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1 Introduction

Thepolarisation oftau leptons(P�)hasbeen precisely m easured by DELPHI[1]and

otherLEP experim ents[2],[3],[4]in Z ! �+ �� decaysduringtheLEP runningneartheZ

pole(LEP1).Them easurem entsofthetau polarisation allowed theLEP experim entsto

determ ine precisely the ratio ofthe electroweak axialand vectorcoupling constants,or

equivalently,thevalueofthee�ective electroweak m ixing angle.Starting from 1996 the

LEP energy wasincreased to valuessigni�cantly above the Z resonance. In thisphase,

known as LEP2,the centre-of-m ass energy
p
s ofthe initiale+ e� system had values

lying between 161 and 209 GeV.AtLEP2,due to the m uch reduced production cross-

section,thecollected statisticsoftau pairswastwo ordersofm agnitudesm allerthan at

LEP1,which m akestheexperim entalerrorsm uch largerand thereforetheyhaveaweaker

constrainton electroweak param eters. However the determ ination ofP� atthe world’s

highestenergiesofe+ e� annihilation isstillim portantforthesearch fordeviationsfrom

theStandard M odelpredictions(e.g.existence ofa Z0boson).

In thisLetterwepresentthedeterm ination ofthepolarisation oftau leptonsproduced

in e+ e� annihilationsatenergiesbetween 183 and 209 GeV.The data were collected in

the DELPHI experim ent during 1997-2000. The data collected during 1996 were not

included because ofthe low integrated lum inosity recorded. The analysiswasbased on

thesam pleoftau pairsselected forthem easurem entoftheproduction cross-section and

forward-backward asym m etry [5].

At LEP the tau leptons produced in pairs have opposite helicity. Throughout this

paperwereferto thehelicity and polarisation of�� .Theaveragetau polarisation P� is

de�ned astherelativeexcessoftheright-handed �� overtheleft-handed ones:

P� =
N R � N L

N R + N L

: (1)

The polarisation dependence on the tau production angle wasnotm easured because of

too low statisticsofthebackward tau production atLEP2.In thisLetterP� denotesthe

averagepolarisation overalltau production angles.

AtLEP2 a signi�cantfraction offerm ion pairswasproduced in the radiative return

process, when the annihilation energy was reduced to the Z resonance region by the

radiation ofa hard photon from the initialstate. To ensure thatthe e+ e� annihilation

occurred athigh energy thereconstructed centre-of-m assenergy ofthetau pair(
p
s0)was

required tobeclosetothenom inalLEP energy:
q

s0=s> 0:92.Thedeterm ination of
p
s0

wasbased on the m easured directionsofthe jetsoftau decay products. The procedure

ofthetau pairselection and
p
s0determ ination isdescribed in detailin [5].Thedetector

calibration and system atic errordeterm ination wasalso largely based on theprocedures

described in [5].A detailed description oftheDELPHIdetectorand itsperform ancecan

befound in [6]and [7].

Thesignalprocesse+ e� ! �+ �� wassim ulated using theKK M onteCarlo generator

[8],whiletau decayswerehandled by TAUOLA 2.6 [9].Them ain background processes

were sim ulated using the following generators:BHW IDE [10]fore+ e� ! e+ e� ;KK for

e+ e� ! �+ �� ;KK and PYTHIA [11]fore+ e� ! qq;W PHACT [12]fore+ e� ! W + W � ,

e+ e� ! ZZ and e+ e� ! Ze+ e� ;BDK/BDKRC [13]for  ! e+ e� , ! �+ �� and

 ! �+ �� ;and PYTHIA for  ! qq. The generated events were passed through

the fullchain ofthe detector sim ulation,event reconstruction and data analysis. The

procedureoftheM onteCarlo sim ulation oftheDELPHIdetectorisdescribed in [7].
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2 Event selection

Thedeterm ination oftheaveragetau polarisation wasbased on theinclusiveselection

ofone-prong hadronic decaysoftau leptons. Leptonic and m ulti-track tau decayswere

not used because oftheir 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

takeinto accounttheincreased centre-of-m assenergy and thelowernum beroftau pairs

observed atLEP2. The charged particlesin each preselected eventwere com bined into

two jetsusing thePYCLUS algorithm [11].Them ostenergeticcharged particle(leading

track)wasdeterm ined foreach jetand alltracksand electrom agnetic showers within a

30� conearound each leading track wereassum ed to originatefrom thedecay ofthetau

lepton. The two tau decay candidatesin each eventwere then analysed separately. An

im portantquantity forthisanalysis,the visible invariantm ass (M V IS),wascalculated

foreach tau decay candidate using allcharged particles (assum ed to be pions) and all

photons,i.e. electrom agnetic showers with energy above 0.5 GeV unassociated with a

charged particle.

