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1 Introduction

The ratio R b � �(e+ e� ! b�b)=�(e+ e� ! q�q)and A b
FB,the forward-backward pro-

duction asym m etry ofbottom quarks in e+ e� collisions,are im portant param eters in

precision studies ofelectroweak theory,and are sensitive probes ofnew physics. This

paperpresents m easurem ents ofR b and A b
FB m ade atcentre-of-m assenergies(

p
s)be-

tween 130 GeV and 207 GeV.Events containing a b�b pair have severalcharacteristic

features,m ostnotably the presence ofsecondary vertices,which m ay be used to select

a sam pleenriched in b-decays.A ‘b-tag’variablehasbeen constructed forthispurpose,

which exploits the high resolution tracking provided by the DELPHI Silicon Tracker.

In the asym m etry m easurem entthe hem isphere containing the b-quark hasbeen deter-

m ined using a hem isphere-charge technique. In orderto enhance sensitivity to possible

new physicscontributionsfrom high energy scales,allm easurem entshavebeen m adefor

eventsin which
q

s0=s� 0:85,where
p
s0isthee�ectivecentre-of-m assenergy afterinitial

stateradiation.In theStandard M odele+ e� ! b�b eventsareproduced by an s-channel

processpropagated by eitherphoton orZ-boson exchange.Overtheintervalofcollision

energiesunderinvestigation therelativestrengthsofthetwo contributionsevolveso that

thevalueofR b isexpected to fall,and thatofA
b
FB to rise,slowly with

p
s.

Studiesofb�b production atcollision energiesabovetheZ-polehavebeen presented by

otherLEP collaborations[1{5].The resultspresented herefortheenergies130 �
p
s�

172 GeV supersede thoseofan earlierDELPHIpublication [6].

Sect.2describesthedatasetsand theaspectsoftheDELPHIdetectorrelevantforthe

analysis.Theeventselection isdiscussed in Sect.3.TheR b determ ination ispresented in

Sect.4 and thatofA b
FB in Sect.5.An interpretation oftheresultswithin thecontextof

both theStandard M odeland possiblenew physicsm odelsincluding contactinteractions

isgiven in Sect.6.

2 D atasets,the D ELPH I D etector and Sim ulation

LEP 2 operation began in 1995,when around 6 pb� 1 ofdata weredelivered atcentre-

of-m ass energies of
p
s =130 GeV and 136 GeV.In 1996 the collision energy ofthe

beam s was raised to,and then beyond,the W + W � production threshold of161 GeV.

Each subsequentyearsaw increasing am ountsofintegrated lum inosity produced atever

higher energies, reaching 209 GeV in the year 2000. In totalaround 680 pb� 1 were

collected by the DELPHI experim ent at 12 separate energy points. Note that during

the2000 run,operation occurred ata near-continuum ofenergiesbetween 202 GeV and

209 GeV.In thepresentstudy thedata collected during 2000 aredivided into two bins,

above and below 205.5 GeV.Throughout LEP 2 operation collisions were perform ed

with unpolarised beam s. The m ean collision energies foreach period ofoperation and

theintegrated lum inositiesused in theanalysisaresum m arised in Table1.M oredetails

on the LEP collision energy calibration and the DELPHIlum inosity determ ination are

given in [7]and [8],respectively.

In addition to the high energy operation,in each yearfrom 1996 onwards LEP also

delivered 1{4 pb� 1 attheZ-pole,in ordertoprovidewellunderstood calibration data for

the experim ents. In this paperthe events collected during the calibration running are

referred to asthe ‘Z-data’,and provide controlsam plesforthe high-energy studies. In

1995thecontrolsam pleistaken from theZ-peakdataim m ediately preceedingtheswitch

to 130 GeV operation. In 2000 a second setofZ-data wascollected in orderto provide
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a dedicated calibration sam ple forthe period in which the DELPHITPC had im paired

e�ciency (seebelow).

A description oftheDELPHIdetectorand itsperform ancecan befound in [9,10].For

the analyses presented in thispaper,the m ostim portantsub-detectorin DELPHIwas

theSilicon Tracker[11].TheSilicon Trackerwasa three-layervertex detectorproviding

m easurem entsin both the viewstransverse and longitudinalto the beam line,with the

capabilitiesto providee�ectiveb-taggingoverthepolarangleintervalof25� < � < 155�,

where � isthe angle with respectto the e� beam direction. End-capsofm ini-strip and

pixeldetectorsgave tracking coverage down to � = 10�(170�). The Silicon Trackerwas

fully installed in 1996 and rem ained operationaluntiltheend oftheLEP 2 program m e.

During the 1995 run b-tagging inform ation was provided by the m icrovertex detector

described in [12].

During the2000 run,oneofthe12 azim uthalsectorsofthecentraltracking cham ber,

theTPC,failed.Afterthebeginning ofSeptem ber2000 itwasnotpossibleto detectthe

tracksleftby charged particlesin thatsector.The data a�ected correspond to approxi-

m ately onequarterofthe totaldatasetofthatyear(the ‘BTPC’period).Nevertheless,

the redundancy ofthe tracking system ofDELPHIm eant thattracks passing through

the sector could stillbe reconstructed from signals in the other tracking detectors. A

m odi�ed tracking reconstruction algorithm wasused in thissector,which included space

pointsreconstructed in the BarrelRICH detector. Asa result,the track reconstruction

e�ciency wasonly slightly reduced in the region covered by the broken sector,butthe

track param eter resolutions were degraded com pared with the data taken prior to the

failureofthissector(the‘GTPC’period).

To determ ine selection e�cienciesand backgroundsin the analysis,eventswere sim -

ulated using a variety ofgenerators and the DELPHIM onte Carlo [10]. These events

were passed through the fulldata analysischain. Di�erentsoftware versionswere used

foreach year,in ordertofollow tim evariationsin thedetectorperform ance.Fortheyear

2000,separate GTPC and BTPC setsofsim ulation were produced. The typicalsize of

thesim ulated sam plesused in theanalysisistwo ordersofm agnitude largerthan those

ofthedata.

