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1 Introduction

T he polarisation of tau leptons (P ) has been precisely m easured by DELPHT [1]and
other LEP experin ents 2],[3,4]nZ ! ¥  decaysduring the LEP running near the Z
pole (LEP1). Them easurem ents of the tau polarisation allowed the LEP experin ents to
determ Ine precisely the ratio of the electroweak axial and vector coupling constants, or
equivalently, the value of the e ective electrow eak m ixing angle. Starting from 1996 the
LEP energy was increased to values signi tly above the Z resonance. In this phase,
known as LEP2, the centreofm ass energy = s of the initial ' e system had values
ying between 161 and 209 G&V .At LEP2, due to the m uch reduced production cross-
section, the collected statistics of tau pairs was two orders of m agnitude an aller than at
LEP1,which m akes the experim ental errorsm uch larger and therefore they have a w eaker
constraint on electroweak param eters. H owever the determ ination of P at the word'’s
highest energies of " e anniilation is still in portant for the search for deviations from
the Standard M odel predictions (eg. existence of a 7% boson).

In this Letter we present the determm ination of the polarisation of tau leptons produced
in e e annihilations at energies between 183 and 209 G &V . The data were collected in
the DELPH I experim ent during 19972000. The data collected during 1996 were not
Included because of the low integrated lum inosity recorded. T he analysis was based on
the sam ple of tau pairs selected for the m easuram ent of the production cross-section and
forward-backward asymm etry [51].

At LEP the tau leptons produced in pairs have opposite helicity. T hroughout this
paper we refer to the helicity and polarisation of . The average tau polarisation P is
de nead as the relative excess of the right-handed over the left-handed ones:

p - r Ne, (1)
Ngr + N
T he polarisation dependence on the tau production angle was not m easured because of
too Jow statistics of the backward tau production at LEP2. In thisLetter P denotes the
average polarisation over all tau production angles.

At LEP2 a signi cant fraction of ferm ion pairs was produced in the radiative return
process, when the annihilation energy was reduced to the Z resonance region by the
radiation of a hard photon from the initial state. To ensure that the € e annjhilation
occurred at high energy the reconstructed centre—of—m ass energy of the tau pair ( gj) was

required to be close to the nom nalLEP energy: s=s > 0:92. The determ ination ofp s0
was based on the m easured di ions of the pts of tau decay products. T he procedure
of the tau pair selection and % determ ination is described in detail n [5]. The detector
calibbration and system atic error determ ination was also largely bassd on the procedures
described In [B]. A detailed description of the D ELPH I detector and its perform ance can
be found in [6]and [7].

The signal process e’ e ! was sin ulated using the KK M onte C arlo generator
[8], while tau decays were handled by TAUOLA 2.6 [9]. Them ain background processes
were sin ulated using the ollow Ing generators: BHW IDE [10]forefe ! e e ;KK for

+

efe ! 7 L;KKandPYTHIA [ll]fore'e ! ;W PHACT [12]fore’e ! W' W ,
ee ! ZZandee ! Ze e ;BDK/BDKRC [13]for I e, [ and
!' * ;and PYTHIA for ! gg. The generated events were passed through

the filll chain of the detector simulation, event reconstruction and data analysis. The
procedure of the M onte C arlo sin ulation of the D ELPH I detector is described in [7].



2 Event selection

T he determ Ination of the average tau polarisation wasbased on the inclusive selection
of oneprong hadronic decays of tau leptons. Leptonic and m ultitrack tau decays were
not used because of their very low sensitivity to the polarisation. The m ethod closely
followed the one developed for the LEP1 analysis [1], with m odi cations necessary to
take Into account the increased centre-ofm ass energy and the low er num ber of tau pairs
observed at LEP2. The charged particles In each presslected event were com bined into
two ptsusing the PYCLU S algorithm [11]. T hem ost energetic charged particle (lading
track) was determ ined for each £t and all tracks and electrom agnetic showers w ithin a
30 cone around each leading track were assum ed to originate from the decay of the tau
Jepton. The two tau decay candidates in each event were then analysed separately. An
In portant quantity for this analysis, the visible invariantmass M v 15 ), was calculated
for each tau decay candidate using all charged particles (assum ed to be pions) and all
photons, ie. electrom agnetic showers w ith energy above 0.5 G &V unassociated with a
charged particle.

