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Abstract

From the analysis of a data sample corresponding to an integrated lumi-
nosity of 4.63 pb�1 taken during the 1990 run of LEP at centre of mass
energies between 88.2 GeV and 94.2 GeV, the tau decays �� ! e� ��e�� ,
�� ! �� ����� , �

� ! ��(K�)�� , �
� ! ���� and their charge conjugates

have been studied. The following branching ratios have been measured;
BR(�� ! e� ��e�� ) = 18:6 � 0:8(stat) � 0:6(sys)%, BR(�� ! �� ����� ) =
17:4 � 0:7 � 0:6%, BR(�� ! ��(K�)��) = 11:9 � 0:7 � 0:7%, BR(�� !
���� ) = 22:4 � 0:8 � 1:3%, in good agreement with world averages. The mea-
sured electronic and muonic branching ratios lead to a measurement of the
strong coupling constant, �s(m� ) = 0:26+0:09

�0:12: Extrapolating the �s value from
m� to mZ yields �s(mZ) = 0:109+0:012

�0:028:
The average polarization P� of taus produced in Z ! �+�� decays has

also been measured using the above decay modes. The weighted mean of the
polarizations obtained from the four decay modes is P� = �0:24� 0:07: This
value of P� gives, in the improved Born approximation, a ratio between the axial
and vector coupling constants of the tau of v�=a� = 0:12 � 0:04, and hence a
value of the e�ective electroweak mixing parameter sin2 �W (m2

Z) = 0:220�0:009.

(Submitted to Zeits. f. Phys. C)
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1 Introduction

The Large Electron Positron collider, LEP, is well suited for tau lepton studies [1]. The
decay Z ! �+�� has a clean signature consisting of two back-to-back jets of typically
one or three charged particles plus undetected neutrino(s), often accompanied by other
neutral particles, thus making possible high-e�ciency, low-background studies. At LEP
one can study both the tau decay properties and its electroweak couplings to the Z boson.

Precise measurements of the branching ratios �� ! e� ��e�� and �� ! �� ����� can
help to clarify the long-standing two standard deviations discrepancy [2,3] between the
world-average measured �� ! e� ��e�� branching ratio [3,4] and the value expected from
the world average measured lifetime [3,5] and mass [6] through the relation

BR(�� ! e� ��e��) =

 
G�

G�

!2  
m�

m�

!5  
��

��

!
(1)

where ��;� and m�;� are the lifetimes and masses of the muon and tau respectively and
G�;� are the Fermi constants determined from muon and tau decay [7]. In addition, a
measurement of the leptonic branching ratios can be used to estimate the value of the
strong coupling constant, �s(m�) [8]. This is obtained using the ratio

R�
had =

�(�� ! hadrons ��)

�(�� ! e� ��e�� )
=

1�BR(�� ! e� ��e��)�BR(�� ! �� ����� )

BR(�� ! e� ��e�� )
: (2)

The perturbative QCD contribution to R�
had can be expressed as a power series in �s and

is known to order �3s [9].
The electroweak couplings of the tau to the Z boson can be determined by studying the

tau decay products. The fermions produced in high energy e+e� annihilations through
Z creation and decay are polarized due to the di�erent strengths of the couplings of
the neutral boson to left-handed and right-handed fermions. The di�erence in the cross
section for producing left-handed fermions relative to the cross section for producing
right-handed fermions is speci�ed by a variable called helicity asymmetry. In the high
energy limit where the mass of the fermion can be neglected, the helicity of the fermions
produced in Z decays is a good quantum number. The helicity asymmetry of the anti-
fermion has the same magnitude and opposite sign to that of the fermion.

Due to parity violation in tau decays, its decay products can be used as analyzers of its
polarization. Ignoring the small contribution from one photon exchange and neglecting
the e�ect of variations in centre-of-mass energy around the Z resonance, one obtains for
the tau polarization P� , averaged over all tau production angles,

P� '
�2v�a�
v2� + a2�

; (3)

where v� and a� are the vector and axial coupling constants of the tau lepton to the Z. In
the Standard Model, the coupling constants can be expressed as v� = 4 sin2 �W (m2

Z)� 1
and a� = �1: A detailed discussion can be found in [10].

This paper presents a study of the tau lepton decay channels �� ! e� ��e�� , �
� !

�� ����� , �
� ! ��(K�)�� (� and K particles are not separated), �� ! ���� and their

charge conjugates using the DELPHI detector at LEP. From the measurement of the
leptonic branching ratios combined with the world averaged value of the tau lifetime
the ratio of the tau to the muon Fermi couplings constants G�=G� is obtained. From
the measurement of the electronic and muonic branching ratios the value of the strong
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coupling constant can be determined. Finally, from a measurement of the tau polarization
a value of the electroweak mixing parameter is derived.

For this analysis, simulated e+e� ! �+�� events were generated using the Monte Carlo
generator KORALZ [11] which includes QED radiative e�ects in the production and decay
processes of the tau leptons. For background studies samples of e+e� ! �+�� events were
produced using KORALZ, e+e� ! e+e� events using BABAMC [12], e+e� ! hadrons
events with LUND 7.2 [13] and e+e� ! (e+e�)X events with the Berends-Daverveldt-
Kleiss generator [14].

