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Abstract

The polarization of 7 leptons produced in the reaction ete~™ — 7T77 at the Z
resonance has been measured using the 7 decay modes ev.v,, pv,vr, wv;, pv,, and
arv-. The mean value obtained is P, = —0.152 £ 0.045, indicating that parity is
violated in the neutral current process ete~ — 777~. The result corresponds to a
ratio of the neutral current vector and axial véctor coupling constants of the 7 lepton
gv-(M2)/g4-(M2) = 0.076 £ 0.023 and a value of the electroweak mixing parameter
sin” Oy (M2) = 0.2302 + 0.0058.

(Submitted to Physics Letters B)
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1 Introduction

Measurements of the weak neutral current coupling constants of the different fermions are
important for detailed tests of the standard model of electroweak interactions. Here we present the
determination of the ratio of the neutral current vector and axial vector coupling constants of the
T lepton from a measurement of the polarization of t leptons produced in e*e™ collisions at the
Z resonance. The 1 polarization has been measured in previous experiments [1,2,3], but due to the
lower centre of mass energy the sensitivity to weak interaction effects was limited. The present
experiment was carried out using the ALEPH detector at the LEP collider at CERN. The data, taken
during 1989 and 1990 at centre of mass energies between 88.2 GeV and 94.2 GeV, correspond to an
integrated luminosity of 8.5 pb™..

2 Method

The polarization of the 1 lepton is a parity violating variable defined by

ORp—C
P_::_L_L
Og + O

2 -

where oy and o are the cross sections for the production of right-handed and left-handed 7 leptons,
respectively. Due to longitudinal spin correlation P, =— P_ and by convention P, is defined as the
polarization of the 7. The 1 polarization depends on the initial state polarization via angular
momentum conservation and on the space-time structure of the T coupling to the initial state. The
effects of initial state polarization are eliminated by averaging P, over all T production angles. In the
following P_ designates this average polarization.

At the Z resonance, ignoring the small contribution from one photon exchange, the average
T polarization at tree level is given in terms of the ratio of the vector and axial vector coupling
constants of the 7 to the Z by

o Budtn
1+ (er/ gAr)z

P, =

In the standard electroweak model, g,/g, = 1 — 4 sin®@, for a lepton, 0, being the weak mixing
angle. The inclusion of one photon exchange leads to a shift in P, which depends on the centre of
mass energy but never exceeds AP, = + (.03 in the energy range covered by this experiment.

The polarization of the T can be determined from the angular distributions of its decay products
in the T rest frame, assuming that the charged current interaction mediating the t decay has a V-A
structure. In practice it is in most cases deduced from the energies of the 1T decay products in the
laboratory system which are related to these distributions. In the analysis presented here the five



major decay modes are studied: T — eV, T— UV, V,, T — TV, T = pV,, T — a,V,. For the last
mode only 2, decay into three charged pions is considered. These decay modes comprise about 80%
of all T decays. In the following the decay distributions are described using tree level expressions.
The full analysis includes O(ox) corrections. The terms proportional to P, have the same sign for ©*
and T,

In the leptonic decay modes the decay angles cannot be reconstructed since there are two
missing neutrinos. Only the energy distributions of the electron or the muon are measured.
Neglecting the mass of the daughter lepton compared to the mass of the T and the latter compared to
the mass of the Z they are givgn_ by [4]

W0 = 3[4x°-9x2+5+ P 8 -9 x+ 1)].

The variable x = E/E\y, or equivalently X = p/p,..,,,, is used throughout this paper to denote energies
and momenta of particles in the laboratory system measured in units of the beam energy.

For the semihadronic decay modes the distribution of the decay angle 9 of the hadron in the
1 rest frame relative to the T line of flight is given by [5]

W(cosd) = % (1+0P, cosd),

with o = 1 for spin 0 particles (pion) and o = (m? — 2m?) / (m? + 2m?) for spin 1 particles (p, a,),
where m; and m are the masses of the © and of the hadronic system, respectively. The angle © may be
expressed in terms of the fractional hadron energy x in the laboratory system:

2x — 1 - m¥m?

