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an s-hannel exhange of either a virtual photon or aZ boson. The neutral urrent oupling of a fermion fto the Z boson has vetor and axial-vetor omponents:JZf � �f(gfV + gfA5)f , where gfV and gfA are the vetorand axial-vetor ouplings of the fermion to the Z respe-tively. The oupling of the same fermion to the photon ispurely a vetor oupling and its strength is proportionalto the harge of the fermion Qf . The di�erential rosssetion for qq ! `+`� is obtained by squaring the matrixelement, integrating over the azimuthal angle, averagingover the polarization of the inoming partiles, and sum-ming over the spin and polarization of the �nal statepartiles:



4d�(q�q ! `+`�)d os � = C ��22s [Q2̀Q2q(1 + os2 �) +Q`QqRe(�(s))(2gqV gV̀ (1 + os2 �) + 4gqAgÀ os �)+ j�(s)j2 �(gqV 2 + gqA2)(gV̀ 2 + gÀ2)(1 + os2 �) + 8gqV gqAgV̀ gÀ os ��℄ (1)where C is the olor fator, � is the emission angle of thelepton (anti-lepton) relative to the quark (anti-quark) inthe rest frame of the lepton pair, and�(s) = 1os2 �W sin2 �W ss�M2Z + i�ZMZ : (2)The �rst and the third terms in Eq. (1) orrespond tothe pure � and Z exhange respetively while the se-ond term orresponds to the Z=� interferene. The an-gular dependene of the various terms is either os � or(1+os2 �). The os � terms integrate to zero in the totalross setion but indue the forward-bakward asymme-try.LetRV V � Q2̀Q2q + 2Q`QqgqV gV̀Re(�(s)) (3)+ gV̀ 2(gqV 2 + gqA2)j�(s)j2RAA � gÀ2(gqV 2 + gqA2)j�(s)j2 (4)RV A � 32gqAgÀ(Q`QqRe(�(s)) + 2gqV gV̀ j�(s)j2): (5)Then the di�erential ross setion is redued to the fol-lowing simple expression:d�d os � = C 43 ��2s Rf [ 38(1 + os2 �) +AFB os �℄ (6)where Rf = RV V +RAA and AFB = RV ARf . The meaningof the quantities Rf and AFB an be learly seen. In-tegrating Eq. (6) over os �, the �rst term in the squarebrakets integrates to unity, the seond integrates to 0.Therefore �total = CRf�QED0 , where �QED0 is the totalQED ross setion (the ross setion if the Z0 exhangeamplitude were absent). The quantity AFB an be writ-ten asAFB = R +10 d�d os �d os � + R �10 d�d os �d os �R +1�1 d�d os �d os �= �F � �B�F + �B= NF �NBNF +NB (7)and is identi�ed as the forward-bakward asymmetry,where NF is the number of forward (os � > 0) eventsand NB is the number of bakward (os � < 0) events.A measurement of AFB an onstrain the propertiesof any additional non{Standard Model amplitudes on-tributing to q�q ! `+`� [3℄, and is omplementary to

diret searhes for non{Standard Model amplitudes thatlook for an exess in the total ross setion. This is par-tiularly interesting forMee above LEP II energies, wherethe measurement is unique to the Tevatron.In addition, Eq. (1) shows that depending on the in-variant mass, a di�erent ombination of vetor and axial-vetor ouplings ontribute to the di�erential ross se-tion. Consequently, AFB is a diret probe of the relativestrengths of the oupling onstants between the Z bosonand the quarks. The invariant-mass dependene of AFBis also sensitive to u and d quarks separately, unlike otherpreise measurements of light quark Z ouplings in �Nsattering [4℄ and atomi parity violation [5℄ on heavynulei.In this paper, a number of di�erent omparisons be-tween the data and Standard Model expetations arepresented. The unorreted Mee, os ��, and AFB datadistributions are ompared with the output of our MonteCarlo and detetor simulation. The �rst prinipal resultis a measurement of AFB in 15 Mee bins using an un-folding analysis that doesn't assume a prior StandardModel AFB distribution. The seond prinipal resultis a measurement of three sets of parameters: the Z-quark ouplings, the Z-eletron ouplings, and sin2 �W .In making eah of these three measurements, the otherparameters are held �xed with the values given by theStandard Model. The measured Z-quark ouplings arethen used to determine experimental orretion fatorsfor aeptane and eÆieny of dieletron events. Theorretion fators are used for the measurement of AFBwith Standard Model assumptions.The previous measurement from the Collider Detetorat Fermilab (CDF) [6℄ was made with the data taken be-tween 1992 and 1995 using the Run I detetor. The RunI measurement assumed a Standard Model AFB distribu-tion for alulating eÆieny and aeptane experimen-tal orretion fators. The present measurement uses thedieletron data taken between Marh 2002 and January2003 with the CDF II detetor, orresponding to an in-tegrated luminosity of 72 pb�1.The paper is strutured as follows. A desription ofthe detetor and an overview of the analysis are givenin Se. II. Event seletion and andidate events are dis-ussed in Se. III. The estimation and harateristis ofthe bakgrounds are desribed in Se. IV. The aep-tane and orretions for detetor e�ets are desribedin Se. V. The systemati unertainties are summarizedin Se. VI. Finally, the results of the forward-bakwardasymmetry and oupling measurements are presented inSe. VII.