The organization of the paper is as follows: section 2 is devoted to a brief description
of the detector. The event preselection is discussed in section 3. Section 4 gives details of
the calculation of the branching ratios. Section 5 explains the technique used to measure
the tau polarization. Sections 6 to 9 describe the measurement of the tau decay to the
four exclusive states considered. Finally in section 10 the results are summarised and
discussed.

2 Detector

A detailed description of the DELPHI apparatus can be found in [15]. In the DELPHI
coordinate system, � is the polar angle de�ned with respect to the z axis which is taken as
the electron beam direction and � is the azimuthal angle about this axis. For the present
analysis the following parts of the detector were relevant:

1. for the measurement of charged particles the MicroVertex Detector (MVD), the
Inner Detector (ID), the Time Projection Chamber (TPC), and the Outer Detector
(OD);

2. for the measurement of the electromagnetic energy the High-density Projection
Chamber (HPC); this detector was also used for identifying minimum ionizing par-
ticles;

3. for the measurement of the hadronic energy and muon identi�cation the Hadron
Calorimeter (HCAL).

4. for muon identi�cation the barrel muon chambers (MUB). Most of the solid angle
in the barrel is covered by 2 layers of MUB with the rest having either 1 or 3 layers
of coverage, each layer consisting of two overlapping sets of chambers.

5. for the trigger, besides the detectors mentioned above, the barrel Time-Of-Flight
counters (TOF), the endcap scintillators (HOF) and a scintillator layer embedded
in the HPC;

6. for the measurement of the luminosity the Small Angle Tagger (SAT).

The ID and TPC cover the angular range 200 < � < 1600, the OD covers the range
430 < � < 1370. Penetrating muons with a polar angle in the range 510 < � < 1290 can
traverse 4 layers of HCAL and up to 3 layers of MUB. In the rest of the barrel region
there are 3 layers of HCAL. The HPC has the same angular coverage as the OD.

Within the barrel region the momentum resolution obtained for muons with momen-
tum of 46 GeV/c was �p=p = 0:08: The energy resolutions (�E=E) of the HPC for 46 GeV

electrons is 0.08. The HCAL energy resolution is 1.0=
q
E(GeV):
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3 Event Preselection

Before identifying exclusive � decays an enriched sample of �+�� events was selected
with a loose \�lter". The selection was optimized to minimize distortions of the mo-
mentum spectrum and decay mode dependent biases. It proceeded in two steps. In the
�rst step, Z candidates decaying into lepton pairs were selected. This selection has been
described in detail elsewhere [16]. It demanded a con�guration of two back to back jets
with one particle in one jet and up to �ve particle in the other. The isolation angle,
de�ned as the angle between the isolated particle and the closest particle in the recoiling
jet was required to be greater than 1500: A charged particle had to satisfy the following
conditions:

1. momentum larger than 200 MeV/c;
2. distance of closest approach of the track to the beam axis less than 1.5 cm;
3. distance of closest approach to the nominal interaction point along the beam direc-

tion less than 4.5 cm.

These conditions rejected hadronic events. The low energy background arising from
beam-gas, beam-wall and two-photon interactions was suppressed by demanding that at
least one charged particle in the event had a momentum greater than 3 GeV/c. In order
to ensure good understanding of the detector response, the acceptance for the leptonic
events was restricted to the barrel region covering the angular acceptance 430 < � < 1370.

In the second step tau pairs were partially separated from the other two leptonic
channels. This was achieved by taking advantage of the presence of undetected neutrinos
in all tau decay modes, as opposed to e+e� ! e+e� and e+e� ! �+�� events which
are characterized by their low acollinearity and high visible momentum and energy. The
following selection criteria were applied:

1. The event acollinearity had to be greater than 0:50.

2. The variable ER =
q
E2
1 + E2

2=Ebeam; where E1 is the electromagnetic energy
associated with the isolated charged particle and E2 is the total electromagnetic
energy associated with the charged particle(s) in the hemisphere opposite to the
isolated particle and Ebeam is the beam energy had to satisfy the condition ER < 1:2.

3. The variable PR =
q
P 2
1 + P 2

2 =Ebeam; where P1 is the momentum of the isolated
charged particle and P2 is the resultant momentum of the recoiling jet had to satisfy
the requirement PR < 1:3.