2
T

cosy =

1-m%m

The reduction of the analysing power for hadrons of spin 1 by the factor o is due to the contribution

of both longitudinal and transverse spin states of the hadron to the T decay distribution. The spin

states can be separated by introducing a second angle y which characterizes the decay distribution of

the hadron into final state pions [6,7]. For the p this is the decay angle of the 27 system relative to the
p line of flight and it is given in terms of the energies of the two pions:

m E - E_.
m2_4m: |31|: + I_))n"l

For the a;, y is the angle between the normal to the decay plane of the 37 system in the 2, rest frame
and the a, line of flight [7].

cosy =



The T polarization is determined from the energy spectra in the case of the decay modes
T—>eVV,, T—=>UvV,, T— v, and from the distributions in the two angles ¥ and y for the

. .-~ modes T — pv, and T — a,v,. A linear combination of simulated event distributions for positive and

negative helicities is fitted to the data with the polarization P, as a free parameter. The simulated t pair
events are generated using the Monte Carlo generator KORALZ [8], which includes QED radiative
effects in the production and decay processes of the T leptons. The events are then passed through the
detector simulation, event reconstruction, and analysis programs in order to take detector resolution
and acceptance effects into account. For the fit the distributions are corrected for misidentified decay
modes, background events, and by the ratio of measured and simulated selection efficiencies if these
were determined from data. Data and Monte Carlo distributions are averaged over the different centre
of mass energies 1;gngrmg the slight energy dependence of the polarization in the fitting procedure.

The pola;ﬁzation analysis is not very sensitive to a precise modelling of the detector angular
acceptance since the average T polarization is to be measured. The result is, however, sensitive to the
momentum and energy dependence of the event selection and identification efficiency, which must be
known precisely.

3 Detector

The ALEPH detector, which is described in detail elsewhere [9], consists of an inner tracking
chamber (ITC) surrounded by a time projection chamber (TPC) for the detection and measurement of
charged particle tracks. Exterior to the TPC a highly segmented electromagnetic calorimeter (ECAL)
is used to detect and measure energy and position of photon and electron showers. It consists of a
sandwich of 45 layers of planar proportional chambers and lead plates assembled in 12 modules each
in the barrel and the two endcaps of the detector. The energy and position of electromagnetic showers
are measured using 3 x 3 cm cathode pads connected internally to form projective towers which
subtend on average a solid angle of about 0.8° x 0.8°. Each tower is read out in three stacks of
thickness 4, 9 and 9 radiation lengths. In addition all wire planes are read out individually. The ITC,
TPC, and ECAL are enclosed by a superconducting solenoid which provides a homogeneous
magnetic field of 1.5 Tesla for charged particle momentum measurements. Outside the coil the
120 cm thick iron return yoke is instrumented with 23 layers of 1 x 1 cm? streamer tubes to form the
hadron calorimeter (HCAL). The presence of a streamer is recorded in each of the tubes individually.
The analog signals induced by the streamers on pads are read out with a projective tower geometry.
The HCAL towers cover solid angles of about 3.7° x 3.7° each. The detector is triggered by 7 pair
events with a measured efficiency >99.9% .



4 Particle Identification

The main sources of systematic error in the measurement of the 1 polarization are background
from misidentified t decay modes and uncertainties in the momentum dependence of the decay mode
selection. Background from other sources is in general small and of less importance. The separation
of the different decay modes depends on the quality of particle identification, Procedures to identify
electrons, photons, muons, and hadrons are described in the following. They are in part optimized
fot T decays, where most of the time an isolated track is to be identified. Photons must be detected
and identified with high efficiency close to a charged track, possibly accompanied by a hadronic
shower in ECAL. Data are used to measure the identification efficiencies and to determine
misidentification probabilitieé in most cases. The analysis does not distinguish between charged pions
and kaons, This is accounted for in the simulation of the experiment. However, at the present level of
sensitivity the presence of charged kaons could even be ignored.

Identification procedures using ECAL information require geometrical cuts: a track should not
point near the insensitive region between two adjacent ECAL modules (crack) or to the region where
barrel and endcap modules overlap. This is to ensure, that a possible electron shower is contained in
the sensitive volume of an ECAL module. Acceptance losses due to this requirement are close to
10%. Similar cuts in HCAL, which is used for m—| separation, are not necessary since the effect of
cracks on the identification efficiency is small in that case and can be easily measured.