Theone-prong hadronic tau decayswere selected using thefollowing procedure.The

leading track had to be reconstructed within the barrelpart of the DELPHI detec-

tor (polar angle1 range 41� < � < 139�). Tracks close to the DELPHI m iddle plane

(88:5� < � < 91:5�) were excluded. Tau decay candidates in which the leading track

extrapolation passed closerthan 0.3� from the centre ofa �-crack ofthe barrelelectro-

m agnetic calorim eter(HPC)were also excluded. The leading track had to be the only

track originating from the tau decay,with the exception ofthe tracksthatwere recon-

structed as an e+ e� pairfrom a conversion (such pairs were treated as photons in the

analysis).Theprocedureoftheconversion reconstruction isdescribed in [7].

Tau decaysto electronsofrelatively low energy wererejected by therequirem entthat

the m easured dE/dx lossesofthe charged particle asm easured in the Tim e Projection

Cham ber(TPC)did notexceed the value expected fora pion by m ore than 2 standard

deviations. Electrons ofhigherenergies were suppressed by requiring thatatleastone

ofthe two following conditions was satis�ed: either the energy deposition in the HPC

associated tothecharged particlehad tobelessthan 10GeV ortheassociated deposition

beyond the �rst layer ofthe Hadron Calorim eter (HCAL) had to be greater than 0.5

GeV.In thecaseswherea dE/dx m easurem entwasnotavailable,theeventwasrejected

ifthe particle m om entum wasin the range below 10 GeV/c forwhich the HPC energy

m easurem entislessprecise.

The tau decaysinvolving m uonswere suppressed by the requirem entthatno hitsin

them uon cham berswereassociated tothecharged particleby thestandard DELPHIpro-

cedureofm uon identi�cation [7].Forthetau decay candidateswith low visibleinvariant

m ass (M V IS < 0:3 GeV/c2) an additionalm uon-suppression was applied: the average

m easured energy deposition perHCAL layerassociated to thecharged particlehad tobe

inconsistentwith a m inim um ionizing particle,nam ely ithad to lieoutsidetherange0.5

to 1.5 GeV.

During the whole period ofdata taking in 2000 the perform ance ofone ofthe 12

sectors ofthe DELPHITPC was unstable. The good perform ance ofthe TPC is cru-

cialforthisanalysis,in particularforthe dE/dx m easurem ents. Therefore forthe data

taken in 2000 the selection procedure was m odi�ed. A tau decay candidate was re-

jected ifthe leading track wasreconstructed within the faulty TPC sectororclose to it
1The D ELPH Icoordinate system is a right-handed system with the z-axis collinear with the incom ing electron beam ,

the x-axispointing to the centre ofthe LEP accelerator and the y-axisvertical.The polarangle � iswith reference to the

z-axis,and � isthe azim uthalangle in the x;y plane.
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(within 10� in azim uthalangle). Thisreduced the selection e�ciency forthe 2000 data

by approxim ately 10% .

Two ofthe eventselection variablesare illustrated in Fig. 1. The upperplotshows

thedistribution oftheso-called \dE/dx pull" forthepion hypothesis,i.e.thedi�erence

between the m easured dE/dx losses ofthe charged particle and the value expected for

a pion,expressed in num berofstandard deviations(see [1]forthe exactde�nition),for

particleswith m om entum below 12 GeV/c.Thelowerplotshowsthedistribution ofthe

average energy deposition perHCAL layerassociated to the charged particle.The grey

areas in Fig. 1 show the background m ost relevant to the variable shown. The data

shown in Fig.1 representthefullstatisticsof1997-2000.

In total,624 hadronic tau decay candidates were selected from the 1997-2000 data.