These cuts suppress the e+e� ! e+e� and e+e� ! �+�� backgrounds while a�ecting only
slightly the �+�� sample. Fig 1(a) shows ER for simulated tau pairs and e+e� ! e+e�

events. Fig 1(b) shows PR for simulated tau pairs and e+e� ! �+�� events. Fig 1(c)
shows the average e�ciency of the �lter as a function of the momentum of the particle
of maximum momentum in the event, Pmax. Small decay mode dependent biases lead
to slightly di�erent acceptances for the individual channels considered: �� ! e� ��e��
82:8 � 0:8%; �� ! �� ����� 87:2 � 0:8%; �� ! ��(K�)�� 84:1 � 0:8%; �� ! ����
83:8 � 0:8%:
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4 Calculation of Branching Ratios

Starting from the tau-enriched sample a decay-mode-dependent selection is performed.
The branching ratio for a speci�c channel is then calculated from the expression

BR(� ! i) =
Nobs

i

2 �N�+��
�
1� f

bkg
i

�i
(4)

where Nobs
i is the number of decays passing the selection criteria for the decay mode i,

f
bkg
i is the estimated background fraction in the sample, and �i is the overall e�ciency
to select � ! i decays normalized to the full solid angle. N�+�� is the number of tau
pairs in the full solid angle computed from a previous measurement of the tau pair cross
section [16] using the relation

N�+�� =
X
j

N j
line

�
j

line

(1 � b
j

line) frs (5)

where the index j = 1; 7 runs over the seven energy points measured in the line scan, N j
line

is the number of decays found per energy point in the line scan, �jline is the e�ciency of the
tau pair selection used for the linescan, bjline is the background for the linescan selection,
and frs takes into account the slightly di�erent run selection for this analysis and the line
scan analysis. We obtain N�+�� = 4884. A common fractional systematic error of 2.4% is
included in all branching fraction measurements arising from the statistical uncertainty
in N

j
line (2.1%) and the uncertainties in �line (1.0%), bline (0.6%) and frs (0.4%).

The systematic errors in the computation of the branching ratios are mainly due to the
uncertainties in the background estimate and in the selection e�ciency for the di�erent
channels studied. In the case of the leptonic decays of the tau, both the e�ciency and the
background can be measured from the data themselves or the data can be used to correct
the Monte Carlo simulation. This is more di�cult to do for the hadronic channels, in
particular for the decay �� ! ���� , where one has to rely heavily on the simulation. In
this case the errors were estimated by varying the selection variable cuts within resonable
values.

5 Tau Polarization

The angular distribution of the tau decay products in the tau rest frame is correlated
with the tau spin and a�ects the momentum spectrum of the decay products in the
laboratory frame. This momentum distribution can therefore be used to measure the tau
polarization. Neglecting radiative corrections and the masses of the decay products, the
standard model prediction for the momentum spectrum in the decay �� ! l� ��l�� (where
l = e; �) is

1

Nl

dNl

dxl
=

1

3
[5� 9x2l + 4x3l + P� (1 � 9x2l + 8x3l )]; (6)

while for the decay �� ! ��(K�)�� ,

1

N�

dN�

dx�
= 1 + P� (2x� � 1); (7)

where xl; x� are the momenta of the emitted lepton or pion (kaon) divided by the beam
momentum.
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In order to measure the tau polarization, a linear combination of simulated event dis-
tributions for positive and negative helicity have been �tted to the corrected momentum
spectra of the muon produced in the decay �� ! �� ����� and the pion produced in the
decay �� ! ���� while for the decay �� ! e� ��e�� the corrected spectrum of energy
deposited in the calorimeter has been �tted to reduce e�ects due to radiation of photons.

The corrected binned momentum or energy distribution to be �tted is obtained from
the observed distribution via the transformation

N corr
i =

1

�i
�
X
j

Uij �N
obs
j � (1 � f bkgj ) (8)

where the corrections due to the centre-of-mass energy dependence of the value of P�

have been neglected since they are negligible at this level of statistical precision. Uij

is the unfolding matrix that relates the number of events in the bin j of the observed
distribution to the number of events in the bin i of the corrected distribution, �i is the
e�ciency in bins of the corrected distribution and f

bkg
j is the estimated background in

bins of the observed distribution. Uij is calculated from Monte Carlo simulation. The
small uncertainty on the estimation of Uij arising from the fact that the calculation is
not completely independent of the value of P� assumed in the Monte Carlo simulation is
negligible compared with the major sources of systematic errors, which are discussed in
the corresponding sections.

In the decay �� ! ���� the vector structure of the � meson allows two di�erent
helicity states, 0 or �1, depending on the component of the spin of the tau along the
decay axis. This implies a reduction in the sensitivity of the momentum spectrum of the
� to P� ; compared with that appearing in Eq. 3, by the factor [7,17]

� =
m2

� � 2m2
�

m2
� + 2m2

�

(9)

Thus, since � � 0:46, the sensitivity of this channel to P� would be poorer than for the
channel �� ! ���� if the momentum spectrum were �tted. However, the sensitivity to
P� can be regained [18,19] by measuring the helicity of the spin-1 system. To this end
the �nal state can be de�ned by two angles: the angle �� of the � momentum in the �
rest frame

cos �� =
2x� � 1�m2

�=m
2
�

1 �m2
�=m

2
�

; (10)

and the angle �� which characterizes the decay distribution of the � into �nal state pions

cos �� =
m�q

m2
� � 4m2

�

E� � E�0

j ~P� + ~P�0 j
: (11)

To measure the tau polarization, a linear combination of simulated event distributions
for positive and negative helicities was �tted to the corrected distributions for the angles
�� and �� with P� taken as a free parameter.