T he oneprong hadronic tau decays were selected using the follow ing procedure. T he
lading track had to be reconstructed w ithin the barrel part of the DELPH I detec-
tor (polar angle! range 41 < < 139). Tracks close to the DELPH I m iddle plane
(885 < < 915 ) were excluded. Tau decay candidates in which the lading track
extrapolation passed closer than 0.3 from the centre ofa —crack of the barrel electro-
m agnetic calorim eter (HPC ) were also excluded. The leading track had to be the only
track originating from the tau decay, w ith the exception of the tracks that were recon—
structed as an €' e pair from a conversion (such pairs were treated as photons In the
analysis). T he procedure of the conversion reconstruction is described In [71].

Tau decays to electrons of relatively low energy were refcted by the requirem ent that
the m easured dE /dx Josses of the charged particle as m easured in the T in e Projction
Cham ber (TPC ) did not exceed the value expected for a pion by m ore than 2 standard
deviations. E lectrons of higher energies were suppressed by requiring that at least one
of the two follow Ing conditions was satis ed: either the energy deposition in the HPC
associated to the charged particle had to be less than 10 G €V or the associated deposition
beyond the rst layer of the Hadron Calorimeter (HCAL) had to be greater than 0.5
G eV . In the cases where a dE /dx m easurem ent was not available, the event was rejected
if the particle m om entum was in the range below 10 G &V /c for which the HPC energy
m easuram ent is less precise.

T he tau decays iInvolving m uons were suppressed by the requirem ent that no hits in
them uon cham bers w ere associated to the charged particle by the standard D ELPH I pro-
cedure of m uon denti cation [7]. For the tau decay candidates w ith low visble invariant
mass Mys < 03 GeV/c?) an additional m uon-suppression was applied: the average
m easured energy deposition per HCA L layer associated to the charged particle had to be
nconsistent w ith a m iInimum Jonizing particle, nam ely it had to lie outside the range 0.5
tol5GevV.

D uring the whole period of data taking in 2000 the perfom ance of one of the 12
sectors of the DELPHI TPC was unstable. The good perform ance of the TPC is cru-—
cial for this analysis, In particular for the dE /dx m easuram ents. T herefore for the data
taken in 2000 the selection procedure was modi ed. A tau decay candidate was re—
Fcted if the leading track was reconstructed w ithin the faulty TPC sector or close to it

IThe DELPH I coordinate system is a right-handed system w ith the z-axis collinear w ith the incom ing electron beam ,
the x-axis pointing to the centre of the LEP accelerator and the y-axis vertical. T he polar angle is w ith reference to the
z-axis,and is the azim uthal angle in the x;y plane.




(within 10 in azinuthalangle). This reduced the selection e ciency for the 2000 data
by approxin ately 10% .

Two of the event selection variables are illustrated in Fig. 1. The upper plot show s
the distrdbbution of the so—called \dE /dx pull" for the pion hypothesis, ie. the di erence
between the m easured dE /dx losses of the charged particle and the value expected for
a pion, expressed in num ber of standard deviations (see [1] for the exact de nition), for
particles w ith m om entum below 12 G &V /c. The lower plot show s the distrdbbution of the
average energy deposition per HCA L layer associated to the charged particle. T he grey
areas In Fig. 1 show the background m ost relevant to the variable shown. The data
shown in Fig. 1 represent the fuill statistics of 1997-2000.

In total, 624 hadronic tau decay candidates were selected from the 19972000 data.
The details of the selection for each year of data taking are summ arised in Table 1.
The e ciency values are given w ithin the polar angle acceptance. The e ciency drop
n 2000 is due to the refection of particles crossing the faulty TPC sector. T he non—tau
background consisted mainly ofe"e | e ,efe ! W'W ande e ! Ze e events
(In approxin ately equal fractions). T he selection e ciency and the background levelw ere
determ ined from the simulation. Sm all corrections (typically 10% ) were applied to the
residual non-tau background to account for the di erences between data and sim ulation.
T he procedure for this correction is descrlbbed in [5].

| Year 1997/ 1998|1999 2000
Mean s (Gev) 183 189 | 198 | 206
Integrated Ium inosity (pb ') 52 | 153 224 | 217
N um ber of selected 82 | 231 305 254
tau pairs (in barrel)
N um ber of selected 56 | 159 | 234 | 175

hadronic tau decays
Hadronic selection e ciency (%) (773 (771 |771 |703
N on—tau background (% ) 46| 38| 4. | 44

Tau Jeptonic decay background (% )| 33| 34 | 32| 33
Fractjor% (% ) of events

with s%s< 0:92 531 49| 49| 50

Table 1: Results of the tau hadronic decay selection.

