. Instrum. Methods A 351 (1994) 300.
B(r N (3-pr0ng) — 14,556+ 0.105+ 0.076% [6] (Sl.g.gi(;a;cé\é.B.F.L. Ward, Z. ¥, Comp. Phys. Commun. 79
B(r — (5-prong) =0.170+ 0.022+ 0.026% [7] J.H. Field, Phys. Lett. B 323 (1994) 432;

] ) ) o J.H. Field, T. Riemann, Comp. Phys. Commun. 94 (1996) 53.
where the first uncertainty is statistical and the second [g] T. Sjéstrand, Comp. Phys. Commun. 39 (1986) 347;

is systematic. These new results are in agreement with T. Sjostrand, M. Bengtsson, Comp. Phys. Commun. 43 (1987)
a recent measurement with the full LEP statistics [4] 367.

and with the current world averages [1]. [9] I(:i'g.gsB)egir]]_ds' P.H. Daverfeldt, R. Kleiss, Nucl. Phys. B 253

[10] R. Brun et al., Preprint CERN DD/EE/84-1 (1984), revised

September 1987;
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