6 The �� ! e� ��e�� channel

Candidates for the decay �� ! e� ��e�� are characterized by an isolated charged particle
identi�ed as an electron. In DELPHI, electrons are identi�ed using calorimetric infor-
mation from the HPC and the energy deposited per unit length (dE=dx) in the TPC.
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To identify an electron in the HPC use was made of its good spatial resolution and high
granularity. The mean longitudinal pro�le of the energy deposition in an electromagnetic
cascade can be described [20] by a gamma distribution

dE=dt = E0 � b �
(bt)a�1e�bt

�(a)
(12)

where t is the shower depth expressed in radiation lengths, E0 is the shower energy and
a and b are empirical parameters. In this parametrization, the maximum of the shower
tmax = a=b and the scale factor L = 1=b are both logarithmically dependent on E0. To
identify a particle showering in the HPC as an electron, the theoretical expression above
is used to predict the expected energy deposited per layer, and the �2 of the di�erence
between the predicted and the actual value of the energy deposited per layer is computed.
The momentum of the track is used as an approximation for E0. The �2 computed in
this way is used as identi�cation variable EX. Details of the algorithm can be found in
[21].

The electron identi�cation e�ciency was measured with a test sample of events in
which a primary electron radiates a virtual photon that Compton-scatters against the
other electron. These events were selected by requiring only one charged particle in the
barrel region of the detector and more than 15 GeV energy deposited in the FEMC or
the SAT. In addition e+e� ! e+e� events were used to cover the full momentum range.
The signature of the hadronic background was also studied with a test sample of hadrons
from � decays obtained by requiring single tracks with a dE=dx deposition in the TPC
incompatible (< 0:5% probability) with that expected for an electron and with more than
1 GeV energy deposited in the HPC. With this sample one can measure the fraction of
hadrons that are identi�ed as an electron for a given value of EX. Monte Carlo simulation
has been used to correct for the fact that the hadron sample has a di�erent momentum
distribution than the potential background from hadronic tau decays. The variable REL
is de�ned as the normalized di�erence between the dE=dx measured and that expected
for an electron. A cut on REL < �2 provides a hadronic sample virtually free from
electron contamination. This is illustrated in Fig 2(a), where the REL distribution
is shown for single tracks of more than 2 GeV/c momentum together with the Monte
Carlo prediction for electrons. The variable EX is shown in Fig. 2(b) for the electron
and hadron data samples. Demanding EX < 3 one obtains an electron identi�cation
e�ciency of 96� 1% in good agreement with the Monte Carlo prediction. The procedure
to select �� ! e� ��e�� candidates was then as follows.

1. The event had to contain a single charged track in one hemisphere with a momentum
greater than 2 GeV/c and an energy deposition greater than 1 GeV in the HPC.

2. The track had to be identi�ed as an electron in the HPC (EX < 3) with a value of
dE=dx in the TPC compatible with that expected from an electron (jRELj < 2).

3. The total energy of the neutral particles not associated to the charged track in a
cone of 300 around its direction was required to be less than 5 GeV.

4. The energy deposited in the hadronic calorimeter had to be less than 1 GeV.

The e�ciency of these selection criteria was found to be 72:3 � 1:0%. The electron test
sample was used to correct the Monte Carlo calculation bin by bin. The integrated
correction was 0:914�0:013: The major discrepancies between data and the Monte Carlo
simulation were found in the track-shower linking e�ciency of the HPC and in the fraction
of electrons depositing more than 1 GeV in the hadronic calorimeter. The background
arising from other tau decays was estimated independently from Monte Carlo simulation
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and from the hadron data sample to be 4:5 � 1:0% . The main contributions to this
background were the decay modes �� ! ���� and �� ! ���� .

Once an electron was identi�ed in the event, additional conditions were imposed to
suppress the background arising from e+e� ! e+e� events and two-photon events. The
background due to e+e� ! e+e� was suppressed using the fact that these events should
deposit a large amount of electromagnetic energy in the HPC. However, e+e� ! e+e�

events in which one of the electrons is near a gap between modules of the HPC can deposit
considerably less energy. Therefore events where either of the particles entered the HPC
within 10 of a gap were rejected. To further reduce the e+e� ! e+e� background the
total electromagnetic energy in the event was required to be less than 1:2Ebeam except
when the particle with the highest momentum in the opposite hemisphere entered the
HPC within 20 of a gap in which case this cut was tightened to 1:1Ebeam and the event
acoplanarity was required to be greater than 10. These selection requirements reduced
the e+e� ! e+e� background to 0:7� 0:3%.

The background due to two-photon interactions was further suppressed by requiring
the missing transverse momentum in the event to be greater than 0.5 GeV/c and the event
acollinearity to be less than 150. These criteria reduced the two-photon background to
0:8� 0:4%.