4.1 Electron identification

Electrons are identified by means of three test variables R1, Ry, and R;, which are described in
detail in Ref. 10. R; and R; are measures of the transverse and longitudinal shapes of showers in
ECAL; Ry requires also a matching of the track momentum measured in the TPC and the energy
deposition in ECAL. R; measures the difference between the track ionization observed in the TPC and
that expected for an electron. For electrons of momentum above 2 GeV/c all three variables are
normally distributed with zero mean and unit variance. Their distributions have been determined
using data taken in test beams and in €'e” collisions.

The momentum dependence of the identification efficiency is measured in the apparatus using
e*e” scattering and e*e” pairs from two photon interactions or from photon conversion in hadronic
events which give a full spectrum of momentum. An electron is tagged in these processes by the
identification of its partner. The average efficiency excluding ECAL cracks and restricted to polar
angles lcosBl < 0.7 (barrel) is <g.> = 93.1% with a small momentum dependence. It is in perfect
agreement with the Monte Carlo prediction, the ratio R, of measured and predicted efficiencies having
a slope dR/dx = (~2.6 £ 2.7) x10~*, Misidentification of pions can occur when the pion trajectory
overlaps with a photon shower in ECAL, a situation wtiich depends on the type of events selected.




4.2 Photon identification

Due to the large Lorentz boost at LEP energies the decay products of the T are confined to a
narrow cone such that the photons from one or several neutral pions generate showers in ECAL
which are in most cases very close to each other or to showers from charged hadrons. For the
purpose of estimating systematic errors two different methods have been developed to identify
photons in such a dense environment.

Both identification procedures begin with a search for local energy maxima among the towers
of the first two stacks of ECAL. A maximum tower contains more energy than any of its immediate
neighbours. Two definitions are used: in a strict definition neighbouring towers must have a common
face (method A), whereas in a looser definition neighbouring towers share a face or a single comer
(method B). Each local maximum represents the first tower of a separate cluster. It must have a
distance from the impact of a charged particle of more than 4 ¢m if the cluster is to be considered as a
photon candidate.

The full reconstruction of the clusters and the assignment of energies starts from the local
maxima. In method A the remaining towers are assigned in order of decreasing energy, adding the
energy of a tower to the same cluster as its highest energy neighbour. Method B shares the energy of
a cell between adjacent clusters with an algorithm based on the expected radial distributions for
electromagnetic showers normalized to the energies of the local maxima. Photon candidates must
have clusters extending in depth over at least two stacks in order to reject satellite clusters of hadronic
showers. The minimum cluster energy is 250 to 300 MeV, but in method B this threshold is raised to
1 GeV if the photon shower overlaps with a cluster that is linked to the track of a charged particle.

The efficiencies of these identification procedures and the misidentification probabilities depend
on the kind of events selected. They are determined by Monte Carlo simulation. The comparison
between data and Monte Carlo is shown in Fig.1(a) for the total number of reconstructed photons per
7 candidate and in Fig. 1(b) for the Yy invariant mass distribotion in 7 candidates with two photon
clusters, The latter shows a clear peak at the ®° mass. Both distributions are very similar for the two
methods. The agreement between data and simulation is satisfactory. The ° mass reconstruction has
been used as a check of the measurement of the ©° energy.

4.3 Separation of hadrons and muons

The pattern of streamer tube hits in HCAL is employed to distinguish hadrons from muons,
making use of the characteristic penetration of muons through HCAL without interaction, Two test
variables are constructed. The first is used to detect penetrating tracks by searching for tube hits in the
outermost layers of HCAL. The hits must be within a few centimetres wide road, obtained by




extrapolating a track from the TPC into HCAL. The second variable is sensitive to showers in HCAL
and is based on the width of the tube pattern in all planes containing hits. The width is defined as the

- distance between the most separated tubes hit in a plane within a 60 cm wide road. In a given decay

mode the cuts on the two variables are chosen such that the acceptance is optimized while keeping the
background contribution to the systematic error on the polarization small compared to the other
errors. For this purpose test samples of muons and hadrons are selected from data, which are
identified without using HCAL information. They are used to measure the energy dependence of the
identification efficiency and to determine the misidentification probability.