The e+ e� ! ffprocess was sim ulated with KK 4.14 [13],interfaced with PYTHIA

6.156 [14,15]forthe description ofthe hadronisation. Forsystem atic studies,the alter-

native hadronisation description im plem ented in ARIADNE 4.08 [17]was used. Four-

ferm ion background eventsweresim ulated with thegeneratorW PHACT 2.0[18,19],with

PYTHIA again used forthehadronisation.

3 Event Selection

Theanalysiswasm adeusingcharged particleswith m om entum lyingbetween 0.1GeV

and 1.5�(
p
s=2),and m easurem ent uncertainty ofless than 100% ,and having a closest

approach to the beam -spot ofless than 4 cm in the plane perpendicular to the beam

axis,and lessthan 4/sin� cm along the beam axis. Neutralshowerswere used above a

m inim um energy cut,which was300M eV forthebarrelelectrom agnetic(HPC)and very

forward calorim eter (STIC),and 400 M eV forthe forward electrom agnetic calorim eter

(FEM C).

The following requirem ents were applied to selecta pure sam ple ofhadronic events,

and to ensurethateach eventlay within theacceptanceoftheSilicon Tracker:

� Num berofcharged particletracks� 7;
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� Quadrature sum overeach end-cap ofenergy reconstructed in the forward electro-

m agneticcalorim etersystem (STIC + FEM C)� 0:85(
p
s=2);

� Totaltransverse energy > 0:2
p
s;

� Energy ofcharged particles> 0:1
p
s;

� Restriction on thepolarangleofthethrustaxis,�T,such thatjcos�Tj� 0:9.

Data-takingrunswereexcluded in which thetracking detectorsand Silicon Trackerwere

notfully operational.

In addition to this selection a ‘W -veto’was applied to suppress the contam ination

from four-ferm ion events.The veto procedureconsisted offorcing theeventinto a four-

jet topology using the LUCLUS [14,15]algorithm and im posing the requirem ent that

(E m in=
p
s)� �m in < 4:25�,where E m in is the energy ofthe softest jet,and �m in the

sm allestopeninganglefoundbetween alltwo-jetcom binations.Thiscondition isdesigned

todistinguish between two-ferm ion eventscontaininggluon jets,and genuinefour-ferm ion

background.Lessthan 40% offour-ferm ion eventssurvivethehadronicselection and the

W -veto.

Theanalysisisconcerned with eventsproduced with an e�ectivecentre-of-m assenergy

oftheqq system ,
p
s0,atoraround thecollision energy,

p
s.Thee�ectivecentre-of-m ass

energy is reconstructed as in the hadronic analysis reported in [8]. A constrained �t

is perform ed,taking as input the observed jet directions as found by the DURHAM

clustering algorithm [16],im posing energy and m om entum conservation,and assum ing

any ISR photon wasem itted along the beam line. Radiative returnsto the Z are then

rejected by requiring thatthereconstructed valueof
q

s0=s� 0:85:Contam ination from

eventswith true valuesof
q

s0=s below thisthreshold isaround 16% at130.3 GeV and

reducesto about6% at206.6 GeV.

Asa �nalcondition,eventswith jQ +
FBj� 1:5 are rejected,where jQ +

FBjisone ofthe

event charge variables de�ned in Sect.5.1. This selection is applied to exclude badly

m easured events from the asym m etry m easurem ent,and rem oves around 0.5% ofthe

sam ple.

Thenum bersofeventspassing thehigh
q

s0=stwo-ferm ion hadronicselection ateach

energy pointarelisted in Table1,togetherwith theM onteCarlo expectations.Thetwo

sets ofnum bers agree well. The background from four-ferm ion events is estim ated to

be around 9% in the 172.1 GeV dataset,rising to 21% in the 206.6 GeV sam ple. The

contam ination from �+ �� eventsisaround 0.3% .Allotherbackgroundsarenegligible.

A ‘b-tag’variableisused to extracta sub-sam pleofeventsenriched in b-quarksfrom

the non-radiative qq sam ple. This variable m akes use ofthree observables,known to

distinguish between b-quark eventsand thoseeventswith non-b content.In thisanalysis,

thethreecategoriesofobservableconsidered are:

� A lifetim e variable, constructed from the im pact param eters of charged particle

tracksin each jet;

� The invariant m ass ofcharged particles form ing any secondary vertices that are

found;

� Therapiditiesofcharged particlesin any secondary vertex,de�ned with respectto

thejetdirection.

Thesepropertiesareused toconstructasingleevent‘b-tag’variable,B tag,oftypicalvalue

between -5 and 10. Events with highervaluesofthisvariable are enriched in b-events.

M ore inform ation on the b-tagging procedure m ay be found in [20]. In this analysis a

cutvalue of1 isused forallhigh energy data setsto selectthe b-enriched sam ple;this
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Table 1: The year ofdata-taking,m ean centre-of-m ass energy,integrated lum inosity,

num berofeventsafterhadronic selection and W -rejection (‘Beforeb-tag’),and num ber

ofevents afterthe b-tag. In the year2000 the num bersin parenthesesare those corre-

spondingtotheGTPC sub-sam ple.Num bersareshown fordataand M onteCarlo,where

forthelatterthesam pleshave been scaled to theintegrated lum inosity ofthedata and

Standard M odelcross-section valuesareassum ed.