These selection criteria resulted in a sample of 554 �� ! e� ��e�� candidates. The
overall e�ciency of identi�cation of �� ! e� ��e�� decays inside the �ducial volume was
found to be 44:4�1:0%. To measure the polarization, the distribution of electromagnetic
energy deposited in a 300 cone about the track Ee was used in preference to the particle
momentum as this had smaller corrections from radiated photons. The e�ciency is shown
plotted in bins of normalized energy Xe = Ee=Ebeam; in Fig. 3(a). In Fig. 3(b) the
resulting electron candidate energy spectrum is shown superimposed with the Monte
Carlo prediction (for P� = �0:16) for both the signal and the background. In Fig. 3(c)
the corrected spectrum is shown together with the �t. A value for the tau polarization of

P� = �0:12 � 0:22 � 0:08

was obtained. The major sources of systematic errors were: the dependence of the
identi�cation e�ciency with the energy(0.05); the background subtraction (0.03); the
uncertainty in the energy resolution (0.04); the Monte Carlo statistics (0.03). A value of
the branching ratio

BR(�� ! e� ��e��) = 18:6 � 0:8(stat)� 0:6(sys)%

was obtained. Sources of systematic error included the selection e�ciency (0.4%) and
background subtraction (0.2%).

7 The �� ! �� ����� channel

Candidates for the decay �� ! �� ����� are characterized by an isolated charged par-
ticle identi�ed as a muon. A muon is a Minimum Ionizing Particle (MIP) in the HPC
and HCAL and produces hits in the muon chambers. This can be used to achieve a
high-e�ciency, low-background muon identi�cation. In addition, the e�ciency of selec-
tion criteria based on one detector can be measured by selecting a muon sample using
the other detectors or by using �+�� events.

The cosmic-ray background was reduced by removing events with a 1-1 topology that
satis�ed either of the following conditions:
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1. jz1 � z2j > 3:0 cm, where z1 and z2 are the z coordinates of the two tracks in the
event at their points of closest approach to the beam axis. Due to the drift in z being
in opposite directions for +z and �z in the TPC this is equivalent to requiring that
the event be within a time interval of � 110 ns relative to the bunch crossing time.

2. A time of arrival more than 25 ns from the time expected for a Z event, using the
OD pattern recognition.

A study of these cuts using events in an extended vertex region showed the remnant
cosmic background to be negligible, with no measureable loss of �+�� events.

A charged particle was identi�ed as a muon if it satis�ed an AND of the following
criteria:

1. The particle had to deposit less than 3 GeV energy in the HPC.
2. The total electromagnetic energy deposited in a cone of 300 around the track had

to be less than 0.3 GeV.
3. The particle had to give a signal in the HCAL consistent with that expected from

a muon. The total energy, EHCAL, deposited by the particle in the HCAL had to
satisfy the following cuts as a function of the track polar angle �

(a) For 550 < � < 880; EHCAL < 10:0 GeV=sin2(�),
(b) for 510 < � < 550; EHCAL < 15:0 GeV ,
(c) and for 430 < � < 510; EHCAL < 12:5 GeV:

The variation is due to the change in depth of the material in HCAL as a function of
polar angle. Fig. 4 shows the energy deposition in the HCAL for muons in dimuon
events selected using a tight acollinearity cut and requiring that the particle in the
opposite hemisphere has muon chamber hits.

4. (a) One or more hits in the muon chambers or
(b) Any energy deposition in the outer layer(s) of HCAL. This was the fourth layer

for 510 < � < 1290 and was de�ned as the sum of the third and fourth layers
for 430 < � < 510 and 1290 < � < 1370.

The e�ciency of these selection cuts was 89:9�2:0% with good agreement between the
Monte Carlo estimate and data using muons in �+�� events. The background from other
tau decays was calculated from Monte Carlo simulation and checked with a background
free sample of pions obtained by requiring the positive identi�cation of a �� ! ����
decay. Simulation and data agree well, giving a background estimation of 2:3 � 1:0%,
mainly from the �� ! ���� channel.

Other major sources of background were e+e� ! �+�� events and two-photon events.
The two-photon background was suppressed by requiring the missing transverse momen-
tum in the event to be greater than 0.5 GeV/c and the event acollinearity to be less than
150. These selection criteria reduce the two-photon background to 0:9� 0:5%. An event
was rejected as a e+e� ! �+�� event if it satis�ed any of the following conditions:

1. PR =
q
P 2
1 + P 2

2 =Ebeam greater than 1.2;
2. if the particle in the opposite hemisphere to the identi�ed particle was consistent

with being a muon as de�ned by the identi�cation criterion (4) described above, and
if either of the following two conditions were satis�ed:

(a) Popp > 0:7Ebeam

(b) min(Popp + Econe; P�) > 0:6Ebeam;
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Popp is the momentum of the particle in the opposite hemisphere; Econe is the energy
deposited in a 300 cone about this particle and P� is the momentum of the identi�ed
muon: cut (b) removed the tail of radiative e+e� ! �+�� events;

3. if the opposite hemisphere contains more than one charged particle and the particle
with the highest momentum satis�es criterion (4) as discussed above: this removes
background from �+�� events where the photon has converted.