To select muons for a test sample, charged tracks are required to have associated hits in the
muon cha.mbers Alternanvely muons from p*” pair events are identified by the second muon and
kinematic cuts Identlfled charged pions are mainly obtained from the decay t* — p*v, with
p* — n*n°, where the charged track is identified by the accompanying 7°, which in turn is identified
by its invariant mass calculated from photon candidates.in ECAL.

The muon identification efficiency €,, averaged over polar angles with respect to the beam axis
in the range Icos6l < 0.9, is almost independent of energy for x>0.1. The average over energies is
<g,> = 0.847 £ 0.003 with a slope of de,/dx = 0.024 + 0.012. The efficiency includes losses due to
HCAL cracks. The probability of misidentifying hadrons, averaged over the spectrum of the test
sample, amounts to (1.0 0.3)%. No significant energy dependence is observed. The spectra of both
the test sample and the semihadronic one prong T decays are rather, similar in shape.

The identification efficiency of hadrons using the two variables for penetration and shower
width exhibits a strong momentum dependence and rises typically by a factor of 2 between 3 GeV
and 30 GeV. This behaviour is mainly due to the cut on the shower width, which removes in
particular low energy hadrons. These can in part be recovered by accepting events which, after
passing the criterion for a non-penetrating track, failed the shower width cut, but have a charged track
interacting in ECAL. The condition for a hadronic interaction is that the track is minimum ionizing in
the front part of ECAL and that the energy deposition of the track in the rear part of ECAL exceeds
the average signal from a muon by a factor of 3. This latter part of the identification procedure cannot
be checked with the hadron test sample described above, since ECAL was used to select the events.
Data from the exposure of an ECAL module to a test beam of pions [11], taken at energies of 5, 7,
10, 20, and 30 GeV, are used instead. The identification efficiency for hadrons obtained by
combining the three criteria varies between 80% and 95% for fractional momenta x > 0.1, the range
used in the final analysis for the decay mode © — nv,. The efficiency predicted from simulated events
differs by about 4%. However, only the momentum dependence is important here and this is in good
agreement with the data. If the ratio R, of measured and predicted efficiencies is fitted linearly with x
one finds dR,/dx = 0.018 + 0.052. The probability of misidentifying muons has been determined to
be (0.32 + 0.08)% from the muon test sample.

10
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5 Event selection and analysis

In a first step Z candidates decaying into lepton pairs are selected. An event should have
between two and six tracks with momenta greater than 0.1 GeV/c coming from the interaction point,
and at least one track with momentum greater than 3 GeV/c. The event is divided into two jets of
tracks by a pléné perpendicular to the thrust axis and it i§ required that there should be at least one
track in each jet. The jets should be narrow such that ‘there is no track in the event with an angle
greater than 18.2 degrees with respect to the axis of its jet. The acoilinearity angle between the two
jet axes is required to be less than 26 degrees. After these cuts the sample contains mainly lepton pairs
with a small background from cosmic ray muons, two photon interactions, and hadronic Z decays.

In a second step individual T decay modes are selected from the lepton sample. Jet topologies
with either one prong or three prongs are considered. Polar ahgles of the jet are restricted to the range
lcos8] < 0.9, where track momenta and showers in the calorimeters are. well measured. An exception
is made for the decay © — e v_v,, where Icos6t < 0.7 because of the large background from Bhabha
events at small scattering angles. Backgrounds from other than < pair final states are further reduced
in the step of decay mode selection. In particular, background from hadronic Z decays and cosmic
1ays is reduced to a negligible level.