5II. OVERVIEWThis setion begins with a disussion of aspets of thedetetor, triggers and data samples that are relevant tothis measurement. The nature of Z=� ! e+e� eventsin a hadron ollider and the overall strategy of the anal-ysis are presented. This paper uses a ylindrial oordi-nate system, with the positive z axis oriented along thebeamline in the diretion of the proton's momentum.A. Detetor and triggersThe Collider Detetor at Fermilab (CDF II) is ageneral-purpose detetor designed to study the physisof pp ollisions at ps = 1:96 TeV at the Fermilab Teva-tron ollider. Like most detetors used at high-energyolliders, it has a ylindrial geometry with axial andforward-bakward symmetry. A diagram of the innerpart of the CDF II detetor is shown in Fig. 1. The inner-most part of the detetor ontains an integrated trak-ing system with a silion detetor and an open-ell drifthamber. A solenoidal magnet surrounding the trakinghambers provides a 1.4 T �eld aligned with the protonbeam axis. The integrated traking system is surroundedby alorimeters whih over 2� in azimuth and from �3.6to 3.6 in pseudorapidity, �det (see Fig. 1). Outside of thealorimeters is a muon system with overage from �1:5to 1.5 in �det. The CDF II detetor is a major upgrade tothe detetor that took data until 1996. The entire trak-ing system subtending j�detj < 2 and the plug alorimetersubtending 1:1 < j�detj < 3:6 have been replaed to han-dle the higher rate of ollisions and inrease the apabili-ties for physis analyses in Run II. This analysis uses theopen-ell drift hamber alled the entral outer traker(COT) and the alorimeters. A more detailed detetordesription an be found in Refs. [7, 8℄, and a desriptionof the upgraded detetor an be found in Ref. [9℄.The COT detetor [10℄ is a 96 layer, 3.2 m long open-ell drift hamber whih, ombined with the solenoid, isused to measure the momenta of harged partiles withj�detj < 1. The detetor extends from a radius of 40 mto a radius of 137 m. The 96 layers are divided into8 \super-layers", whih alternate between super-layerswhere the wires are axial (i.e., parallel to the z axis) andsuper-layers where the wires have a �2Æ stereo angle,providing three-dimensional traking. The alorimeteronsists of a lead-sintillator eletromagneti (EM) om-partment with shower position detetion baked by aniron-sintillator hadroni ompartment. The alorime-ters are segmented in projetive �det{� towers pointingto the nominal interation point, at z = 0. While theentral alorimeter (j�detj < 1:1) is retained mostly un-hanged from Run I [11{16℄, the plug alorimeter [17℄with 1:1 < j�detj < 3:6 is a major omponent of theRun II upgrade (Fig. 2), and largely follows the designof the entral detetor. Sine the alorimeter segmenta-tion is oarse ompared to the dimensions of an eletron

FIG. 1: One quadrant of the CDF II traking and alorimetridetetors. The detetors have axial and reetive symmetryabout z=0. CDF uses a ylindrial oordinate system with thez (longitudinal) axis along the proton-beam diretion; r is thetransverse oordinate, and � is the azimuthal angle. The de-tetor pseudorapidity is de�ned as �det � �ln(tan �det2 ), where�det is the polar angle relative to the proton-beam diretionmeasured from z = 0. The event pseudorapidity is de�ned as�evt � �ln(tan �evt2 ), where �evt is the polar angle measuredfrom the nominal pp ollision point in z. The transverse mo-mentum (pT ) and energy (ET ) are the omponents projetedonto the plane perpendiular to the beam axis (pT � p � sin � ;ET � E � sin �). The missing transverse energy, 6Et, is de�nedas the magnitude of ��iEiT n̂i, where n̂i is a unit vetor inthe perpendiular plane that points from the beamline to theith alorimeter tower.shower, position detetors (shower maximum detetors,CES in the entral region and PES in the plug region) areplaed at a depth of approximately six radiation lengths,roughly the position of the shower maximum, inside theEM alorimeters. These detetors measure the positionand pro�le of the showers and help di�erentiate eletronsfrom hadrons.The trigger system has undergone a omplete redesignas a result of the aelerator and detetor upgrades. TheCDF trigger is a three-level system that selets events outof a 2.5 MHz rossing rate to be written to magneti tapeat a rate of�75 Hz. The �rst two levels [18℄ are omposedof ustom eletronis with data paths separate from thedata aquisition system. The third level [19℄ reeives theomplete detetor information from the data aquisitionsystem and runs a version of the reonstrution softwareoptimized for speed on a farm of ommerial omputers.The Z=� events used in this measurement are seleted byhigh-ET entral eletron triggers. At Level 1, eletronsare seleted by the presene of an energy deposition ofET > 8 GeV in an EM alorimeter tower and a mathingtwo-dimensional (r{� plane) trak with pT > 8 GeV/reonstruted in the COT by trigger eletronis alled
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FIG. 2: Cross setion of upper part of plug alorimeter (top),and transverse segmentation, showing physial and triggertowers in a 30Æ � setion (bottom). The logial segmenta-tion for lustering purposes is the same exept in the outertwo rings (� > 30Æ), where two neighboring (in azimuth) 7:5Ætowers are merged to math the 15Æ segmentation of the en-tral and wall alorimeters behind them.the eXtremely Fast Traker (XFT) [20℄. At Level 2, theeletron energy is reonstruted in a luster of EM tow-ers and is required to have ET > 16 GeV. At Level 3,a reonstruted EM luster with ET > 18 GeV and amathing three-dimensional trak with pT > 9 GeV/are required. At eah level, the energy in the hadronitowers just behind the EM tower or luster is requiredto be less than 12.5% of the EM energy. Another trig-ger path that does not require a hadroni energy frationis added to this measurement in order to improve thetrigger eÆieny for entral eletrons with very high ET .The seond trigger path has not added any events to theurrent sample, but will be important if events are foundwith very high masses. The integrated luminosity of thedata sample for this analysis is (72� 4) pb�1.B. Data samplesFour data samples are employed in this analysis. Theseare desribed briey below and in more detail in subse-quent setions.� Z=� ! e+e� sample: A sample of 5,200 dieletronandidates is used to measure AFB , alibrate the