Fig. 2 shows the dependence of the selection e ciency on the variables which are
sensitive to the tau polarisation: m om entum of the charged particle; total energy of
photons from the tau decay;and M y 15 . The step at 10 G &V /cm om entum  is caused by
the di erent treatm ent of the tracks w ithout dE /dx m easurem ent. T he drop ofe ciency
at low invariantm asses isdue to the tighterm uon refction in this region. In general, the
e clency isrelatively at,which is im portant for an unbiased polarisation m easurem ent.

T he distribution of the visible nvariant m ass for the selected decays is shown in Fig.
3. Them ain plotdoes not show the rstbin comresponding to ! decays. The sam e
distrdbution, including the rst bin, is shown in the Inset.



3 D etermm ination of the tau polarisation

The selected sam ple m ainly consisted of the decays ! ;! and !''ja.
M ixing the di erent decay m odes in the inclusive sam ple reduces the analysis sensi-
tivity to the polarisation. In order to in prove the sensitivity the analysis was per—
form ed in three bins of the visble nvariant mass: 0 < M y15 < 0:3 G eV /&, dom hated

by ! (59% );03GeV /&< Mys < 08GeV/c?,dom inated by ! (78% ); and
08Ge&V/c?< My < 20GeV/?,populated by ! (61 )and ! a (34%).The

total num bers of decays selected in each bin ofM 15 were 316, 153 and 155 respectively.
Asin the LEP1 analysis [1] the extraction of the tau polarisation was based on recon-
struction of the two kinem atic variables characterizing the tau decay: , the angle in the
rest fram e between themomenta of and h for ! h decays;and which, in the
case of ! decay, is the angle of the am ission of the pions in the rest frame. The
angle was reconstructed as
2op=p 1 mi=m?

s = ; 2
1 mi=m? )

where p, is the m om entum of the hadronic system produced in the tau decay (vector
sum of them om enta of the reconstructed tau decay products) and m 4, is them ass of the
hadronic system (experim entally reconstructed asM v 15 ). The tau lepton m om entum p
was estin ated from the directions of t]ibe_ﬁts of the tau decay products using the sam e
m ethod as for the determ ination of the  s’value (see [5]fora detailed explanation). The
uncertainty ofthep determ nation was approxin ately 1.5% ,m ainly due to the unknown
energies and directions of the neutrinos produced in the tau decays. The angle was
determ ined from

cos = Ech Eneu; (3)
E ch T E neu

where E 4, and E ., are the energy of the charged particle and the total energy of the
photons from the tau decay. For visble invariant m asses above 0.3 G &V /c¢? the range
cos > 08 was refcted because it wasdom inated by events w ith w rongly reconstructed
kinem atics.

The value of the tau polarisation was extracted from a binned lkehood t to the
obsarved distrbutions of cos and cos by the sin ulation expectation £ y « with theP
value being a free t param eter:

1 P 1+ P ]
fuec=1fy+R 1 POfL+1+POfR ; (4)
where fi, f;, and fz are the contributions from extemal (non-tau) background and from
decays of left—and right-handed tau leptons, and Py is the generator level tau polarisation
n the simulated tau pair sam ple. T he extemal background contribution was norm alized
to the lum nosity. The factor R nomm alizes the num ber of events in the sinulated tau

signal to the realdata after extermal background subtraction:

R %c = Ngata Nbg; 5)

where N 4,1, is the number of cbserved events, N, . is the num ber of sin ulated signal
events, and N, is the non-tau background predicted by sin ulation. Such a tautom at-
ically takes into account the bias due to di erent selection e ciencies for di erent tau
helicities. Tt does not depend on the tau polarisation in the sim ulated tau pair sam ple.



T he tau polarisation was extracted separately for each year of the data taking. The
tw o-din ensionaldistrdbutions ofcos versuscos were tted sin ultaneously in the three
bins of the Invariant m ass. For the rst bin of Invariant m ass only the one-din ensional
distribution of cos was used because this bin is dom inated by decays to pions where

has no m eaning. The results of the ts are presented in Table 2, together w ith their
average. The Tabl also show s the statistical uncertainty of the P determ ination and
the uncertainties associated w ith the nite statistics of the sin ulated events. This Table
show s the results obtained from the t before applying the corrections discussed in the
next section. D egpite the apparent energy dependence, the results are consistent w ith
being constant w ith energy. The 2=nd:f: for a constant value is 5.0/3.