Beforeb-tag Afterb-tag

Year
p
s [GeV]

R
L dt[pb� 1] Data M C Data M C

1995 130.3 2.9 224 224 30 24

136.3 2.6 160 160 15 17

1996 161.3 10.1 363 321 46 36

172.1 10.0 304 280 27 29

1997 182.7 53.1 1351 1284 117 137

1998 188.6 156.8 3567 3541 365 379

1999 191.6 25.8 563 565 68 57

195.5 76.2 1629 1597 164 159

199.5 83.0 1651 1670 184 162

201.7 40.6 807 799 88 77

2000 204.8 (204.8) 82.8 (76.1) 1538 (1411) 1572 (1447) 144 (131) 147 (137)

206.6 (206.6) 136.4 (84.7) 2510 (1586) 2536 (1581) 240 (167) 233 (148)

Total 680.3 14667 14549 1488 1457

selection hasatypicale�ciency forb �b eventsofaround 65% ,butonly 2.5% forc�cevents

and 0.3% forlightquark events. The num bersofeventspassing the b-tag are listed in

Table 1.Here the M onte Carlo num bersdo notinclude the correction factorsdiscussed

in Sect.4.

4 M easurem ent ofR b

4.1 Procedure and C alibration w ith Z D ata

Foreach energy pointR b isdeterm ined through thefollowing relation:

N D
tag � N 4f

tag

N D
total � N 4f

total

= R b cb�b + R ccc�c + �uds (1 � ccR c � cbR b): (1)

Here N D
total(tag) and N 4f

total(tag) are the num ber ofevents in the data,and the estim ated

four-ferm ion background respectively,before(after)theapplication oftheb-tagcut;R c is

directly analogousto R b,butde�ned forc�cevents;and �b,�c and �uds arethee�ciencies

oftheb-tagcutapplied tob,cand lightquarkeventsrespectively.cb and cc arecorrection

factors,which accountforthefactthatthee�ectivevaluesofR b and R c arem odi�ed by

thehadronicselection,and thatthereissom econtam ination from initialstateradiative

production in thesam ple,thefraction ofwhich can in principlebedi�erentforeach quark

type,and thereforechangeswith theapplication oftheb-tag.Sim ulation indicated that

thesecorrection factorsliewithin 1-2% ofunity.

Thee�ciency and expected background weredeterm ined prim arily from M onteCarlo,

and cross-checked,where possible,from the data them selves. Figure1 showsthe distri-
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bution oftheb-tag variable,B tag,in data and sim ulation foreach dataset.In theseplots

the 2000 data have been divided between GTPC and BTPC operation,and the 1995

and 1996 data havebeen com bined.In general,reasonableagreem entcan beseen forall

yearsin theregion around and abovethecutposition ofB tag = 1:0,with worseagreem ent

forthebackground-dom inated region below thecut.(Theim plicationsofthisim perfect

background description areassessed below.)

Therunning attheZ-polein each yearprovidesa controlsam plewhich m ay beused

tocalibratethesim ulation.ThevalueofR b attheZ-poleiswellknown from LEP 1 [21].

Thisvaluehasbeen com pared with theresultsobtained from applying expression (1)to

each sam pleofZ-calibrationdata.Figure2showsthedistribution ofB tag forZ-calibration

data ofthe2000 GTPC period,togetherwith thatofthecorresponding sim ulation.The

b-tagvariablehasam ild dependenceon thecollision energy.In ordertom aketheZ-data

study asrelevantaspossibleto thehigh energy m easurem ents,thecutvaluewasplaced

atB tag = 0:6 forthese data,which gives a sim ilar e�ciency to the value used athigh

energy.Theanalysisreturned a valueofR b which wassim ilarforalldatasetsapartfrom

1998,with a m ean thatwas(4:1� 1:2)% higherin relativeterm sthan theworld average

result.Thevaluefound for1998 was(4:2� 1:4)% lowerthan theworld average.

Theo�setin them easurem entofR b with theZ-data can becaused by im perfections

in sim ulating the response ofthe detector to the b events,the background orto both.

(E�ects arising from uncertainties in the knowledge ofthe B and D decay m odelling

have been accounted forand found to be sm all.) In orderto distinguish between these

possibilities,a �twasperform ed totheB tag distribution oftheZ-datain thebackground

enriched region around the cutvalue (0 < B tag < 2:5),taking the shapes ofthe signal

and background from thesim ulation and �tting theirrelativecontributions.Theresults

returned background scaling factorswith respectto thesim ulation which varied between

around 0.9 and 1.2,depending on the year,with a relative precision ofbetterthan 5% .

After allowing forthese corrections,the rem aining,and m ost signi�cant,cause forthe

o�setwasattributed to an incorrectestim ateoftheb-tagging e�ciency.

A �t was perform ed to the background levelin the high energy data,identicalto

thatm adewith theZ-running sam ples.Com patibleresultswereobtained within �10% .

Forthehigh energy R b extraction,therefore,theseZ-poledeterm ined scalingfactorswere

applied tothec�cand udsbackground,with this10% uncertainty assigned asasystem atic

error,uncorrelated between years. The sam e factors were applied to the four-ferm ion

background,butwith twicethesystem aticuncertainty,asthisbackground com ponentis

notpresentin theZ-data.Finally,theb-tagging e�ciency wascorrected by theam ount

indicated from thelow energy study,with halfofthiscorrection taken asan uncertainty,

to accountforany variation with energy. The correction factorvaried between 0.959 in

1998and 1.045 forthehighestenergy pointof2000.Given thevery sim ilarnatureofthe

o�setseen in the Z-pole study forallyearsapartfrom 1998,the uncertainty wastaken

ascorrelated forthesedatasets.

The calibration procedure wasrepeated underdi�erentconditionsand assum ptions,

forexam ple using the sam e B tag cut value forZ-pole and high energy data,and using

an absolute o�setratherthan a factorto correctthe e�ciency. In allcasescom patible

resultswereobtained.