The details ofthe selection for each year ofdata taking are sum m arised in Table 1.

The e�ciency values are given within the polar angle acceptance. The e�ciency drop

in 2000 isdue to the rejection ofparticlescrossing the faulty TPC sector. The non-tau

background consisted m ainlyofe+ e� ! e+ e� ,e+ e� ! W + W � and e+ e� ! Ze+ e� events

(in approxim atelyequalfractions).Theselection e�ciency and thebackground levelwere

determ ined from the sim ulation. Sm allcorrections(typically 10% )were applied to the

residualnon-tau background to accountforthedi�erencesbetween data and sim ulation.

Theprocedureforthiscorrection isdescribed in [5].

Year 1997 1998 1999 2000

M ean
p
s (GeV) 183 189 198 206

Integrated lum inosity (pb�1 ) 52 153 224 217

Num berofselected 82 231 305 254

tau pairs(in barrel)

Num berofselected 56 159 234 175

hadronictau decays

Hadronicselection e�ciency (% ) 77.3 77.1 77.1 70.3

Non-tau background (% ) 4.6 3.8 4.7 4.4

Tau leptonicdecay background (% ) 3.3 3.4 3.2 3.3

Fraction (% )ofevents

with
q

s0=s< 0:92 5.3 4.9 4.9 5.0

Table1:Resultsofthetau hadronicdecay selection.

Fig. 2 shows the dependence ofthe selection e�ciency on the variables which are

sensitive to the tau polarisation: m om entum ofthe charged particle; totalenergy of

photonsfrom thetau decay;and M V IS.Thestep at10 GeV/cm om entum iscaused by

thedi�erenttreatm entofthetrackswithoutdE/dx m easurem ent.Thedrop ofe�ciency

atlow invariantm assesisduetothetighterm uon rejection in thisregion.In general,the

e�ciency isrelatively at,which isim portantforan unbiased polarisation m easurem ent.

Thedistribution ofthevisible invariantm assfortheselected decaysisshown in Fig.

3.Them ain plotdoesnotshow the�rstbin corresponding to � ! �� decays.Thesam e

distribution,including the�rstbin,isshown in theinset.



4

3 D eterm ination ofthe tau polarisation

The selected sam ple m ainly consisted ofthe decays � ! ��,� ! �� and � ! a1�.

M ixing the di�erent decay m odes in the inclusive sam ple reduces the analysis sensi-

tivity to the polarisation. In order to im prove the sensitivity the analysis was per-

form ed in three binsofthe visible invariantm ass: 0< M V IS < 0:3 GeV/c2,dom inated

by � ! �� (59% );0.3 GeV/c2 < M V IS < 0:8 GeV/c2,dom inated by � ! �� (78% );and

0.8 GeV/c2 < M V IS < 2:0 GeV/c2,populated by� ! �� (61% )and � ! a1� (34% ).The

totalnum bersofdecaysselected in each bin ofM V IS were316,153 and 155 respectively.

Asin theLEP1 analysis[1]theextraction ofthetau polarisation wasbased on recon-

struction ofthetwo kinem aticvariablescharacterizing thetau decay:�,theanglein the

� restfram e between the m om enta of� and h for� ! h� decays;and 	 which,in the

case of� ! �� decay,isthe angleofthe em ission ofthe pionsin the � restfram e.The

angle� wasreconstructed as

cos�=
2ph=p� � 1� m 2

h=m
2
�

1� m 2
h=m

2
�

; (2)

where ph is the m om entum ofthe hadronic system produced in the tau decay (vector

sum ofthem om enta ofthereconstructed tau decay products)and m h isthem assofthe

hadronicsystem (experim entally reconstructed asM V IS).Thetau lepton m om entum p�

wasestim ated from the directionsofthe jetsofthe tau decay productsusing the sam e

m ethod asforthedeterm ination ofthe
p
s0value(see[5]foradetailed explanation).The

uncertainty ofthep� determ ination wasapproxim ately 1.5% ,m ainly duetotheunknown

energies and directions ofthe neutrinos produced in the tau decays. The angle 	 was

determ ined from

cos	=
E ch � E neu

E ch + E neu

; (3)

where E ch and E neu are the energy ofthe charged particle and the totalenergy ofthe

photons from the tau decay. For visible invariant m asses above 0.3 GeV/c2 the range

cos�> 0:8 wasrejected becauseitwasdom inated by eventswith wrongly reconstructed

kinem atics.