51 1o evy,

Candidates for the decay T — e v v, are one prong jets identified as electrons. The electron
energy has to be greater than 2 GeV. A sizeable fraction of the energy of electrons can be radiated in
the material of the detector. Therefore the sum of the electron and photon energies as measured in
ECAL is used as an estimate of the electron energy. To ensure a good energy measurement and
electron identification the momentum vector of a track at both the interaction point (for radiated
photons) and the entrance to ECAL (for the electron) should not point in the vicinity of an ECAL
crack. This requirement holds also for the recoil jet in order to allow for an efficient identification and
rejection of Bhabha events.We require that there be only one identified electron in the event and that
the ECAL energy X, of the recoil jet be less than 0.75. The remaining Bhabha background amounts to
(0.85 £ 0.50)% concentrated at x > 0.9. The background from two photon interactions is reduced to
a negligible level by requiring the maximum acollinearity angle to be less than 14.3 degrees and the
transverse momentum of the recoil jet to be greater than 2 GeV/c. Misidentified hadrons are reduced
by allowing for tube hits in at most two planes of HCAL within a + 30 cm wide road with respect to
the extrapolated track. The remaining background from misidentified hadrons is mainly due to
p* = ntn° events, where the charged track of the ¥ overlaps in ECAL with photons from the m°.
This background is determined by simulation and found to be (1.7 £ 0.8)% confined to 0.4 < x <
(0.8. The overall acceptance is 32%.
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The resulting electron energy spectrum from 843 selected events and the background are shown
in Fig.2, as well as the fit to the data. It should be pointed out that the measured energy spectrum
refers to the sum of the energles of the electron and radiated photons. This has the advantage that in
the polarization analysm of the spectrum one is less dependent on the detailed modelling of the
radiative corrections, which are substantial in this decay mode. The fit yields

P,=-036%0.17 +0.06 .

The first error is statistical, the second error is systematic; details are given in Table 1. The dominant
systematic error is due to the uncertainty in the electron identification efficiency.

3.2 T UV,

Candidates for the decay 1 — L Vv,V are one prong jets identified as muons with a fractional
energy X > 0.1. Background from Li-pair events produced in Z decays or two photon interactions is
suppressed by allowing for only one identified muon in the event and by requiring the fractional
momentum X, of the recoil jet to be less than 0.75. An additional cut against events from two photon
interactions requires less than 20 GeV energy in the calorimeter of the luminosity monitor glose to the
beam axis. The identification procedure used to search for more than one muon is based on a weaker
penetration criterion with an identification efficiency of 95.5% compared to only 84.7% for the
standard procedure. The events with only one out of two muons identified are estimated from the
measured rate of events with two identified muons and the measured identification efficiency. A
fraction of (3.1 1.1)% of the selected events are due to this type of event, about 60% of which
originate from 7 pairs with both particles of the pair decaying into a muon. The contamination of the
sample by misidentified hadrons is determined by folding the measured probability of misidentifying
hadrons as quoted in section 4.3 with a simulated spectrum of hadrons from one prong t decays,
yielding a contamination of (3.7 + 1.2)%. The overall acceptance is 45%.

Figure 3 shows the muon spectrum of 1401 selected events together with the background from
hadrons and U pairs. The polarization was determined from a fit using simulated event distributions,
but also by fitting a semi-analytical calculation [12] to the muon spectrum. The advantage of the latter
approach is that there is no error contribution from the statistics of simulated events. The two fitting
methods yield the same result within the statistical error of the simulated events. The final result is
taken from the fit with the semi-analytical calculation.

P,=-0.19£0.13 £ 0.06

is obtained, where the dorminant systematic error is the uncertainty on the fraction of misidentified
hadrons.

12

R € b 11 e R LR A,



53 tomv,

The main task in the selection procedure for the decay T — Tv_ is to remove events where an
isolated cha:ged hadron is accompanied by one or several neutral pions. The presence of a shower
which develops in the first few radiation lengths of ECAL is a signature for this type of event. Two
methods are employed to detect an early shower development in the vicinity of a track. They use the
signals from the wire planes of the ECAL module hit by the track and all its neighbour modules. The
methods also detect and remove electrons, whereas n— separation to fully identify hadrons is
applied in a later step.

Method A detects the beginning of a shower from the energy profile of the wire planes. An
energy deposition exeeding the average signal from a minimum ionizing particle by a factor of 2.5 in
three consecutive wire planes indicates the start of a shower. There should be no shower starting
before five radiation lengths. In method B the energy sum in the first four radiation lengths is
required to be less than 350 MeV, which corresponds to about four times the signal of a minimum
ionizing particle, This main cut in method B is supplemented by either of two requirements which
reduce the signal by only 4% but the remaining background by more than a factor of 2: (i) The energy
deposit in the first two stacks of ECAL as determined from the towers along the track trajectory and
the sum of the wire signals in the corresponding module and its neighbours should be compatible
with that of a minimum ionizing particle; or (ii) there should be no isolated ECAL cluster with energy
above 500 MeV in the hemisphere around the track.