The e�ciency for identifying a muon with selection criterion (4) was 97:1�0:6%. The
fraction of muon and hadronic tau decays satisfying this condition was 21%. Both num-
bers showed good agreement between Monte Carlo and data. The positive identi�cation
of candidates makes it possible to suppress the e+e� ! �+�� events while minimally
distorting the �� ! �� ����� spectrum and with negligible e�ect on the branching ra-
tio measurement. The remaining background from �+�� events was estimated to be
1:1� 0:5%.

With these selection criteria the data sample contained 687 events. The overall ef-
�ciency of identi�cation of �� ! �� ����� decays inside the �ducial volume was found
to be 59:9 � 1:1%. The e�ciency is shown plotted in bins of normalized momentum
X� = P�=Ebeam in Fig. 5(a). In Fig. 5(b) the muon candidate momentum spectrum
is shown superimposed with the Monte Carlo prediction (for P� = �0:16) for both the
signal and the background. In Fig. 5(c) the corrected spectrum is shown together with
the �t. A value for the tau polarization of

P� = �0:05� 0:18(stat)� 0:07(sys)

was obtained. The dominant systematic errors were: the dependence of the identi�ca-
tion e�ciency with the energy (0.02); background subtraction (0.05); the momentum
resolution (0.03); the Monte Carlo statistics (0.03).

The branching ratio was calculated to be

BR(�� ! �� �����) = 17:4 � 0:7(stat)� 0:6(sys)%:

The systematic errors arose from the selection e�ciency (0.5%) and background subtrac-
tion (0.2%).

8 The �� ! ��(K�)�� channel

The identi�cation of �� ! ��(K�)�� decays is more di�cult, since most other tau
decay channels are potential sources of background. The separation of electrons and
�'s from pions relies on the �ne granularity of the HPC. The separation of pions from
muons requires the hadron calorimeter and the muon chambers. In this analysis the two
major di�culties are, �rstly, to remove background from �� ! �� ����� while keeping
good e�ciency for high momentum pions which have a tendency to leave energy deposits
deep in the HCAL or in the muon chambers, and secondly, to remove background from
�� ! ���� decays where the �

o is lost, either because it escapes through a gap between
modules of the HPC or because it has too low an energy to be reconstructed. In order to
achieve optimal separation between pions and muons the analysis was restricted to the
region 520 < � < 1280 where the HCAL and the MUB have maximum redundancy.

A �� ! ��(K�)�� candidate had to satisfy the following requirements:

1. The hemisphere had to contain a single charged particle with momentum greater
than 0:1Ebeam.
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2. The particle had to deposit energy in the HPC or the HCAL.
3. There should be no reconstructed neutral particles in a 300 cone around the particle.

This rejects tau decays containing �0's.
4. In order to reject electrons it was required that the particle deposits less than 350

MeV energy in the �rst 4 layers of the HPC. This corresponds to about 4 times the
average energy deposition of a minimum ionizing particle.

5. The separation of pions from muons was achieved by rejecting all the particles that
were identi�ed as muons when at least one of the following conditions was ful�lled:

(a) there were one or more hits associated to the track in the outer layer of the
muon chambers.

(b) if a particle with a polar angle � left an energy deposition EHCAL in the HCAL
consistent with a minimum ionizing particle as de�ned by the cut

EHCAL < Nlayers � 3:0 GeV = sin2(�);

and if it was identi�ed as a muon using the the outer layer(s) of HCAL or the
muon chambers as described under selection criterion (4) in section (7). Nlayers

is the number of layers in HCAL with an energy deposition greater than zero.

The overall e�ciency to select �� ! ��(K�)�� decays from the sample was computed
by Monte Carlo simulation to be 34:7 � 2%, where the major contribution to the uncer-
tainty arose from the poor knowledge of pion interactions in the HPC. The background
from other tau decays was computed by Monte Carlo simulation to be 7 � 3%, due to:
�� ! �� ����� (3%); � ! ��� +n�0 (2%); � ! K��� (2%). The background from dimuon
events was estimated to be 0:9 � 0:7%:

After the selection, 283 �� ! ��(K�)�� candidates remained. The e�ciency is shown
plotted in bins of normalized momentum X� = P�=Ebeam in Fig. 6(a). In Fig. 6(b) the
resulting pion candidate normalized momentum spectrum is shown superimposed with
the Monte Carlo prediction (for P� = �0:16) for both the signal and the background.
In Fig. 6(c) the corrected spectrum is shown together with the �t. A value for the tau
polarization of

P� = �0:35 � 0:11 � 0:07

was obtained.
The dominant systematic errors were: the dependence of the identi�cation e�ciency

with the energy (0.01); the background subtraction (0.06); the momentum resolution
(0.03); the Monte Carlo statistics (0.03).

The measured branching ratio was found to be

BR(�� ! ��(K�)�� ) = 11:9� 0:7(stat)� 0:7(sys):%

The systematic errors arose from uncertainties in the selection e�ciency (0.6%) and
background subtraction (0.3%).