The value ofthe tau polarisation was extracted from a binned likehood �t to the

observed distributionsofcos� and cos	 by thesim ulation expectation f M C with theP�
valuebeing a free�tparam eter:

fM C = fbg + R �

�
1� P�

1� P0
fL +

1+ P�

1+ P0
fR

�

; (4)

wherefbg,fL and fR arethecontributionsfrom external(non-tau)background and from

decaysofleft-and right-handed tau leptons,and P0 isthegeneratorleveltau polarisation

in thesim ulated tau pairsam ple.Theexternalbackground contribution wasnorm alized

to the lum inosity. The factorR norm alizes the num ber ofevents in the sim ulated tau

signalto therealdata afterexternalbackground subtraction:

R � N
�

M C = N data � N bg; (5)

where N data is the num ber ofobserved events,N �
M C is the num ber ofsim ulated signal

events,and N bg isthenon-tau background predicted by sim ulation.Such a �tautom at-

ically takes into account the bias due to di�erent selection e�ciencies fordi�erent tau

helicities.Itdoesnotdepend on thetau polarisation in thesim ulated tau pairsam ple.
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The tau polarisation wasextracted separately foreach yearofthe data taking. The

two-dim ensionaldistributionsofcos�versuscos	were�tted sim ultaneously in thethree

binsofthe invariantm ass. Forthe �rstbin ofinvariantm assonly the one-dim ensional

distribution ofcos� was used because this bin isdom inated by decays to pionswhere

	 hasno m eaning. The resultsofthe �tsare presented in Table 2,togetherwith their

average. The Table also shows the statisticaluncertainty ofthe P� determ ination and

theuncertaintiesassociated with the�nitestatisticsofthesim ulated events.ThisTable

showsthe resultsobtained from the �tbefore applying the correctionsdiscussed in the

next section. Despite the apparent energy dependence,the results are consistent with

being constantwith energy.The�2=n:d:f:fora constantvalueis5.0/3.

Year � polarisation stat.error Sim ulation stat.error

1997 -0.61 0.34 0.015

1998 -0.41 0.21 0.009

1999 -0.01 0.20 0.009

2000 +0.11 0.24 0.010

Average -0.176 0.117 0.005

Table 2: Values ofthe tau polarisation determ ined from each year’s data,and their

average. Also shown are the statisticalerrorsfrom the �tsand the uncertainty due to

thelim ited statisticsofthesim ulation sam ples.

Asacross-check,theresultwasalsoobtained with asingle�ttothewholedatasam ple

(1997-2000).TheM onteCarlo sam pleswere com bined with weightsproportionalto the

integrated lum inosity ofthe respective year. The result ofthis �t was -0.140�0.123,

which is less than one standard deviation from the average in Table 2 (allowing for

the high statisticalcorrelation between both values). The average ofthe year-by-year

m easurem ents was chosen to produce the �nalresult because the year-speci�c M onte

Carlosam plesshould betterreproducedi�erencesin detectorperform anceandcalibration

in thedi�erentperiodsofdata taking.

The resultsofthe �tare illustrated in Fig. 4 which shows the distribution ofcos�

for the �rst bin ofinvariant m ass and one-dim ensionalprojections ofthe �tted two-

dim ensionaldistributions for other invariant m asses. Com bined data ofallyears are

shown by thepointswith errorbarsand thesim ulation isshown by thesolid lines.The

distributionsforsim ulated tau decaysare shown with the polarisation value which was

obtained in thisstudy. The contributionsfrom the decaysofleft-and right-handed tau

leptonsare shown by the dashed and dotted linesrespectively. The contribution ofthe

non-tau background isshown asa grey/yellow area.