Tracks passing these cuts are due to pions, kaons, and muons, with a small contamination of
electrons and hadrons accompanied by undetected photons. Some misidentified p and K™ final states
are rejected by demanding the total calorimetric energy - from ECAL and HCAL - around the
extrapolated track direction to be less than twice the momentum of the track.

The selection efficiencies due to the cut of method A and due to the main cut in method B are
determined from the pion test beam data [11] at energies between 5 GeV and 30 GeV. They are
extrapolated to the highest energies of about 47 GeV. The selection efficiencies are about 70% for
method A and 75% for method B. To estimate the uncertainty in the energy dependence, the ratio R
of the measured and simulated efficiencies is fitted to a straight line in the fractional energy x. The
error on the slope dR/dx is £ 0.030, which translates into an error in the polarization of £ 0.015.

The muons in the remaining sample are removed by the 1— separation procedure described in
section 4.3. To reduce events from two photon interactions the more energetic of the two jets has to
have a fractional momentum x > 0.1. To further reduce background from W pair events, an event is
rejected if the recoil jet is an identified muon with x, > 0.75. Bhabha events are further suppressed by
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rejecting events where the energy deposition in ECAL in one hemisphere of the event is greater than
80% of the beam energy.

Figure 4 shows the spectrum of pion candidates as well as the total background obtained with
method A. Corrections for acceptance and background are relatively large at low x. In order to
reduce systematic uncertainties due to these corrections only events with x > 0.1 and x > 0.15 for
methods A and B, respectively, are used in the polarization analysis. For the two analyses 805 and
879 candidate events are retained, with 632 events common to both samples. The overall acceptance
is 37% for both methods. The background due to misidentified T decay modes has been calculated
from simulated events and amounts to 5.3% and 8.5%, mainly due to the p and K’ final states.
Backgrounds from electron palr and pt pair events are determined from data to be (0.7 + 0.3)%. The
fit results yield an average for the two samples of

P, =-0.130+£0.065+0.044 . -

The difference between the two samples is AP, = 0.045 + 0.046. The error on AP, is predominantly
statistical since the sources of systematic errors on the two methods are the same. This systematic
erTor contains several contributions which are similar in magnitude, none of them being dominant.

54 1o pv,

Candidates for the decay T — pv, are one prong jets accompanied by one or two photon
clusters in a cone of 30 degrees around the track. Two samples are selected using the photon
reconstruction methods described in section 4.2. Background from two photon interactions is
reduced by requiring at least 2.5 GeV for the transverse momenta of the jets in the two hemispheres
of the event. Bhabha and L pair events enter the candidate samples only if they are accompanied by
radiated photons. Bhabha events are reduced by demanding the total ECAL energy to be less than
80% of the centre of mass energy. The background from these sources remaining after the p selection
cuts is negligible. S

In events with two photon candidates the two photon system should have an invariant mass in
the range 0.08 <m., <0.20 GeV/c? to be accepted as a n° candidate. The reconstructed 1° is used
to tag the charged particle to be a hadron; no further particle identification is employed in this case. At
T° energies below 2 GeV and above 15 GeV, n° decays with only one reconstructed cluster
dominate. At low energies one of the two photons is often lost due to cuts in the reconstruction
algorithms, whereas at high energies the two photons merge into a single unresolved cluster. The loss
of a photon results in a degradation of the reconstructed kinematics. A single cluster ia accepted as a
n° candidate if its energy is greater than 4 GeV. This requirement ensures a reliable treatment of
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resolution effects and backgrounds. Furthermore, in single photon cluster events the charged particle
should not be identified as an electron or muon.