energy sale and resolution of the EM alorimeter,and study the material in the traking volume.� W ! e� sample: A sample of 38,000 W ! e�andidates, where the eletron is reonstruted inthe entral alorimeter, is used to study the mate-rial in the traking volume, to alibrate the relativealorimeter response within a entral tower, and tohek harge biases in measuring eletrons.� Inlusive eletron sample: A sample of 3 millionentral eletron andidates with ET > 8 GeV isused to alibrate the relative response of the entralEM alorimeter towers.� Dijet samples: A sample of 1 million dijet events(events with at least two jets, eah with ET > 20GeV) is used to measure the rate at whih jetsfake an eletron signature and to estimate the di-jet bakground. A jet is de�ned as a luster ofenergy reonstruted in the alorimeter. Triggersfor the sample require a alorimeter tower withET > 5 GeV at Level 1, a alorimeter luster withET > 15 GeV at Level 2, and a reonstruted jetwith ET > 20 GeV at Level 3. Due to the highross setion, only 1 in roughly 400 events on aver-age were randomly seleted to be reorded for thistrigger. Jet samples with higher trigger thresholds(50 GeV, 70 GeV, and 100 GeV at Level 3) are alsoused to ross-hek the fake rate for a trigger bias.C. Monte Carlo samplesMonte Carlo generation and detetor simulation areused to measure the aeptane for the Drell-Yan proess,model the e�et of radiation and detetor resolution, de-termine the harateristis and amount of bakground inthe data sample, and understand systemati unertain-ties on the AFB measurement. PYTHIA [21℄ and HER-WIG [22℄ generators with CTEQ5L PDFs [23℄ are usedfor most of the samples. These generate proesses at lead-ing order and inorporate initial- and �nal-state QCDand QED radiation via their parton shower algorithms(HERWIG does not inlude �nal-state QED radiation).PYTHIA is tuned so that the underlying event (the re-maining pp fragments from the ollision) and the pT spe-trum of Z bosons agree with the CDF data [24℄. Twomatrix element generators, WGAMMA [25℄ and ALP-GEN [26℄, are used to hek the W +X ! e� +X bak-ground estimate from PYTHIA, where X is a photon orhadroni jet. The generator WGAMMA alulates theross setion of the pp!W proess. It uses eletroweakheliity amplitudes for W prodution and radiative Wboson deays, inluding all interferene terms. ALPGENperforms the alulation of the matrix element for theprodution of W+quark and W+gluon �nal states. Thedetetor simulation models the deay of generated par-tiles and their interations with the various elements of



7the CDF detetor. A full GEANT3 [27℄ simulation isused to simulate the traking volume. A parameterizedsimulation is used for the alorimeters and muon ham-bers. Comparisons between the data and Monte Carlosimulation are disussed in Se. III D.There are nine Monte Carlo samples used in this anal-ysis, whih are briey desribed below.� Z=� ! e+e� sample: A sample generated withPYTHIA is used to alulate orretions due to a-eptane, bremsstrahlung, and energy resolution,and to estimate the systemati unertainties due tothe energy sale and resolution. A quarter of thesample was generated withMZ=� > 105 GeV/2 toredue the statistial unertainties assoiated withthe Monte Carlo sample in the high-mass region.� Z=� ! e+e� sample for material systematis:Three PYTHIA samples are used to estimate thehange in the measured AFB between the defaultsimulation and a modi�ed simulation whih adds orsubtrats 1:5% radiation length (X0) of opper ina ylinder in the entral region and 16X0 of iron onthe fae of the plug alorimeter. QCD fragmenta-tion is turned o� for these samples in order to saveCPU time.� Z=� ! �+�� sample: A PYTHIA sample is usedto estimate the bakground due to Z=� ! �+��.TAUOLA [28℄ is used to deay � 's.� Dijet sample: A PYTHIA sample with all 2 ! 2proesses is used to understand the harateristisof the dijet bakground. A lower limit of pT >18 GeV on the transverse momentum in the restframe of the hard interation is applied.� tt sample: A HERWIG sample is used to estimatethe bakground due to tt prodution.� Diboson samples: A sample with WW produtionand a sample with WZ prodution are generatedusing PYTHIA and used to estimate the dibosonbakgrounds.� W ! e� sample: A PYTHIA sample is used toestimate the bakground due to the inlusive Wprodution.� W ! e� sample: A WGAMMA sample is usedto ross-hek the bakground due to W +  pro-dution.� W + q=g ! e�+ q=g sample: An ALPGEN sampleis used to estimate the bakground due to W +quark or gluon prodution.