4 C orrections and system atic errors

A sm allcorrection had to be applied to the m easured polarisation to subtract the

contribution ofthe feed-through events,i.e. the events which have true valuesof
q

s0=s

below 0.92 although they passtheexperim entalcutof
q

s0=s> 0:92 (seeTable1).After

such a correction the m easured polarisation represents the average polarisation oftau

leptonsproduced atthe actualannihilation energies above 0:92�
p
s. The value ofthe

correction dependson them easured polarisation.Sincetheresultsfrom individualyears
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(Table 2)are consistent with each other,and the polarisation dependence on energy is

weak,weapply to theresultsofallyearsthesam eglobalcorrection calculated using the

KK generator for the average m easured polarisation. The value ofthe correction was

found to be+0.004.

Thism ethod oftau polarisation m easurem ent depends on a good description ofthe

data by thesim ulation.Thereforean extensive study ofthesim ulation quality hasbeen

perform ed using high purity testsam plesselected from data and sim ulation.Theuncer-

taintiesofsuch checks (dom inated by the statisticsoftestsam plesselected from data)

were converted into the system atic uncertainty ofthe polarisation m easurem ent. To

reducethee�ectofstatisticaluctuations,thetestsam pleswereselected from thecom -

bined 1997-2000 data.The system atic uncertaintiestherefore were com m on to allyears

ofthe data taking. M ostofthe correctionsand corresponding system atic uncertainties

werepropagated from thestudy oftau pairproduction,see[5].Som eofthesecorrespond

to sm allcorrections applied to variables at the very beginning ofthe analysis,before

thetau pairselection,such asthecorrection to the m easured dE/dx (see below),which

are therefore already included in the results ofTable 2. In othercases they had to be

calculated as corrections to the results and have to be added to those. In these cases

the correction valuesare given below. A conservative approach wasfollowed,applying

a correction and uncertainty even in the caseswhere the correction wasconsistentwith

zero.

ThedE/dx m easurem entswere calibrated using testsam plesofm uonsfrom thepro-

cesses ! �+ �� ,e+ e� ! �+ �� and Z ! �+ �� (the latterwere produced during the

shortperiodsofLEP running neartheZ polein 1997-2000).Both thedE/dx m ean value

and them easurem entresolution were calibrated and a sm allm om entum -dependentcor-

rection wasapplied. The uncertainty due to the calibration gave rise to an uncertainty

of�0:017 in P�.

The m easurem ent ofphoton energy wasim portantforthe reconstruction ofthe tau

hadronicdecay kinem atics.Theelectrom agneticenergy scalewaschecked usingasam ple

ofelectrons from  ! e+ e� ,e+ e� ! e+ e� and Z ! e+ e� events. A correction of

�0:010� 0:010 to thetau polarisation wasfound to benecessary.

Theredundancy between theHPC and HCAL wasused toestim atefrom thedatathe

e�ciencyofthe\HPC orHCAL"cutwhich rejectselectrons.Them om entum dependence

ofthe cut e�ciency was found to be slightly di�erent in data and in sim ulation. A

correction of+0:018� 0:022 wasapplied to theP� value.

From the data/sim ulation com parison for the distribution ofthe num ber ofrecon-

structed photons in tau hadronic decays it was found that the photon reconstruction

e�ciency waswelldescribed by thesim ulation.Theuncertainty ofthischeck resulted in

a �0:016 uncertainty on theP� value.

The e�ciency ofthe m uon rejection cuts was checked using the redundancy ofthe

HCAL and them uon cham bers.Them uon cham bere�ciency wasslightly (4-7% )higher

in sim ulation than in the data. The discrepancy was corrected by random ly rem oving

a fraction ofm uon cham ber hits in sim ulation. An uncertainty of�0:012 on P� was

associated with thiscorrection.

The system atic uncertainty associated with the residualbackground levelwasdeter-

m ined by varyingthebackground by�20% .Thesizeofthisvariation wasestim ated from

the sm allresidualdata/sim ulation disagreem ents in the shapesofbackground-sensitive

distributions. The statisticalcontribution from the num ber ofsim ulated background

eventswasnegligible.TheresultantP� uncertainty was�0:014 forthebackground from

tau leptonicdecaysand �0:004 forthenon-tau background.
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Otherpossible system atic errorswere estim ated from variationsofthe selection cuts

and from changing thechoiceofbinning ofthevariablesused in the�tofthetau polar-

isation.

The fulllist ofsystem atic errors is sum m arized in Table 3. W here necessary the

correctionsto them easured tau polarisation arealso given.