Table2 showsthepostb-tag sam plecom position ateach energy point,afterapplying

thevariouscorrectionsfactorsand assum ing theStandard M odelproduction fractions.
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Figure1:The variable B tag plotted foralldatasets.The standard analysishasa cutat

B tag = 1.Theinsetsshow a zoom oftheb-enhanced region on a linearscale.
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Table2:Thepercentagesofeacheventcategorym akingupthesam pleafterthecutsonre-

constructed
q

s0=sand B tag,foreach energy.In thecaseofb�b eventsthedivision between

high and low true
q

s0=sisindicated.Forthenon-b�b �nalstatesthelow
p
s0com ponent

isincluded in thecategory de�nition.(Notethatfortheenergies
p
s=130.3-172.1 GeV,

thec�cand udsbackground contributionshaveuncertaintiesofaround 0.5% ,dueto �nite

M onteCarlo statistics.)
p
s [GeV]b�bp

s0=s� 0:85
b�bp

s0=s< 0:85
c�c uds 4-ferm ion

130.3 79.7 15.8 3.7 0.7 0

136.3 77.8 17.9 2.9 1.4 0

161.3 83.9 10.6 4.4 0.5 0.6

172.1 82.3 8.4 4.9 1.6 2.7

182.7 82.1 7.7 5.1 1.5 3.6

188.6 81.8 7.0 5.6 1.5 4.2

191.6 83.1 6.9 4.9 1.2 4.0

195.5 82.7 6.7 4.9 1.5 4.2

199.5 82.9 6.5 4.9 1.3 4.4

201.7 82.6 6.4 4.8 1.5 4.6

204.8 81.7 6.2 5.3 1.5 5.2

206.6 82.1 6.0 5.0 1.6 5.3
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4.2 System atic U ncertainties in M odelling ofPhysics

Processes

Thestability oftheresultswasstudied with respectto uncertaintiesin theknowledge

ofim portantpropertiesofB and D production and decay,and othereventcharacteristics

relevant to the b-tag. The variation in the param eter values was im plem ented by re-

weighting M onteCarlo eventsto them odi�ed distribution.

� b and c fragm entation: Sim ulated b�b and c�c events at high energy had their

Peterson fragm entation param eters [22]varied in the range corresponding to the

uncertainties in the m ean scaled energy ofweakly decaying b and c hadrons in Z

decays[21].

� b and c decay m ultiplicity: The charged b decay m ultiplicity was allowed to

vary in the range 4:955 � 0:062 [21]and that ofD m esons was varied according

to [21,23],with a �0:5 uncertainty assigned to thecharged m ultiplicity ofcbaryon

decays.

� b and chadron com position:Theproportionsofweaklydecayingbandchadrons

werevaried according to theresultsreported in [24]and [25]respectively.

� b and c hadron lifetim e: The b and c hadron lifetim eswere varied within their

m easured range[24].In theb hadron casethiswas1:576� 0:016 ps.

� gluon splitting to heavy quarks: The rate ofgluon splitting to b�b and c�c per

hadroniceventwasvaried in therange(0:254� 0:051)% and (2:96� 0:38)% respec-

tively [21].

� K0
S
and � production: The rate ofK 0

S and � hadrons was varied by �5% ,

consistentwith [26,27].

Foreach property in turn,thevalue ofR b wasrecalculated using the re-weighted sim u-

lation asinputand theobserved changetaken asthesystem aticuncertainty.Theresults

forthe188.6 GeV and 206.6 GeV energy pointsareshown in Table3,with thetotalun-

certainty corresponding to thesum in quadratureoftheindividualcom ponents.Sim ilar

behaviourwasobserved fortheotherenergy points.

4.3 Sum m ary ofSystem atics and R esults

The relative system atic uncertainties on R b are sum m arised in Table 4. In addition

to those com ponentsalready discussed,contributionsare included which arise from the

�nite size ofthe M onte Carlo sim ulation sam ple,and from the e�ectofthe uncertainty

in the residualradiative contam ination in the analysis. Studieson the resolution ofthe
q

s0=sreconstruction indicated thatthisbackground wasunderstood to thelevelof10% .

Itcan be seen thatthe dom inantsource ofsystem atic uncertainty isthatcom ing from

thecom parison with theZ-data.

The resultsforR b are given in Table 5,togetherwith the statisticaland system atic

uncertainties.Thecorrelation m atrix fortheseresultscan befound in Appendix A.For

each ofthetwoenergypointsoftheyear2000theresultsfortheGTPC and BTPC period

arefound to becom patibleand arethuscom bined into a singlevalue.No variation ofR c

isconsidered in the system atic uncertainty,butthe dependence ofR b on thisquantity,

�R b=(R c � R SM
c ),istabulated explicitly.

The internalconsistency ofthe m easured R b results m ay be studied,under the as-

sum ption that any dependence ofthe true value on collision energy can be neglected.

Thepulldistribution of(R b� < R b >)=� isfound to havea spread of1.2,with them ost
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Table3:Fractionalsystem aticuncertaintieson R b associated with physicsm odelling for

two illustrative energy points.Valuesaregiven in percent.

Energy point

Uncertainty Source 188.6 GeV 206.6 GeV

b fragm entation 0:2 0:2

b decay m ultiplicity 0:5 0:7

b hadron com position 0:2 0:2

b hadron lifetim e 0:2 0:3

cfragm entation 0:1 0:1

cdecay m ultiplicity 0:3 0:2

chadron com position 0:2 0:2

clifetim e 0:1 0:1

g ! b�b 0:1 0:1

g ! c�c 0:1 < 0:1

K 0
S and � production 0:2 0:3

Total 0:8 0:9

Table4:Thefractionalsystem aticuncertainty,in percent,on R b,energy pointby energy

point.
p
s [GeV]Z Com parison M odelling 4-ferm ion M C Stats Rad.Bckgd. Total

130.3 1.7 1.1 / 2.4 0.5 3.2

136.3 1.8 1.1 / 2.9 0.4 3.6

161.3 1.6 1.1 0.1 1.9 0.1 2.7

172.1 1.8 1.1 0.5 2.2 0.1 3.1

182.7 2.1 1.0 0.9 0.4 0.1 2.5

188.6 2.1 0.8 0.8 0.4 0.1 2.4

191.6 2.2 0.8 0.8 0.5 0.3 2.5

195.5 2.2 0.9 0.9 0.5 0.1 2.6

199.5 2.2 1.0 0.9 0.5 0.2 2.6

201.7 2.2 0.9 0.9 0.4 0.2 2.6

204.8 2.1 0.9 1.2 0.4 0.1 2.6

206.6 2.4 0.9 1.1 0.3 0.2 2.8
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Table5:TheresultsforR b ateach energypoint.Alsogiven arethedependencesofR b on