D. Strategy of analysisThis analysis fouses on e+e� pair prodution via anintermediate Z=�. The goal of this analysis is to mea-sure AFB as a funtion of the invariant mass of the di-eletron pair. The dieletron sample is hosen beause ofthe low bakgrounds and the good polar angle overageof eletrons in the CDF II detetor.When the inoming quarks partiipating in the Drell-Yan proess have no transverse momentum relative totheir parent baryons, � in Eq. (6) is determined unam-biguously from the four-momenta of the eletrons by al-ulating the angle that the eletron makes with the pro-ton beam in the enter-of-mass frame of the eletron-positron pair. When either of the inoming quarks hassigni�ant transverse momentum, however, there existsan ambiguity in the four-momenta of the inoming quarksin the frame of the eletron-positron pair, sine one an-not determine the four-momenta of the quark and anti-quark individually (see Fig. 3). The Collins-Soper for-malism [29℄ is adopted to minimize the e�ets of thetransverse momentum of the inoming quarks in Eq. (6).(The magnitude of the e�et in the Collins-Soper frameis disussed in Se. VII B.) In this formalism, the polaraxis is de�ned as the bisetor of the proton beam momen-tum and the negative of the anti-proton beam momentumwhen they are boosted into the enter-of-mass frame ofthe eletron-positron pair. The variable �� is de�ned asthe angle between the eletron and the polar axis. LetQ (QT ) be the four-momentum (transverse momentum)of the eletron-positron pair, P1 be the four-momentumof the eletron, and P2 be the four-momentum of thepositron, all measured in the lab frame. Then os �� isgiven byos �� = 2pQ2(Q2 +Q2T ) (P+1 P�2 � P�1 P+2 ); (8)where P�i = 1p2 (P 0i �P 3i ), and P 0 and P 3 represent theenergy and the longitudinal omponent of the momen-tum, respetively. Forward events are de�ned as havingos �� > 0 and bakward events are de�ned as havingos �� < 0.The AFB measurement is made in 15 bins of Mee be-tween 40 GeV/2 and 600 GeV/2. The bin sizes are ho-sen based on the detetorMee resolution and the relativeDrell-Yan ross setions in eah bin. One the event se-letion has been made, the estimated number of forwardand bakward bakground events are subtrated from theandidate sample in eah Mee bin. The raw forward-bakward asymmetry (ArawFB ) is alulated by applyingEq. (7) to the bakground subtrated sample.The goal is to onnet what we measure in the dete-tor after bakground subtration (ArawFB ) to theoretialalulations (AphysFB ). If the detetor simulation is avail-able, a diret omparison an be made between the unor-reted data and a model predition. These omparisonsare made in Se. VII A. If the simulation is not avail-
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FIG. 3: Diagram of pp ! Z=�, where one of the quarksradiates a gluon or photon imparting transverse momentumto the quark. One the quarks annihilate to Z=�, the soureof the transverse momentum is ambiguous.able, the true AphysFB must be unfolded from ArawFB . ArawFBmust be orreted for detetor aeptanes and eÆien-ies (whih sulpt the os �� distribution) and for smear-ing e�ets (whih move events between Mee bins) to ob-tain AphysFB , whih an be ompared diretly to theoretialalulations. The Mee bin migration near the Z pole isnot negligible, whih makes it diÆult to unfold AphysFB inthose bins. Performing an unonstrained unfolding anal-ysis in those bins results in large unertainties, while ap-plying Standard Model or other onstraints an bias theresult. Two di�erent unfolding analyses are performedto reonstrut AphysFB with di�erent onstraints. Both un-folding analyses assume the Standard Model d�dMee to beable to alulate the event migration e�ets. The uner-tainties assoiated with systemati e�ets are estimatedby varying the magnitude of these e�ets in the MonteCarlo simulation and realulating the results for eahanalysis.The �rst and least onstrained analysis is performed by�tting for AphysFB with a smoothing onstraint. The aep-tane and event migration are parameterized (Se. VD)to transform AphysFB into ArawFB ,(ArawFB )i = g(A; i); (9)where A = f(AphysFB )1; (AphysFB )2; : : : ; (AphysFB )15g:(10)The probability, for a given AFB , to �nd a number offorward and bakward events is the binomial probability(P [AFB ; NF ; NB ℄). The maximum likelihood method isused to obtain the 15 values of AphysFB or A (Se. VIIC),where the negative log likelihood with a smoothing on-straint for bins near the Z pole is de�ned as� = 15Xi=1 �log(P [g(A; i); NFi ; NBi ℄) + � � 9Xi=2 S[Ai℄; (11)where Ai = f(AphysFB )i�1; (AphysFB )i; (AphysFB )i+1g; (12)S[Ai℄ is a regularization funtion, and � is the regular-ization parameter. This analysis makes no assumptions

about the shape of AFB (aside from it being smooth nearthe Z pole), but it has the largest unertainties.In a seond analysis, the parameterized aeptaneand event migration are also used for the measurementof the Z-quark and Z-eletron oupling onstants, andsin2 �effW . We vary the ouplings at generator level andperform a �2 �t between the smeared theoretial alu-lations and ArawFB to extrat the ouplings. This analysisis desribed in detail in Se. VIID.Continuing with the seond analysis, AFB an be mea-sured by assuming the Standard Model AFB shape withthe measured Z-quark ouplings. In this method, a-eptane orretion fators (a�or) are used to orret thenumber of forward and bakward events in eahMee bin.The orretion fator aounts for the e�ets of detetoraeptane and eÆieny, and bin migration (Se. VE).These orretion fators depend on the input AphysFB thatis used to alulate them. To onstrain the StandardModel bias, the input AphysFB is onstrained to the predi-tion with unertainties from the Z-quark oupling analy-sis. Then AphysFB an be alulated diretly using the or-retion fators (Se. VII E). Equation (7) an be rewrit-ten: AiFB = � d�dM �+i � � d�dM ��i� d�dM �+i + � d�dM ��i ; (13)where � d�dM ��i = (N�i �B�i )�MiL(a�or)i : (14)In Eq. (14), �Mi is the size of the i-th mass bin, and L isthe integrated luminosity. N+(N�) and B+(B�) are thenumber of andidate and estimated bakground events inthe forward (bakward) region, respetively. Canelingommon fators, the forward-bakward asymmetry anbe written as AiFB = N+i �B+i(a+or)i � N�i �B�i(a�or)iN+i �B+i(a+or)i + N�i �B�i(a�or)i : (15)The analysis using orretion fators has smaller uner-tainties than the unonstrained method, but it assumesno non-standard physis outside of deviations in Z-quarkouplings. This analysis tehnique is similar to the RunI measurement.While these analyses make di�erent onstraints on theform of AFB , it is important to note that they shouldgive similar results in bins where there is a negligibleamount of event migration between Mee bins. At highmass, where the bin sizes are very large ompared to thedetetor resolution, the results are independent of theunfolding method.