Year polarisation| stat. errorf Sinulation stat. errorf

1997 061 034 0015
1998 041 021 0.009
1999 001 020 0.009
2000 +0.11 024 0.010
Average| 0176 0117 0.005 |

Table 2: Values of the tau polarisation determ ined from each year’s data, and their
average. A lso shown are the statistical errors from the ts and the uncertainty due to
the Iim ited statistics of the sim ulation sam ples.

A sa crosscheck, the result was also obtained w ith a single tto thewholedata sam ple
(1997-2000). The M onte Carlo sam ples were com bined w ith weights proportional to the
Integrated lum nosity of the respective year. The result of this t was -0.140 0.123,
which is less than one standard deviation from the average In Table 2 (allow ing for
the high statistical correlation between both values). The average of the yearby-year
m easuram ents was chosen to produce the nal result because the year-speci ¢ M onte
C arlo sam ples should better reproduce di erences in detector perform ance and calibration
in the di erent periods of data taking.

The results of the t are illustrated in Fig. 4 which show s the distbution of cos
for the rst bin of nvariant m ass and one-din ensional profctions of the tted two-
din ensional distributions for other invariant m asses. Combined data of all years are
shown by the points w ith error bars and the sim ulation is shown by the solid lines. T he
distributions for sin ulated tau decays are shown w ith the polarisation value which was
obtained in this study. T he contributions from the decays of left—and right-handed tau
leptons are shown by the dashed and dotted lines respectively. T he contrlbbution of the
non-tau background is shown as a grey/yellow area.

4 C orrections and system atic errors

A am all correction had to be applied to the m easured polarisation to subtta%}t the
contribution of the feed-through events, ie. the events which have true values of s=s

below 092 although they pass the experim ental cut ofq ss> 092 (see Tablk 1). A fter
such a correction the m easured polarisation represents the avera%e polarisation of tau
Jeptons produced at the actual annihilation energies above 092 s. The value of the
correction depends on the m easured polarisation. Since the results from individual years



(Table 2) are consistent w ith each other, and the polarisation dependence on energy is
weak, we apply to the results of all years the sam e global correction calculated using the
KK generator for the average m easured polarisation. The value of the correction was
found to be + 0.004.

This m ethod of tau polarisation m easurem ent depends on a good description of the
data by the sim ulation. T herefore an extensive study of the sim ulation quality has been
perform ed using high purity test sam ples selected from data and sin ulation. T he uncer-
tainties of such checks (dom inated by the statistics of test sam ples selected from data)
were converted into the system atic uncertainty of the polarisation m easurem ent. To
reduce the e ect of statistical uctuations, the test sam ples were selected from the com —
bined 19972000 data. T he system atic uncertainties therefore were comm on to all years
of the data taking. M ost of the corrections and corresponding system atic uncertainties
w ere propagated from the study of tau pair production, see [5]. Som e of these correspond
to am all corrections applied to variables at the very beginning of the analysis, before
the tau pair selection, such as the correction to the m easured dE /dx (see below ), which
are therefore already included in the results of Table 2. In other cases they had to be
calculated as corrections to the results and have to be added to those. In these cases
the correction values are given below . A conservative approach was followed, applying
a correction and uncertainty even in the cases where the correction was consistent w ith
Zero.

The dE /dx m easurem ents were calbrated using test sam ples of m uons from the pro—
cesses 't ,efe 1 T and Zz ! (the latter were produced during the
short periods of LEP running near the Z pole in 1997-2000). Both the dE /dx m ean value
and the m easuram ent resolution were calbrated and a an allm om entum -dependent cor-
rection was applied. T he uncertainty due to the calbration gave rise to an uncertainty
of 0017mnP .

T he m easuram ent of photon energy was in portant for the reconstruction of the tau
hadronic decay kinem atics. T he electrom agnetic energy scale was checked using a sam ple
of electrons from ! e ,ee ! €e and Z ! e e events. A correction of

0:010 0010 to the tau polarisation was found to be necessary.

T he redundancy between the HPC and HCA L wasusad to estin ate from the data the
e clency ofthe \HPC orHCAL" cutwhich refctselectrons. Them om entum dependence
of the cut e ciency was found to be slightly di erent in data and in smulation. A
correction of + 0:018 0:022 was applied to the P value.