R c,and the valuesforthe latterfraction assum ed in the analysis[28].Forconvenience,

thecorresponding Standard M odelexpectationsforR b areincluded.
p
s [GeV] R b �stat �syst

�R b

(R c � R SM
c

)
R SM
c R SM

b

130.3 0.228 � 0.041 � 0.007 �0.027 0.220 0.186

136.3 0.153 � 0.041 � 0.006 �0.023 0.226 0.182

161.3 0.183 � 0.029 � 0.005 �0.023 0.244 0.170

172.1 0.127 � 0.028 � 0.004 �0.023 0.249 0.167

182.7 0.127 � 0.013 � 0.003 �0.032 0.253 0.165

188.6 0.166 � 0.009 � 0.004 �0.035 0.255 0.164

191.6 0.194 � 0.024 � 0.005 �0.032 0.256 0.163

195.5 0.161 � 0.013 � 0.004 �0.031 0.258 0.163

199.5 0.187 � 0.014 � 0.005 �0.031 0.258 0.162

201.7 0.183 � 0.020 � 0.005 �0.030 0.259 0.162

204.8 0.156 � 0.014 � 0.004 �0.031 0.259 0.161

206.6 0.163 � 0.011 � 0.005 �0.029 0.260 0.161

outlying entry arising from them easurem entat
p
s= 183 GeV,which is2.7 � below the

m ean.

The stability ofthe resultshasbeen exam ined when changing the value ofthe b-tag

cut.Thecutposition wastightened to a valueofB tag=2.5 in thehigh energy data,and

B tag=2.1 in the Z-data,and R b re-evaluated ateach energy point. Underthisselection

theeventsam pleshalvein size,butthenon-b�b background isreduced by alm osta factor

ofthree. No statistically signi�cant change in result was observed with respect to the

standard selection forany energy point in isolation,norforallenergy points averaged

together,indicating that the background levels and e�ciency are wellunderstood for

both selections.

TheresultsforR b arecom pared with theStandard M odelexpectationsandinterpreted

in thecontextofpossiblenew physicscontributionsin Sect.6.

5 M easurem ent ofA b
FB

5.1 Procedure

Forthenon-radiativeb�b eventsselected in thisstudy,theexpected form ofthedi�er-

entialcross-section isgiven by:

d�b

dcos�b
/ 1 + cos2�b +

8

3
A b
FB cos�b; (2)

where�b isthepolarangletheb-quark m akeswith theinitiale
� direction.

Theanalysispresented in thispaperisbased on an unbinned likelihood �tto expres-

sion (2),and hencerequiresknowledgeof�recb ,which istheevent-by-eventvalueof�b as

reconstructed in DELPHI.Thisreconstruction isperform ed using the thrustaxisand a

hem isphere charge technique. Each eventisdivided into two hem ispheres by the plane

perpendicularto thethrustaxisthatcontainsthenom inalinteraction point.Sim ulation
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shows that fornon-radiative events the thrust axis is a good approxim ation to the di-

rection ofem ission oftheinitialb�b pair.Then the‘hem isphere charges’Q F and Q B are

calculated fortheforward and backward hem ispheres.Q F isde�ned:

Q F �

P

iqijpi� T j�
P

ijpi� T j�
; (3)

where pi and qi are the m om entum and charge ofparticle i,T is the thrust axis,�

isan em piricalparam eter,and the sum runs over allcharged particle tracks forwhich

pi� T > 0.QB isde�ned in an analogousm annerwith the requirem entthatpi� T < 0.

Theinform ation from both hem ispheresm ay becom bined into two eventvariables:

Q
�

FB � Q F � Q B: (4)

Thesign ofQ �

FB issensitive to whethertheb-quark wasem itted in theforward orback-

ward hem isphere.Thevalueof� in equation (3)istuned tom axim isethisdiscrim ination,

and is set to 0.5. Figure 3 (a) shows Q �

FB,plotted for alldata. There is a sm all,but

signi�cantnegativeo�set,indicating thattheb-quark ispreferentially em itted in thefor-

ward hem isphere.Q +
FB hasno sensitivity to theinitialb-quark direction,butprovidesa

quantity which can becom pared between data and sim ulation,with awidth thatreects

theresolution ofthem ethod.Q +
FB isplotted in Fig.3 (b),togetherwith thecorrespond-

ing quantity from thesim ulation.Asexpected,itiscentred on zero.Thedistribution is

m arginally widerin data than in theM onteCarlo.
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Figure3:Distribution ofthetwo eventcharge variablesforalldata afterb-tag cut.(a)

showsthe charge asym m etry between the two hem ispheres,Q �

FB. (b)showsthe sum of

thehem ispherecharges,Q +
FB.Alsoshown aretheexpectationsfrom thesim ulation,which

aregenerated with theStandard M odelvaluesfortheasym m etriesofeach com ponent.