Source P� uncertainty P� correction

dE/dx calibration 17 {

E  scale 10 -10

\HPC orHCAL" e�ciency 22 +18

 reconstr.e�ciency 16 {

M uon cham bere�ciency 12 {

Internalbackground 14 {

Externalbackground 4 {

Variation ofcuts 9 {

Binning choice 20 {

Sim ulation statistics 5 {

Feed-through { +4

Total 45 +12

Table 3: Sum m ary ofsystem atic uncertainties and corrections to the tau polarisation.

Allvaluesarein unitsof10�3 .

5 R esults and conclusions

Ascan beseen in Table3 thetotalcorrection thathasto beapplied to theobserved

value ofthe tau polarisation is +0.012. After taking into account this correction the

averagetau lepton polarisation m easured atLEP2 is

P� = �0:164� 0:117� 0:045;

where the �rst uncertainty is statisticaland the second is system atic. Fig. 5 presents

the centre-of-m assenergy dependence ofthetau polarisation m easured by theDELPHI

experim ent. The plot shows the LEP1 precision m easurem ent and the m easurem ents

at the four LEP2 energies. Also shown is the average LEP2 value which corresponds

to a lum inosity-weighted m ean collision energy of197 GeV.The solid curve shows the

theoreticalpredictions calculated using the ZFITTER version 6.36 package [14]. The

calculations used the Standard M odelparam eters determ ined at LEP1 and SLD [15].

Two othercurvesillustrate the e�ectofthe existence ofa Z0boson in left-rightm odels,

assum ing �LR =
q

2=3[16].Thedashed curvecorrespondstoM Z 0 = 300GeV/c2 and the

dotted curverepresentstheDELPHIlim itM Z 0 = 455GeV/c2 derived from them easured

ferm ion pairproduction cross-section and chargeasym m etry [5].

In sum m ary,wehavem easured thepolarisation oftau leptonsproduced attheworld’s

highest e+ e� annihilation energy. The values m easured at di�erent energies between

183 and 209 GeV are consistent. The average tau polarisation value �0:164 � 0:125

is consistent with the Standard M odelprediction of-0.075 at the corresponding m ean
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energy of197 GeV.Thism easurem entexcludespositivevaluesofthetau polarisation at

the90% con�dence level.
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Figure 1: Top: distribution ofthe dE/dx pion hypothesis pull. The grey/yellow area

shows the contribution expected from electrons. Bottom : distribution ofthe average

energy deposition per HCAL layer. The grey/yellow area shows the contribution from

m uons.In both plotstherealdata arerepresented by pointsand thesolid linesshow the

sim ulation.
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Figure 2: E�ciency ofthe 1-prong hadronic tau decay selection versus the kinem atic

variables: m om entum ofthe charged particle;totalenergy ofphotons;and the visible

invariantm assoftau decay products.Theerrorbarsrepresentthestatisticaluncertainty

ofthe sim ulation sam ple. The step at10 GeV/c (upperplot)iscaused by the rejection

oftrackswithoutdE/dx m easurem ent.
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Figure3:Distribution ofthevisibleinvariantm ass.Thepointsrepresentdata,thesolid

line isthe sim ulation,and the grey/yellow and black/blue areasshow the contributions

respectively from non-tau background and from leptonictau decays.Them ain plotand

theinsetshow thesam edistributionsin di�erentscale.
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Figure4:Theresultsofthetau polarisation �tfordi�erentbinsofM V IS:0{0.3GeV/c
2

(upperplot),0.3 { 0.8 GeV/c2 (m iddle plots)and 0.8 { 2.0 GeV/c2 (lowerplots). The

pointsrepresent data,the grey/yellow areasshow the non-tau background,the dashed

and dotted lines show the contributions from the decays ofleft-and right-handed tau

leptons,and thesolid linesshow thetotalprediction ofsim ulation.
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Figure 5: Energy dependence ofthe tau polarisation. Black circles show the average

DELPHIm easurem entsatLEP1and LEP2.ThewhitecirclesaretheDELPHIm easure-

m ents atdi�erentLEP2 energies. The solid line shows the Standard M odelprediction

(ZFITTER 6.36).Thedashed and dotted linesshow thee�ectsfrom 300and 455GeV/c2

Z0bosonsrespectively.