9 The �� ! ���� channel

The criteria used to select the decay �� ! ���� were based on the good spatial reso-
lution of the HPC. Since the �0 produced in the decay �! ��0 decays into two photons,
the ability to detect and separate electromagnetic showers is essential for this analysis.
The ideal signature of the channel occurs when the two photons can be separated, their
invariant mass reconstructed and found to be compatible with the mass of the �0; and
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the invariant mass of the �0 � � system found to be compatible with the � mass. This
requires that both photons be identi�ed in the HPC, which in turn requires the �0 to
have su�ciently low energy (typically around 5 GeV) so that the two photons separate
enough to be reconstructed as two separate showers. Only about 40% of the candidate
decays satis�ed this requirement. In the case where an energetic �0 decays into two pho-
tons which are too close to be separated as two independent neutrals in the HPC, the
structure of the energy clusters in the �rst three layers of the HPC (about 4 radiation
lengths) can be used to separate these two photons. When two such photon showers were
identi�ed inside a neutral cluster the invariant mass was computed by assigning half of
the neutral energy to each of them. About 20% of all �� ! ���� candidates had this
topology, which was free of background. In about 60% of cases, therefore, one could
impose the reconstruction of the �0 mass in addition to the reconstruction of the � mass.

In the remaining 40% of the candidate �� ! ���� decays, one of the photons was lost
because it entered a gap in the HPC, or because it could not be reconstructed due to
either a late conversion (i.e. in the outer wall of the TPC) into a electron-positron pair
or to having an energy too low to be detected in the HPC. This topology appeared as
one charged particle plus one photon. In order to reduce backgrounds, a cut was made
on the invariant mass of the  � � system as discussed below.

The procedure used to select the candidate tau decays was as follows.

1. It was required that an isolated charged particle had one or two neutral showers of
greater than 0:5 GeV energy in the surrounding 300 cone, that these showers started
before the fourth layer of the HPC and that they deposited energy in at least three
layers of the HPC.

2. The total electromagnetic energy in the event had to be less than 1.3Ebeam and
the momentum in the hemisphere opposite to the candidate had to be lower than
0.85Ebeam to reject the e+e� ! e+e� and e+e� ! �+�� backgrounds.

3. To suppress the background coming from �� ! e� ��e�� , the track of the �� ! ����
candidate was required to have the EX variable as de�ned in Section 6 greater than
1.5. Low momentum electrons which radiate a photon were eliminated by asking
that, if the charged particle momentum was less than 5 GeV/c, the sum of the �0 and
the charged particle deposited energies divided by the charged particle momentum
be outside the range between 0.5 and 1.5.

The events were then classi�ed into two categories: 1) � + reconstructed �0, 2) �+ .
In both cases, a minimum energy of 1.5 GeV was required for the neutral particle ( or
�0). Fig. 7 shows the energy distribution of the neutral particle as de�ned above.

To select an event in category 1) the invariant mass of the two neutrals was required
to be in the range 0:04 GeV/c2 < m�0 < 0:40 GeV/c2.

In both cases, the invariant mass of the � � ( or �0) system was required to be in
the range 0:5 GeV/c2 < m��( or �0) < 1:1 GeV/c2.

Fig. 8 and Fig. 9 show the reconstructed �0 mass and the reconstructed � mass
distributions respectively, superimposed with the Monte Carlo prediction. After these
selections, 694 �� ! ���� candidates remained. The overall e�ciency inside the geo-
metrical acceptance was computed by Monte Carlo simulation to be 41:2 � 2:0%. The
background as determined by Monte Carlo simulation was 16 � 2%, mostly due to the
� ! ��0�0� and � ! K�� decay modes. Fig. 10 shows the distribution of the angles
de�ned in Sect. 4 for Monte Carlo and data. A maximum likelihood �t gave

P� = �0:24� 0:09 � 0:07:
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The main contributions to the systematic error arose from the uncertainties in the accep-
tance and the photon reconstruction e�ciency (0.06), the background subtraction (0.02)
and the Monte Carlo statistics (0.03).

The measured branching ratio was

BR(�� ! ���� ) = 22:4 � 0:8(stat)� 1:3(sys)%:

Systematic errors arose from: selection e�ciency (1.1%); background subtraction (0.4%).

10 Conclusions

Table 1 summarizes the results obtained from the analysis of the di�erent decay chan-
nels. The weighted mean of the measurements in the di�erent decay channels gives an
estimate for the tau polarization of

P� = �0:24 � 0:07:

The statistical and systematic errors have been added in quadrature, neglecting small
correlations between the systematic errors of the di�erent decay modes. Using equation
3, a value of the ratio of the vector to the axial coupling constant of the tau to the Z of

v�

a�
= 0:12 � 0:04

is obtained, thus yielding a value of the e�ective mixing angle

sin2 �W (m2
Z) = 0:220 � 0:009 ;

in agreement with the value for sin2 �W (m2
Z) of 0:2338 � 0:0027 derived from the Z line

shape and asymmetry measurement [16]. The present results are in good agreement with
those published recently by the ALEPH [23] and OPAL [24] collaborations.