9III. ELECTRON MEASUREMENTThis analysis requires two eletrons (e+; e�) in theevent, one in the entral region, and the other in theentral or plug region. This setion desribes the identi-�ation of entral and plug eletrons, the event seletionriteria, the eletron energy sale and resolution, and theharge identi�ation of eletrons. In most ases, disus-sion of eletrons refer to both eletrons and positrons.A. Central eletron identi�ationEletron identi�ation in the entral alorimeter is al-most idential to the algorithm used in Run I, sine thealorimeter is unhanged and the new drift hamber hasa geometry very similar to the previous one. For a moredetailed desription of the entral eletron reonstrutionvariables see Ref. [8℄. An eletron andidate is reon-struted if there is a entral tower with ET > 2 GeVand a harged drift hamber trak that extrapolates tothe tower. The adjaent towers on either side in �detare added to the luster, and the luster is not aeptedif the energy in the hadroni part is more than 12.5%of the energy in the EM part. An eletron is onsid-ered within the �duial region of the detetor if its trakpoints within 60 m in z of the enter of the detetorand extrapolates to the alorimeter away from any wedgeboundaries. (A wedge onsists of those towers with thesame value of �.) The polar range of eletrons in theentral region is j�detj < 1:0. The energy of the eletronis determined by the total energy it deposits in the EMalorimeter. The momentum (pT ) of the eletron is de-termined by the highest-pT COT trak assoiated withthe EM luster. The trak is onstrained to the positionof the beamline in r{�. The diretion of the eletron'smomentum is taken from the diretion of the trak andis used in the alulations of the transverse omponentof the energy (ET ) and the invariant mass of the ele-tron pairs. The harge of the eletron (q) is determinedfrom the urvature of the trak. The variables that areused to disriminate eletrons from hadrons are: (1) theratio of the hadroni energy to the eletromagneti en-ergy (Ehad=Eem); (2) the total transverse energy within aradius of 0.4 in �R =p��2evt +��2 of the luster en-troid, exluding the luster energy itself (EisoT );(3) theratio of the alorimeter energy to the momentum of thetrak (E=p); (4) the omparison of the lateral sharing ofenergy among the alorimeter towers with that of testbeam eletron data (Lshr); (6) a �2 omparison of theshower pro�le measured by the shower maximum dete-tor with the shower pro�le measured from test beam ele-trons (�2strip); (5) the distane in r{� and z between theeletron shower position measured by the shower maxi-mum detetor and the extrapolated trak position (q ��xand �z). An asymmetri ut is made on q ��x beausebremsstrahlung distorts the shower shape in the r{� di-retion. Sine the magneti �eld bends an eletron's tra-

jetory, but not a photon's, the bremsstrahlung photonstend to enter the alorimeter to the side of the primaryeletron opposite the bending, whih is determined bythe eletron's harge. By multiplying the harge by �x,most of the distortion from bremsstrahlung photons isisolated to q ��x < 0.B. Plug eletron identi�ationThe eletron lusters in the plug region, subtending1:2 < j�detj < 3:0, are limited to 2� 2 towers (two tow-ers in pseudorapidity by two towers in azimuth). Sinethe Moliere radius of a typial eletron shower is sig-ni�antly smaller than the size of the plug EM towers,the lusters fully ontain eletron energies. As with theentral lusters, plug eletron lusters are aepted ifEhad=Eem < 12:5%. The major di�erene between en-tral and plug eletrons is the traking. In the entral re-gion, the COT traking is very eÆient (99:6%), whereasin the plug region the eÆieny rapidly falls o� as j�detjinreases due to the geometrial aeptane of the COT.In this analysis no traking is used for plug eletrons.The z position of the ollision for the event (zvertex) isprovided by the z position of the entral eletron's trak.The eletron's shower entroid is determined from a �tof the energy distribution among the alorimeter tow-ers. The diretion of the plug eletron is determined byextrapolating from zvertex to the shower entroid. Theunmeasured harge of the plug eletron is assumed to bethe opposite of the entral eletron. The following vari-ables are used to disriminate eletrons from hadrons inthe plug region : (1) the ratio of the hadroni energyto the EM energy (Ehad=Eem); (2) the total transverseenergy within a radius of 0.4 in �R = p��2evt +��2of the luster entroid, exluding the luster energy itself(EisoT ); (3) a �2 omparison of the energy distribution in3�3 EM towers around the seed tower to the energy dis-tributions from test beam eletrons (PEM�23�3). Theseletion riteria for plug eletrons are summarized inTable I. C. Event seletionZ=� ! e+e� andidate events are required to havetwo eletrons with ET > 20 GeV. One of the eletrons isrequired to be in the entral region and to pass the full setof identi�ation uts (see Table I). This eletron is alledthe entral-tight eletron. The seond loose eletron is al-lowed to be in either the entral or plug region and hasrelaxed identi�ation uts for higher eÆieny (see Ta-ble I). Based on these seletion riteria, two topologiesare de�ned for dieletron events: entral-entral topol-ogy, where one entral-tight and one entral-loose ele-tron are required, and entral-plug topology, where oneentral-tight eletron and one plug-loose eletron are re-quired. In the entral-entral topology, the two eletrons