The n° candidate is combined with the charged particle, assumed to be a pion, and the invariant
mass of this system is calculated. The resulting distribution is shown in Fig.5. It is dominated by the
p resonance above a small background entirely due to the misidentification of other T decay modes
(more than 80% from the nr°n® and K" final states). For the final analysis, the invariant mass is
required to be in the range 0.5 <m_, < 1.2 GeV/c?. | |

The overall acceptances for the two samples using the photon reconstruction methods A and B
of section 4.2 are 46% andSO% yielding 2001 and 2184 events, respectively, with about 1700
events in common. The fraction of background events as determined by Monte Carlo amounts to
8.1% and 10.5%. The event distributions in cosy for different bins in cos® are displayed in Fig.6 for
method B together with the background and the fit result. The average of the two results is

P, =-0.124 £ 0.047 + 0.051
and the difference AP, =0.082 * 0.034 £ 0.041. This difference indicates that the systematic errors
from the photon reconstruction are larger than our estimates. The systematic error on P, has been
increased to take this into account.

3.3 1o ayv,

The analysis starts from events with a three prong jet. Jets with at least one track identified as
an electron are rejected to eliminate events with converted photons. Then ECAL is searched for
photons coming from neutral pions in a cone of 30 degrees around the jet axis. We observe 1128 37
candidates (sample A) and 748 3m+21y candidates (sample B) which were used to study the
background in sample A. The residual electron pair contamination in the three prong sample is less
than 1%. T

The Dalitz plots and the 3® mass spectra for the two samples display very different
- characteristics (Fig.7). Sample A is compatible with pure a; — p°n. In sample B the 3w mass
spectrum is broader and the population of the Dalitz plot is concentrated in the low mass region. A cut
on the mass of the 31 system m,, < 1.6 GeV/c? removes badly measured events and possible
background from hadronic Z decays. To reduce background of the type of sample B, but with
undetected photons, a further cut requires that at least one of the two "R~ masses satisfies the
condition for a p: 0.36 < m? < 0.81 (GeV/c?)?. The remaining background is estimated by Monte
Carlo to be (6.5 + 1.6)%. The error is systematic and has been obtained by comparing the Dalitz plot
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for data and Monte Carlo in the corner m? < 0.32 (GeV/c?)%. After all cuts sample A contains 990
events, the overall acceptance being 55%. |

When fitting the two-dimensional distributions one faces the problem of statistical fluctuations
of the simulated events in sparsely populated regions of the phase space, making large samples of
simulated events necessary. This can be avoided by jointly fitting three moments of the two variables
instead, without losing significantly in analyzing power [13]: <cos®>, <3cos?y — I>, and
<cos®{(3cos’y — 1)>. This has been done for the a; decay mode. The result is

P,=-0.15%0.15+0.07 .

Figure 8 shows the distributions of the events and of the moment <3cosy — 1> as functions of
cos®. The sensitivity to the polarization of the T is derived almost entirely from the second
distribution. An important point to note is that the acceptance is constant in cosy within errors,
making the result rather independent of the simulation of this decay mode.

6 Results

The results of the polarization analyses are summarized in Table 1. The fitted event distributions
are compared to the data in Figs. 2, 3, 4, 6, and 8. The weighted average of the polarization obtained
from all five decay modes is P, = — 0.150 * 0.045. The statistical and systematic errors have been
added in quadrature. Correlations between t decays in the same event and between the systematic
errors of the different decay modes are negligible. For further analysis it is convenient to quote P, at
an effective centre of mass energy equal to My, The corrections for the energy dependence of P, and
for initial state radiation is small. The final value is

P, =-0.152 + 0.045 .

The measured value for the T polarization differs from zero by more than three standard
deviations. This is the first observation of a non-zero lepton polarization produced in e*e”
annihilation. This result implies that (i) parity is violated in the process e*e” — t*1~ and (ii) parity is
violated in the considered t decays, without which a T polarization could not be observed. Parity
violation in the weak neutral current has been previously reported in polarized electron inelastic
scattering [14] and in atomic transitions [15]. The present result extends this observation to the
T lepton, in agreement with the universality of the electroweak theory. As for parity violation in
7 decays, our finding confirms the recent observation in the decay t — 3mv_ [16].
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In the framework of the improved Born approximation [17] the 1 polarization may be
interpreted in terms of the running coupling constants gy, (%) and g, (1% at p = M, replacing gy.
and g, in the tree level formula

Zyd/Eac
1+ (gy/ gm)z

. = =

Using P, =—0.152 4. 0.045 one obtains

gv.MD) / g, (M2) = 0.076 + 0.023 .