Thecosineofthereconstructed b-quark direction isthen given by:

X � cos�recb = � sign(Q �

FB)� jcos�Tj; (5)

where �T is the polar angle ofthe thrust axis. The distribution ofcos�recb is shown

in Fig.4 (a),for the fullLEP 2 dataset,plotted for events where jQ �

FBj> 0:1. The
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asym m etry which isobserved isan underestim ateoftherealasym m etry,both becauseof

‘m istags’and because ofbackground contam ination. Detectorine�ciencies also distort

the distributions,particularly in the forward and backward regions. M istagsare events

in which thesign ofQ �

FB doesnotgivethecorrectb-quark direction.M istagsdilutethe

true asym m etry by a factorD = (1� 2!),where ! isthe probability ofm istag. Note

that! hasadependenceon theabsolutevalueofQ �

FB.Forexam ple,sim ulation indicates

thatforthe ensem ble ofhigh energy data the m istag rate hasa value of! = 0:45 for

eventswherejQ �

FBj< 0:1,and ! = 0:27 in thecasewhen jQ �

FBj> 0:1,falling to ! = 0:17

when jQ �

FBj> 0:36. Figure 4 (b)shows the sam e data aftercorrection forbackground

contam ination,detectorine�ciency and m istags,and thecorresponding distribution for

theZ-data.Itisapparentthatthehigh energy data exhibitan asym m etry signi�cantly

higher than that ofthe Z-data,which have a value consistent with that m easured at

LEP 1 [21].
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Figure4:Theobserved angulardistribution foralldata afterb-tag cutand therequire-

m entjQ �

FBj> 0:1. (a)shows the raw distribution ofevents with respectto cos�recb to-

getherwith theexpectationsfrom sim ulation,generated with theStandard M odelvalues

for the asym m etries ofeach com ponent. (b) shows the di�erentialcross-section (nor-

m alised to the totalcross-section within the acceptance)with respectto cos�corb ,where

�corb isthe b-quark direction aftercorrection forwrong avourtags,non-uniform accep-

tance e�ciency and background. Also shown is the corresponding distribution for the

LEP 2 Z-data.Thesuperim posed curvesare�tsto theform oftheexpected di�erential

cross-section.

Optim alsensitivity to A b
FB is achieved through perform ing a m axm im um likelihood

�t,taking as the probability density function the expected di�erentialcross-section of

equation (2). At each energy point,the m easured asym m etry A m eas
FB is determ ined by

m axim ising thefollowing expression:

lnL =
X

i

ln

�

1 + (X i)
2 +

8

3
A
m eas
FB X i

�

; (6)
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where the sum runs over allevents. M istags and contam ination are accounted for by

writing

A
m eas
FB =

X

j

fjD jA j: (7)

Herethesum runsoverthe�vecategoriesofeventtypein thesam ple:signal,radiativeb�b

contam ination,c�c,lightquark and four-ferm ion.Each category enterswith a proportion

fj,asgiven by the valuesin Table2,with a trueasym m etry A j and dilution factorD j,

whereA j forthesignalcategory isequivalentto A
b
FB.Forthepurposesofaccounting for

the background in the �t,equation (2)isan adequate description ofthe distribution of

radiative and four-ferm ion events. The dilution factorsaredeterm ined from sim ulation,

and the asym m etries ofthe background processes are set to their Standard M odelex-

pectations.In orderto exploitthedependenceofthem istag probability on theabsolute

valueofthechargeasym m etry,alleventsareused,butthedilutionsand eventfractions

areevaluated in fourbinsofjQ �

FBjand included in the�taccordingly.

The�tprocedurehasbeen tested on a largeensem ble ofsim ulated experim ents,and

found to give unbiased results with correctly estim ated uncertainties. Ithas also been

applied to the Z-data.Averaged overalldatasets,them easured asym m etry m inusthat

valuedeterm ined atLEP 1 [21]isfound to be�0:01� 0:01.

5.2 R esults and System atic U ncertainties

Them ostim portantsourceofsystem aticuncertainty in theasym m etry m easurem ent

isassociated with the knowledge ofthe perform ance ofthe charge asym m etry variable.

Therearethreesigni�cantcontributionsto thisuncertainty:

� D etector R esponse: The distribution oftrack m ultiplicity as a function ofm o-

m entum hassm alldi�erencesbetween data and M onte Carlo both athigh and low

m om entum ,which m ay beattributed to an im perfectm odelling ofthetrack recon-

struction in the sim ulation. Tracks were re-weighted in the sim ulation in orderto

establish the e�ect on the m istag rate. Sim ilar studies were conducted to under-

stand theconsequencesofdi�erencesin them om entum resolution between dataand

M onteCarlo.Finally,thewidth oftheQ +
FB distribution wasarti�cially increased in

thesim ulation,tom atch thatofthedata,by adjusting thevalueofthe� param eter

in theanalysisofthesim ulation alone,and thee�ecton Q �

FB wasdeterm ined.

� H adronisation: An alternative M onte Carlo data set ofevents based on ARI-

ADNE [17]wasused to assess the robustness ofthe estim ation ofthe m istag rate

with respectto thedescription ofthehadronisation processused in thesim ulation.

� M onte C arlo Statistics: The lim ited am ountofsim ulation data available intro-

ducesa non-negligiblestatisticaluncertainty in theknowledge ofthem istag rate.

Additionalpossiblesourcesofm easurem entbiasrelated to them istag havebeen consid-

ered,forexam ple whetherany signi�cantangulardependence existsin the value ofthe

dilution.Thesee�ectswerefound to havenegligibleim pacton theresults.

In addition to these studies,system atic uncertaintieswere evaluated arising from the

sam ethreesourcesthatwereconsidered in theR b m easurem ent,nam ely theuncertainty

associated with the sam ple com position as assessed from the Z-data; the uncertainty

in the levelofthe 4-ferm ion background;and the uncertainty in the m odelling ofthe

physicsprocesses(apartfrom hadronisation).The m odelling system atic here includesa

com ponentarising from the uncertainty in the knowledge ofthe b-m ixing param eter�.

Thiswasvaried within therange0:128� 0:008,following theevaluation reported in [24].
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Table6:System aticuncertaintieson A b
FB fortwo illustrativeenergy points.