10Variable Central-Tight Central-Loose Plug-LooseET > 20 GeV > 20 GeV > 20 GeVpT > 10 GeV > 10 GeV N/AEhad=Eem < 0:055 < 0:055 < 0:05+ 0:00045 �E + 0:00045 �EEisoT < 4 GeV < 4 GeV < 4 GeVE=p < 2 no ut N/Afor ET < 50 GeVLshr < 0:2 no ut N/A�2strip < 10 no ut N/Aq ��x > �3 m, no ut N/A< 1:5 mj�zj < 3 m no ut N/APEM�23�3 N/A N/A < 10TABLE I: Criteria for eletron andidates. Z=� ! e+e�andidates require at least one entral-tight eletron and atleast one additional loose eletron (entral or plug) in theevent.are required to have opposite harge. In the entral-plugtopology, no harge requirement is made sine the plugeletron's harge is not measured.The absolute identi�ation eÆienies are measuredfrom the Z=� ! e+e� data where one eletron is se-leted using the entral-tight eletron uts, and the se-ond eletron is used as a probe to measure the identi-�ation eÆienies. The total identi�ation eÆieniesare found to be (83:4� 0:8)% for entral-tight eletrons,(94:3 � 0:5)% for entral-loose eletrons, and (87 � 2)%for plug-loose eletrons. Sine we measure the ratios offorward and bakward events to the total events, onlythe relative di�erene in eÆienies between forward andbakward events a�ets the AFB measurement. The rel-ative eÆienies and their dependene on Mee are es-timated from the Monte Carlo simulation (see Fig. 4).The di�erene between the forward and bakward eventeÆienies is largest just below the Z pole. The dip ineÆieny below the Z pole is due to ontamination frommis-measured events from the pole. The events are mis-measured due to photon radiation whih also lowers theeletron identi�ation eÆieny. The forward eÆienyis lower beause the events are more forward at the Zpole, resulting in more ontamination for forward events.Based on these seletion riteria, we �nd 1,892 entral-entral and 3,319 entral-plug Z=� ! e+e� andidates.The invariant-mass distribution is shown in Fig. 5 and thenumber of events in eah mass bin is given in Table II.D. Detetor simulation of Z=� ! e+e�The simulation is used to understand the detetor's ge-ometri aeptane for eletrons, bremsstrahlung radia-tion from interations with the detetor material, and the
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FIG. 6: The eletron �det(A) and event vertex z position(B) are important for understanding the geometri aeptanein the simulation. The eletron ET distribution for entral-entral(C), and entral-plug(D) are used to the kinemati dis-tributions. The Monte Carlo histograms are normalized tothe number of entries in the bakground-subtrated data. Thedetetor simulation for eletrons has been tuned so that theZ peak and width math the data (Se. IIIE). The disrep-anies are used to estimate systemati unertainties on theMonte Carlo simulation (see Se. VI).
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FIG. 8: Invariant-mass distributions of Z=� ! e+e� andi-dates: two eletrons in the entral region (top), one eletronin the entral region and the other in the plug region (bottom).Points and histograms are data and Monte Carlo simulation,respetively. Energy sale orretions and extra energy smear-ing are applied to the simulation so that the Gaussian widthsand peaks math.F. Eletron harge identi�ationThe harge measurement of eletrons is essential forthis analysis beause the harge determines the sign ofos �� (see Eq. (8)), and therefore determines whetherthe event is forward or bakward. In the entral-entraltopology, we measure the harge of both eletrons andrequire that they have opposite sign. The entral-entralopposite-sign requirement removes events where one ofthe eletrons has a misidenti�ed harge from the eventsample, leaving very little ambiguity on the forward-bakward measurement due to harge misidenti�ation.However, in events with a entral-plug topology, theharge of the two eletrons is determined solely from theentral eletron. So a misidenti�ation of the entral ele-tron's harge will swith the sign on os ��, and result ina misassignment of the event as forward or bakward.For this reason, the harge misidenti�ation rate needsto be properly understood, and well modeled by the sim-ulation.We use the Z=� ! e+e� Monte Carlo sample withthe entral-entral topology to study the soures ofharge misidenti�ation and to measure the misidenti-�ation rate. The misidenti�ation rate is determinedby ounting the number of events where both eletrons

have the same harge. If the rate is small, the proba-bility of having same-sign events is approximately twiethat of misidentifying the harge of a single eletron. Fig-ure 9 shows that above the Z pole (Mee > 100 GeV/2),the rate of events with the same sign is approximatelyat up to Mee ' 300 GeV/2. The drop in the rateat the Z pole and the inrease in the rate in the nextlower bin are attributable to hard bremsstrahlung fol-lowed by e+e� pair prodution in the material. Thisproess is referred to as harge misidenti�ation due to\trident" eletrons. Figure 10 shows a \trident" eletronwhere a positron radiates a hard bremsstrahlung pho-ton in the material, and the photon subsequently on-verts into an eletron-positron pair in the material. Theeletron from the photon onversion arries the highestmomentum, and the harge of the primary eletron (e+)is assigned to be negative (e�). The Monte Carlo sam-ple shows that the harge misidenti�ation rate omingfrom \trident" eletrons is (0:7�0:3)%. The other soureof harge misidenti�ation is the drift hamber trakingresolution of Æ( 1pT ) ' 0:001 GeV�1. At higher ener-gies, the traks beome almost straight ( 1pT � 0), andthe harge determination has a higher probability of be-ing wrong. The last bin, whih inludes all events withMee > 300 GeV/2, has a misidenti�ation rate mea-sured from the simulation of (1:1 � 0:2)%. Corretionsfor harge misidenti�ation are inluded as part of the a-eptane alulation via simulation. The dominant sys-temati unertainty omes from the unertainty in theamount of material between the interation point and thetraking volume. A omparison of the same-sign eventsbetween data and Monte Carlo simulation is used to getan estimate on the bakground. The omparison showsagreement at the Z pole where there is little bakground(Fig. 15).G. Charge dependene of eletron eÆieniesA systemati bias in the forward-bakward asymme-try may our if the detetor response to eletrons di�ersfrom that to positrons. We ompare aeptanes and eÆ-ienies for eletrons and positrons using the W� ! e��Monte Carlo and data samples. In Fig. 11, the num-ber of e+ events and e� events are plotted as a funtionof q � �det of the eletrons. The di�erene between theq � �det < 0 region and the q � �det > 0 region omes fromthe intrinsi harge asymmetry in W� prodution in theproton diretion and the anti-proton diretion. Beausethe average momentum of u (�u) quarks is larger than thatof d ( �d) quarks in the proton (anti-proton), W+ (W�)event prodution is enhaned in the proton (anti-proton)diretion.Small di�erenes are observed in the data between thee+ and e� yields (Fig. 11B). These ould be aused bydi�erenes in the detetor response between eletronsand positrons, di�erenes between the j�detj > 0 and
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FIG. 10: A shemati diagram of a \trident" eletron where apositron radiates a hard bremsstrahlung photon in the materialand the photon onverts into an eletron-positron pair in thematerial. The eletron from the photon onversion arries thehighest momentum, thus the harge of the primary eletron(e+) is assigned to be negative (e�).
j�detj < 0 detetors, or an asymmetri zvertex distributionabout 0. Similar di�erenes are seen in the Monte Carlosample (Fig. 11A) where the di�erenes ome purelyfrom the asymmetri zvertex distribution (see Se. II C).The asymmetry between the e+ and e� yields due tothe asymmetri zvertex distribution is measured to be(0:7� 0:2)% from the simulation. After the e�et of thezvertex o�set is taken into aount, the observed asymme-try in the data is redued to (0:1� 0:7)%. The impat ofthis asymmetry on the forward-bakward harge asym-metry measurement is therefore estimated to be smallompared to other soures of systemati unertainties.
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FIG. 11: The q ��evt distribution of the eletrons in W MonteCarlo (A) and data (B) events. The asymmetry about 0 isdue to the harge asymmetry in the W prodution. The dif-ferene between e+ and e� is largely due to the asymmetridistribution of the event vertex (zvertex) distribution.IV. BACKGROUNDSThe dominant soures of bakground to the proesspp! Z=� ! e+e� +X are:1. Dijet events where the jets are misidenti�ed as ele-trons,2. W + X ! e� + X , where X is a photon or a jetmisidenti�ed as an eletron,3. Z=� ! �+�� ! e+e����e��� ��e,4. W+W� ! e+e��e��e,5. W�Z where Z ! e+e�,6. tt! e+e��e��ebb.The determination of AFB requires knowledge of thenumber of bakground events and the forward-bakwardharge asymmetry of the bakground events in eah massbin. A. Dijet bakgroundDijet events are the dominant soure of bakground inour sample. This bakground ategory inludes eventswith two high-pT jets and those with one jet and onephoton. Hadrons in jets an be misidenti�ed as ele-trons, and jets an ontain real eletrons produed insemi-leptoni heavy-avor deays (from  or b quarks).