The relation gy,(M3) / g (M2) = 1 — 4(sin’6,(M2) + C), where C = 0.0007 accounts for the flavour
dependent weak corrections [18], yields

sin®0,(M3) = 0.2302 £ 0.0058.

One may combine this measurement of gy, /g, with the separate measurement of the partial width of
the decay Z— t"t” from this experiment, I, = (82.3 4. 1.6) MeV [19], to separate gy, and g,,. With

_GM;
‘C 6’\,.—2

one obtains, assuming g, - is negative,

(er(M%) + gA':(MZ))

gv.(M2) = - 0.038 + 0,012,
2, M) = - 0.497 + 0.005.

The absolute value of g, (M2) is in agreement with the prediction of the standard model, which
is close to 0.5. The magnitude of gy, is measured to 30% and the value of sin’6, (M%) derived from it
agrees with other measurements [19], which also means that gy, behaves as expected in the standard
model. This determination of the neutral current coupling constants of the T lepton may be compared
to previous results obtained at lower energies, where a combined analysis of all experiments yields

ve=—0.09 *02% and g,. = —0.484 £ 0.034 [20]. The improvement in precision by the present
experiment is about an order of magnitude.
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Table 1: Summary of T polarization analysis

Decay mode ev.v, HV,V, v, pV, av.
P, -0.36 -0.19 -0.130 -0.124 —0.15
Statistical error 0.17 0.13 0.065 0.047 0.15

Systematic errors:

Acceptance 0.040 0.022 0.031 0.042 negl.
Energy calibration 0.020 0005  0.004 0.019 negl.
Misidentified T decays 0.025 0.038 0.022 - ..8.006 0.005
Background events 0.013 0.028 0.008 negl. negl.
MC statistics 0.030 0.020™ 0.020 0.020 0.070
Total systematic error 0.061 0.056 0.044 0.051 0.070

*) Estimated systematic error of the semi-analytical calculation of Ref.12 used in the fit.
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Figure captions

PR

Fig.1: Photon reconstruction in T events, Data are shown as dots, Monte Carlo events as histograms:

(a) Total number of reconstructed photons per T candidate (method B); the shaded histogram
indicates the expected multiplicity for the p* final state. (b) vy invariant mass in 7 candidates
with two photons (method A).

Fig.2: Total electromagnetic energy observed in candidates for the decay T — ev,v, in units of the
beam energy: data (points with error bars), background (shaded histogram), and fitted Monte
Carlo distribution (golid line) with the components due to positive (dotted line) and negative
(dash'ed']iﬂe)g_'u-?le]iclities.

Fig.3: Momentum of the muon in the decay T — UV,,V, in units of the beam momentum: data (points
" with error bars), background (shaded histogram), and fit result (solid line, semi-analytical
calculation) with the components due to positive {dotted line) and negative (dashed line)
7 helicities.

Fig.4: Practional energy of pion candidates in the decay T — mv_ (method A): data (points with error
bars), background (shaded histogram), and fitted Monte Carlo distribution (solid line) with the
components due to positive (dotted line) and negative (dashed line) t helicities.

Fig.5: Invariant mass of T°1° candidates selected for the decay T — pv, (before mass cuts) from
photon reconstruction method A: data (points with error bars), Monte Carlo prediction
(histogram), and expected background (shaded histogram).

Fig.6: Distribution of cosy for different bins in cos® in the decay T — pv, (method B): data (points
with error bars), background (shaded histograms), and fitted Monte Carlo distribution (solid
lines) with the components due to positive (dotted lines) and negative (dashed lines)

7 helicities.

Fig.7: Characteristics of three-prong T decays: Dalitz plot and 37 invariant mass for events without

reconstructed photons (a and ¢) and for events with at least one reconstructed photon (b and d).

Fig 8: Distributions of (a) events in cos® and of (b) the moment <3cosz\|l — 1> as a function of cost
in the decay T — 3mv, : data (points with error bars) and fitted Monte Carlo distributions (solid
lines) with the components due to positive (dotted lines) and negative (dashed lines)

1 helicities.
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