Energy point

Uncertainty Source 188.6 GeV 206.6 GeV

DetectorResponse 0:054 0:038

Hadronisation 0:027 0:025

M C Statistics 0:016 0:011

Z Com parison 0:008 0:004

M odelling 0:008 0:008

QCD Correction 0:018 0:018

4-ferm ion 0:003 0:006

Radiativebackground 0:004 0:004

Total 0:066 0:051

Table 7: The results forA b
FB at each energy point,together with the Standard M odel

expectation [28].
p
s [GeV] A b

FB �stat �syst A
b;SM

FB

130.3 0.569 � 0.507 � 0.112 0.473

136.3 0.447 � 0.615 � 0.117 0.496

161.3 1.344 � 0.346 � 0.097 0.550

172.1 0.407 � 0.523 � 0.099 0.564

182.7 -0.120 � 0.245 � 0.102 0.575

188.6 0.703 � 0.157 � 0.066 0.579

191.6 0.391 � 0.304 � 0.049 0.582

195.5 0.875 � 0.221 � 0.060 0.584

199.5 0.602 � 0.185 � 0.052 0.587

201.7 0.756 � 0.298 � 0.055 0.588

204.8 0.718 � 0.252 � 0.061 0.590

206.6 0.108 � 0.180 � 0.051 0.591

A furtheruncertainty isassigned toaccountforthefactthatQCD correctionstothe�nal

state,in particular gluon radiation,m odify the asym m etry. The size ofthis e�ect has

been estim ated using ZFITTER [28]to be0.018.In practicetheselection cutsdisfavour

events with hard gluon radiation and thus willsuppress this correction. In this study,

however,thefulle�ectistaken asan uncertainty,fully correlated between energy points.

Finally,a system atic errorisadded to accountforthe uncertainty in the knowledge of

theresidualradiativeb�b contam ination in thesam ple.

Table 6 lists the system atic uncertainties for the 188.6 GeV and 206.6 GeV energy

points.Thetotalisthesum in quadratureoftheuncorrelated com ponentuncertainties.

The results for A b
FB, including statisticaland system atic uncertainties, are shown in

Table 7. The correlation m atrix for these results can be found in Appendix A. Both

the statisticaluncertainty and certain com ponentsofthe system atic uncertainty have a

dependenceon theabsolutevalueoftheasym m etry.Theuncertaintiesshown havebeen

evaluated assum ing theStandard M odelvalue.
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The self-consistency ofthe resultsm ay be assessed assum ing thatany dependence of

the true value ofA b
FB on the collision energy can be neglected. The pulldistribution of

(A b
FB � < A b

FB >)=� isfound to have a spread of1.5. The outlierscontributing to this

largerthan expected width arethedatasetat161.3GeV,which hasan asym m etry which

is 2.3 � higher than the m ean,and the sam ples at 182.7 GeV and 206.6 GeV,which

have asym m etriesthatare low by 2.7 and 2.4 � respectively. The 206.6 GeV datasetis

m adeup ofeventsaccum ulated during both theGTPC and BTPC running;thevaluesof

theasym m etry and associated statisticaluncertaintiesarefound to be0:087� 0:218 and

0:152� 0:318,and hence consistent,forthe two periods.Allasym m etrieshave been re-

evaluated with a m oresevereb-tag cutof2.5,aswasdonefortheR b analysis.Averaged

over alldata points the asym m etry is found to shift by �0:008 � 0:052 with respect

to the centralvaluesreported in Table 7. The shiftsforthe 161.3 GeV,182.7 GeV and

206.6GeV datasetsare0:019� 0:209,�0:278� 0:191and �0:043� 0:162respectively.The

m agnitudesand signsofthesechangesdonotsuggestthatthereisanysigni�cantproblem

with theunderstandingofthebackground leveland behaviour.Furthercross-checkswere

perform ed in which the �twasrestricted to high valuesofjQ �

FBjand where alternative

m ethods, such as a binned least-squared �t, were used to determ ine the asym m etry.

Again,nosigni�cantchangeswereobserved in theresults,in particularthoseofthethree

outlying points.

6 Interpretation

TheresultsforR b from Sect.4.3and thoseforA b
FB from Sect.5.2havebeen com pared

againsttheStandard M odelexpectations,ascalculated by ZFITTER [28]with �nalstate

radiation e�ectsincluded.Them easurem entsand theexpectationsareshown in Figs.5

and 6,for R b and A b
FB respectively. The m ean values ofthe di�erences between the

m easurem entsand theStandard M odelexpectationshavebeen evaluated using both the

statisticaland system atic uncertainties,and taking fullaccountofallcorrelations. The

resultsofthiscom putation are presented in Table 8. In both casesitcan be seen that

them easurem entsagreereasonably wellwith theStandard M odel.W hen alldata points

are com bined, the relative precision ofthe R b m easurem ents is 3.3% and the overall

uncertainty on the A b
FB m easurem ents is 0.083. These results are the m ost precise yet

obtained forthetwo param etersatLEP 2 energies.

Contactinteractionsbetween initialand �nalstateferm ioniccurrentsprovidearather

generaldescription ofthelow energy behaviourofany new physicsprocesswith acharac-

teristicenergy scale.TheresultsoftheR b and A
b
FB analyseshavebeen com pared with a

varietyofcontactinteraction m odels.Followingreference[29]thecontactinteractionsare

param eterised in the sam e m annerasexplained in [8],in which an e�ective Lagrangian

oftheform :

Leff =
g2

�2

X

i;j= L;R

�ij�ei�ei�bj
�
bj; (8)

isadded to theStandard M odelLagrangian.Hereg2=4� istaken to be1 by convention,

�ij = �1 or0,� is the energy scale ofthe contact interactions,and ei (bj)are left or

right-handed electron (b-quark)spinors.Byassum ingdi�erenthelicitycouplingsbetween

theinitial-stateand �nal-statecurrentsand eitherconstructiveordestructiveinterference

with the Standard M odel(according to the choice ofeach �ij)a setofdi�erentm odels

can be de�ned from thisLagrangian [30]. The valuesof�ij forthe m odelsinvestigated

in thisstudy aregiven in Table9.