14Photons from initial- or �nal-state bremsstrahlung areidenti�ed as eletrons if they are in the plug region. Inthe entral region, photons must onvert in order to beidenti�ed as eletrons beause of the traking require-ment. The physis objets produing eletron andidatesin dijet events are disussed in Se. IVA1. The forward-bakward harge asymmetry from the dijet bakgroundis disussed in Se. IVA2. In Se. IVA3, the rate of jetsfaking eletrons is measured, the dijet bakground in thedata is estimated, and the invariant-mass distribution ofthe dijet bakground is extrated. In Se. IVA4, theamount of dijet bakground in the entral-entral topol-ogy is ross-heked using same-sign events in the Z=�data and Monte Carlo samples.1. Soures of eletron fakes from dijet Monte CarloThe Monte Carlo sample of �750,000 dijet events isused to understand the soures of high-pT fake eletrons.We �nd 47 entral-tight eletrons, 179 entral-loose ele-trons, and 1702 plug-loose eletrons in this sample. Wethen look for hadron jets or photons with ET > 15 GeVthat math the diretion of these fake eletrons. Thedominant soures for entral-tight eletrons are photonswhih have onverted and light quark jets (those origi-nating from u, d, and s quarks). Light quark jets arethe dominant soure for the loose eletrons, espeiallythe plug eletrons. The fration of events found in eahategory is shown in Table III.2. Charge orrelation and AFB distribution of dijet eventsWe do not expet any orrelation between the hargesof the two fake eletrons in the dijet events. This expe-tation is heked using the hadron-enrihed data sam-ple, where both eletrons are \jet-like"; events olletedwith the high-pT entral eletron triggers that have twoeletromagneti lusters passing the kinemati uts foreletrons in this analysis and a signi�ant amount of en-ergy near them (EisoT > 4 GeV). An additional ut of6Et < 10 GeV eliminates a large fration of the re-maining W ! e� ontamination in the sample. The se-letion riteria are summarized in Table IV. The sam-ple ontains 8595 (8797) events where the two eletronandidates have the same (opposite) harge. Althoughthe di�erene is statistially signi�ant (2.2�), there areonly 2% more opposite-sign events than same-sign events.This demonstrates that the harges of the two eletronsidenti�ed in dijet events are nearly unorrelated.The raw forward-bakward asymmetry of the dijetbakground is measured with the same hadron-enrihedsample in the 15 mass regions. As shown in Fig. 12,the ArawFB values are lose to zero, onsistent with thesymmetri angular distribution expeted for dijet events.This analysis assumes ArawFB = 0 for the dijet bakground,where the events are split evenly between forward and
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FIG. 12: ArawFB of dijet bakground estimated from the hadron-enrihed data sample.bakward ategories when subtrated from the andidatesample. The measured asymmetries listed in Table V areused for estimating a systemati unertainty on this as-sumption.3. Estimation and Mee distribution of the dijet bakgroundThe dijet sample used to alulate the fration of jetsfaking eletrons (the single-jet fake rate) must pass the20 GeV single-jet triggers, have two jets with ET >20 GeV, have 6Et < 10 GeV, and have no more thanone loose eletron in the event. Jets are lustered us-ing a one size of �R = 0:4. These requirements ensurethat the eletroweak ontamination from W and Z de-ays to eletrons is negligible. The fake rate is de�ned asthe fration of jets in the sample whih pass the eletron-seletion riteria. The measured rate is plotted as a fun-tion of jet ET in Fig. 13. Due to the bigger luster sizeof jets ompared to eletrons, jet energies are larger thanthe orresponding fake-eletron energies. For example,when a jet of ET = 25 GeV fakes an eletron, the ele-tron andidate is typially reonstruted with an ET of20 GeV. The single-jet fake rate with EjetT > 25 GeV(or EeT > 20 GeV) is measured to be (2:7 � 0:2)� 10�4for entral-tight eletrons. Note that jets used in thismeasurement are a mixture of both triggered and non-triggered jets.The single-jet fake rate for non-triggered jets an bemeasured using jets with ET below trigger thresholds.We use jets with ET < 45 GeV in the jet 50 GeV datasample (50 GeV single jet triggers) and ET < 95 GeVin the jet 100 GeV data sample (100 GeV single jet trig-gers). In addition, Monte Carlo dijet events without trig-ger requirements are studied for omparison. Table VIsummarizes the rates in the four di�erent samples. Thefake rate for jets without trigger biases are roughly onehalf of the fake rate measured in the 20 GeV dijet sam-ple. The di�erene in rates is expeted sine the trigger