The observed electronic branching ratio of 18:6 � 0:8(stat) � 0:6(sys)% agrees well
with the value of 18:9� 0:5% predicted using the world average value for the tau lifetime
of 303 � 6 fs in equation (1) and assuming tau-muon universality. Using the measured
branching ratio and the world average lifetime, one can estimate the ratio of the tau
Fermi coupling constant to that of the muon:

G�=G� = 0:99 � 0:03 ;

in very good agreement with tau-muon universality. A slightly smaller number is obtained
by asuming electron-muon universality and using the muonic branching ratio to compute
G�=G�.

The measurements of the electronic and muonic branching ratios give a value for R�
had

of 3:44� 0:24. Using the theoretical expression for R�
had [25] we obtain

�s(m�) = 0:26+0:09
�0:12:

Using the renormalization group [26,27] this value can be extrapolated to Q2 = m2
Z;

giving
�s(mZ) = 0:109+0:012

�0:028;

in agreement with the value of �s(mZ) = 0:112 � 0:007 obtained from an analysis of the
topology of Z decays [28].
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Table-1

�� ! e� ��e�� �� ! �� ����� �� ! ���� �� ! ����

Number of Candidates 554 687 283 694
Identi�cation E�ciency (%) 44:4 � 1:0 59:9 � 1:1 34:7� 2:0 41:2� 2:0
Background in Channel (%) 6:0� 1:1 4:4 � 1:2 7:9� 3:1 16:0� 2:0
P� �0:12� 0:23 �0:05� 0:19 �0:35 � 0:13 �0:24� 0:11
Branching Ratio (%) 18:6 � 1:0 17:4 � 0:9 11:9� 1:0 22:4� 1:5
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Figure 1: (a) ER variable for Monte Carlo simulated e+e� ! �+�� (shaded) and
e+e� ! e+e� events (expected to peak at ER =

p
2) in units of Ebeam; (b) PR variable

for Monte Carlo simulated e+e� ! �+�� (shaded) and e+e� ! �+�� events (expected
to peak at PR =

p
2)in units of Ebeam; (c) E�ciency of the �lter as a function of the

momentum of the particle with maximum momentum on the event in units of Ebeam.
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Figure 2: Variables used for electron identi�cation. (a) REL distribution for single
tracks with more than 2 GeV/c momentum (dots with error bars). Superimposed are the
Monte Carlo predictions for electrons (shaded) and hadrons. (b) EX distribution for the
electron and hadron (shaded) data samples. The normalisation between the two samples
is arbitrary.
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Figure 3: (a) Selection e�ciency for the decay �� ! e� ��e�� plotted as a function of
the electron energy in units of Ebeam. (b) Distribution of measured energy in the decay
�� ! e� ��e�� in units of Ebeam. The points with error bars are the the data. Superim-
posed are the Monte Carlo prediction for the signal and the background (shaded). The
simulated events where generated assuming the Standard Model prediction P� = �0:16:
(c) Corrected energy distribution of the decay �� ! e� ��e�� in units of Ebeam. The points
with error bars are the data. The �t is superimposed.
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Figure 4: Energy deposition in the HCAL for muons from data (points) with Monte Carlo
superimposed (solid line).
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Figure 5: (a) Selection e�ciency for the decay �� ! �� ����� plotted as a function
of the muon momentum in units of Ebeam. (b) Distribution of measured momenta in
the decay �� ! �� ����� in units of Ebeam. The points with error bars are the the
data. Superimposed are the Monte Carlo prediction for the signal and the background
(shaded).The simulated events where generated assuming the Standard Model prediction
P� = �0:16: (c) Corrected momentum distribution of the decay �� ! �� ����� in units of
Ebeam. The points with error bars are the data. The �t is superimposed.
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Figure 6: (a) Selection e�ciency for the decay �� ! ��(K�)�� plotted as a function
of the pion momentum in units of Ebeam. (b) Distribution of measured momenta in the
decay �� ! ��(K�)�� in units of Ebeam. The points with error bars are the data. Super-
imposed are the Monte Carlo prediction for the signal and the background (shaded).The
simulated events where generated assuming the Standard Model prediction P� = �0:16:
(c) Corrected momentum distribution of the decay �� ! ��(K�)�� in units of Ebeam.
The points with error bars are the data. The �t is superimposed.
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Figure 7: Energy of the neutral particle produced in the decay �� ! ���� ; �! ��0; the
dashed area corresponds to the contribution of the energetic �0 (the two photons are not
resolved into two neutrals but identi�ed using the �rst three layers of the HPC).
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Figure 8: Invariant mass of the �0 candidates (with the two resulting photons identi�ed
as two separate neutral particles in the HPC) for data (points with error bars) and Monte
Carlo simulation (solid line).
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Figure 9: Invariant mass of the � candidates for data (points with error bars) and Monte
Carlo simulation (solid line) after the cut on �0 mass. The shaded area corresponds to
the background.
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Figure 10: Raw distributions of cos �� and cos �� in �� ! ���� events. The data are the
points with error bars. The Monte Carlo prediction for P� = �0:16 is superimposed.