From the data/simulation com parison for the distrdbution of the num ber of recon-—
structed photons in tau hadronic decays it was found that the photon reconstruction
e ciency was welldescribed by the sim ulation. T he uncertainty of this check resulted in
a 0016 uncertainty on the P value.

The e ciency of the muon refction cuts was checked using the redundancy of the
HCAL and themuon cham bers. Them uon cham ber e ciency was slightly (4-7% ) higher
In simulation than in the data. The discrepancy was corrected by random ly rem oving
a fraction of muon chamber hits in smulation. An uncertainty of 0012 on P was
associated with this correction.

T he system atic uncertainty associated w ith the residual background level was deter—
m Ined by varying the background by 20% . T he size of this variation was estin ated from
the an all residual data/sim ulation disagreem ents In the shapes of background-sensitive
distrdbutions. The statistical contribution from the number of sinulated background
events was negligible. The resultant P uncertainty was 0:014 for the background from
tau leptonic decays and 0:004 for the non-tau background.



O ther possible system atic errors were estin ated from variations of the selection cuts
and from changing the choice of binning of the variables used in the t of the tau polar-
isation.

The full list of system atic errors is summ arized in Table 3. W here necessary the
corrections to the m easured tau polarisation are also given.

‘ Source P uncertainty|P ocorrection|
dE /dx calbration 17 {
E scale 10 -10
\HPC orHCAL" e clency 22 +18
reconstr. e ciency 16 {
M uon cham ber e ciency 12 {
Intermal background 14 {
E xtemal badckground 4 {
Variation of cuts 9 {
B inning choice 20 {
Sinulation statistics 5 {
Fead-through { +4
Total \ 45 \ +12 |

Table 3: Summ ary of system atic uncertainties and corrections to the tau polarisation.
A llvalues are in units of 10 ° .

5 Results and conclusions

A scan be seen In Tabl 3 the total correction that has to be applied to the obsarved
value of the tau polarisation is + 0.012. A fter taking into account this correction the
average tau lepton polarisation m easured at LEP 2 is

P = 0164 0:117 0045;

where the st uncertainty is statistical and the second is systam atic. Fig. 5 presents
the centre-ofm ass energy dependence of the tau polarisation m easured by the DELPH I
experin ent. The plot shows the LEP1 precision m easurem ent and the m easurem ents
at the four LEP2 energies. A lso shown is the average LEP 2 value which corresponds
to a lum nosity-weighted m ean collision energy of 197 G &V . The solid curve show s the
theoretical predictions calculated using the ZFITTER version 6.36 package [14]. The
calculations used the Standard M odel param eters determ ined at LEP1 and SLD [15].
Two other curveg illustrate the e ect of the existence ofa Z °boson in leftright m odels,

assum ing g = 2=3 [16]. Thedashed curve correspondstoM 0= 300G eV /& and the

dotted curve represents the DELPH I 1in itM 50 = 455G eV /& derived from them easured
ferm ion pair production cross-section and charge asymm etry [51].

In summ ary, we havem easured the polarisation of tau leptons produced at theword’s
highest €' e annihilation energy. The values m easured at di erent energies between
183 and 209 G &V are consistent. The average tau polarisation value 0:164 0:125
is consistent w ith the Standard M odel prediction of 0.075 at the corresponding m ean



energy of 197 G €V . T hism easurem ent excludes positive values of the tau polarisation at
the 90% con dence level.
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Figure 1: Top: distrdbution of the dE /dx pion hypothesis pull. The grey/yellow area
show s the contrdbution expected from electrons. Bottom : distribution of the average
energy deposition per HCAL kyer. The grey/yellow area show s the contribution from
m uons. In both plots the realdata are represented by points and the solid lines show the
sim ulation.
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Figure 2: E ciency of the 1prong hadronic tau decay selection versus the kinem atic
variables: m om entum of the charged particle; total energy of photons; and the visble
nhvariantm ass of tau decay products. T he error bars represent the statistical uncertainty
of the sin ulation sam ple. The step at 10 G €V /c (upper plot) is caused by the rejction
of tracks w ithout dE /dx m easuram ent.
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Figure 3: D istribution of the visible invariant m ass. T he points represent data, the solid
line is the sin ulation, and the grey/yellow and black/blue areas show the contributions
respectively from non-tau background and from Jeptonic tau decays. Them ain plot and
the inset show the sam e distrdbutions in di erent scale.
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