16

0.08
0.1

0.12
0.14
0.16
0.18
0.2

0.22
0.24
0.26
0.28

130 140 150 160 170 180 190 200 210

√s [GeV]

R
b

DELPHI
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Table8:Resultsofthe�tforthem eanvalueofthedi�erencebetween them easured values

and the Standard M odelpredictions[28],forboth R b and A
b
FB.The �rstuncertainty is

statistical,and thesecond uncertainty issystem atic.

M easurem ent < (M eas� SM )> <
p
s> [GeV]�2=ndf(Prob.)

R b �0:0016� 0:0044� 0:0031 191.9 17:9=11 (8% )

A b
FB �0:091� 0:072� 0:041 192.2 20:8=11 (4% )

In �ttingforthepresenceofcontactinteractionsanew param eter� � 1=�2 isde�ned,

with � = 0 being thelim itthatthereareno new physicscontributions.Theregion � > 0

represents physicalvaluesof1=�2 in m odelsin which there isconstructive interference

with the Standard M odel, while the region � < 0 represents physicalvalues for the

equivalent m odelwith destructive interference. Least squared �ts have been m ade for

thevalueof� assum ingcontactinteractionsfrom each m odellisted in Table9.AllRb and

A b
FB data havebeen used,taking accountofthecorrelationsbetween them easurem ents.

In this�t,the R b resultshave been re-expressed asabsolute cross-sections,m aking use

oftheq�q cross-section resultsfound in [8].

The resultsofthe contactinteraction �tsare shown in Table 10. The data show no

evidence for a non-zero value of� in any m odel,and the table lists the 68% allowed

con�dence levelrange forthe �tsto thisparam eter. Also shown are the corresponding

95% con�dence levellowerlim itsforthe contactinteraction scale,allowing forpositive

(�+ )and negative (�� )interference with the Standard M odel. These lim itsare in the

range2{13 TeV,with them oststringentfortheVV,AA and V0 m odels.

Table9:Choicesof�ij fordi�erentcontactinteraction m odels.

M odel �LL �R R �LR �R L

LL� � 1 0 0 0

RR � 0 � 1 0 0

VV � � 1 � 1 � 1 � 1

AA � � 1 � 1 � 1 � 1

LR � 0 0 � 1 0

RL� 0 0 0 � 1

V0� � 1 � 1 0 0

A0� 0 0 � 1 � 1

7 C onclusions

Analyses ofthe ratio ofthe b�b cross-section to the hadronic cross-section,R b,and

the b�b forward-backward asym m etry,A b
FB,have been presented for non-radiative pro-

duction,de�ned as
q

s0=s � 0:85,at 12 energy points ranging from
p
s = 130.3 GeV

to
p
s= 206.6 GeV.The relative uncertaintiesofallR b m easurem entsis3.3% ,and the

uncertainty on them ean valueofA b
FB forallm easurem entsis0.083,m aking theseresults

them ostpreciseyetobtained forthetwo param etersatLEP 2 energies.Theresultsare
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Table10:Lim itsofcontactinteractionscoupling to b�b.The68% C.L.rangeisgiven for

�,while95% C.L.lowerlim itsaregiven for�� .

M odel � (TeV� 2) �� (TeV) �+ (TeV)

LL [-0.0019,0.0097] 10.2 8.4

RR [-0.1947,0.0172] 2.2 5.7

VV [-0.0021,0.0076] 10.6 9.5

AA [-0.0012,0.0060] 12.9 10.7

LR [-0.1029,0.0234] 2.9 4.7

RL [-0.0161,0.1687] 5.8 2.4

V0 [-0.0014,0.0069] 12.0 9.9

A0 [-0.0163,0.0630] 5.3 3.7

found to be com patible with those ofother experim ents [1{5]and are consistent with

Standard M odelexpectations.Lim itshavebeen derived on thescalesofcontactinterac-

tions,and arefound to liein therange2{13TeV,depending on thechirality structureof

thenew physicscontribution.
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A C orrelation M atrices

The correlation m atrices for the R b and A b
FB results are given in Tables 11 and 12

respectively.Thecorrelationsbetween R b and A
b
FB arenegligible.

Table11:Correlation m atrix forR b results.
p
s [GeV] 130 136 161 172 183 189 192 196 200 202 205 207

130 1.00 0.01 0.01 0.01 0.02 0.01 0.02 0.03 0.03 0.02 0.03 0.04

136 1.00 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02

161 1.00 0.01 0.02 0.01 0.02 0.03 0.03 0.02 0.03 0.04

172 1.00 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.03

183 1.00 0.01 0.04 0.05 0.06 0.04 0.05 0.07

189 1.00 0.01 0.01 0.02 0.01 0.01 0.02

192 1.00 0.06 0.06 0.04 0.04 0.06

196 1.00 0.10 0.07 0.06 0.09

200 1.00 0.07 0.07 0.10

202 1.00 0.05 0.07

205 1.00 0.11

207 1.00

Table12:Correlation m atrix forA b
FB results.

p
s [GeV] 130 136 161 172 183 189 192 196 200 202 205 207

130 1.00 0.04 0.04 0.02 -0.06 0.07 0.02 0.04 0.04 0.03 0.04 0.05

136 1.00 0.03 0.02 -0.04 0.05 0.02 0.03 0.03 0.02 0.03 0.03

161 1.00 0.05 -0.06 0.07 0.03 0.05 0.04 0.03 0.04 0.05

172 1.00 -0.04 0.04 0.02 0.03 0.03 0.02 0.03 0.03

183 1.00 -0.12 -0.04 -0.08 -0.06 -0.05 -0.07 -0.08

189 1.00 0.05 0.09 0.08 0.06 0.08 0.10

192 1.00 0.04 0.04 0.03 0.03 0.04

196 1.00 0.06 0.05 0.05 0.06

200 1.00 0.05 0.05 0.06

202 1.00 0.04 0.04

205 1.00 0.06

207 1.00
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