15Dijet EventsEletron Type Light-Quark Jets Heavy-Quark Jets Gluon Jets PhotonsCentral-Tight 0.38 � 0.09 0.15 � 0.06 0.13 � 0.05 0.34 � 0.09Central-Loose 0.63 � 0.06 0.08 � 0.02 0.20 � 0.03 0.09 � 0.02Plug-Loose 0.82 � 0.02 0.01 � 0.00 0.07 � 0.01 0.10 � 0.01W ! e� EventsEletron Type Light-Quark Jets Heavy-Quark Jets Gluon Jets PhotonsCentral-Tight 0.28 � 0.09 0.00 � 0.00 0.00 � 0.00 0.72 � 0.15Central-Loose 0.63 � 0.09 0.01 � 0.01 0.01 � 0.01 0.35 � 0.07Plug-Loose 0.20 � 0.03 0.01 � 0.01 0.01 � 0.01 0.78 � 0.07TABLE III: The physis objets produing eletron andidates in Monte Carlo dijet and W ! e� events and their frationalontributions for entral-tight eletrons, entral-loose eletrons, and plug-loose eletrons. The frational ontribution of thedi�erent physis objets produing eletron andidates varies depending on the type of eletron and bakground type. Light-quark jets are those originating from u, d, and s quarks, and heavy-quark jets are those originating from to b and  quarks.Unertainties inlude only Monte Carlo statistis.Hadron-enrihed seletionpT > 10 GeV/ (entral only)EorretedT > 20 GeVEisoT > 4 GeV6Et < 10 GeVTABLE IV: Seletion riteria for the hadron-enrihed datasample.requirements selet jets that deposit a signi�ant fra-tion of their energy into one tower and hene look more\eletron-like."The number of dijet bakground events in theZ=� ! e+e� sample is estimated by applying the av-erage single-jet fake rate for a tight eletron and a looseeletron to every pair of jets in the 20 GeV dijet samplethat pass the kinemati uts. The systemati unertaintyon this estimation is determined by taking the simpli�edase where eah event has two and only two jets, onetriggered and one non-triggered. Let f denote the fakerate without trigger biases and 2f the average fake ratein the 20 GeV dijet sample (as desribed in the previousparagraph). Then, the fake rate for the triggered jets is3f . The event fake rate is estimated to be 4f2 if theaverage fake rate is applied to both jets (used for theestimation of the dijet bakground), and it is 3f2 if therates for the non-triggered and triggered jets are appliedseparately. The di�erene between these two estimates,whih is 25%, is taken as a systemati unertainty on thesingle-jet fake rate due to the jet trigger bias.The invariant-mass distribution of the dijet bak-ground is determined from the 20 GeV dijet samplewhere at least one of the two jets is found in the en-tral region. Jet energies are orreted to represent ele-tron energies where the orretion fators are determinedfrom Gaussian �ts to the EeTEjetT distributions for eah of

Mass Region # Events ArawFB (dijet)GeV/2 C-C C-P40 �Mjj < 60 5:4 � 1:9 51� 18 0.00 � 0.0160 �Mjj < 70 1:5 � 0:5 25:7� 9:0 0.00 � 0.0170 �Mjj < 78 0:7 � 0:2 15:3� 5:4 -0.01 � 0.0178 �Mjj < 86 0:4 � 0:1 11:1� 3:9 0.01 � 0.0186 �Mjj < 88 0:1� 0:04 2:2� 0:8 -0.09 � 0.0388 �Mjj < 90 0:1� 0:04 1:9� 0:7 0.00 � 0.0390 �Mjj < 92 0:1� 0:04 1:8� 0:6 -0.02 � 0.0392 �Mjj < 94 0:1� 0:04 1:6� 0:6 -0.02 � 0.0394 �Mjj < 100 0:1� 0:04 4:1� 1:4 -0.03 � 0.02100 �Mjj < 105 0:1� 0:04 2:6� 0:9 -0.02 � 0.02105 �Mjj < 120 0:2� 0:07 4:8� 1:7 -0.04 � 0.01120 �Mjj < 140 0:1� 0:04 2:9� 1:0 -0.02 � 0.02140 �Mjj < 200 0:1� 0:04 1:9� 0:7 -0.05 � 0.02200 �Mjj < 300 0:0� 0:00 0:2� 0:07 -0.01 � 0.03300 �Mjj < 600 0:0� 0:00 0:0� 0:00 -0.07 � 0.11Total 9:0 � 3:2 128� 45 N/ATABLE V: The estimated number of events and mea-sured ArawFB of dijet bakground in eah invariant-mass bin.The number of events is estimated using the rate of jetsfaking eletrons. The ArawFB (dijet) values are measuredfrom the hadron-enrihed data sample. When alulatingAFB(Z=� ! e+e�), ArawFB (dijet) = 0 is assumed. The mea-sured ArawFB (dijet) is used to estimate a systemati unertaintyon the measurement.the three ategories of eletrons. (The Gaussian �tsto EeTEjetT have means ranging from 0.88-0.92, and havewidths ranging from 0.05-0.09 depending on the type ofeletron.) Figure 14 shows the invariant-mass distribu-tion of the entral-entral and entral-plug dijet events,weighted by the probability of faking a dieletron andi-



16Central-Tight Central-Loose Plug-LooseRate (�10�4) Rate (�10�4) Rate (�10�4)20 GeV dijet 2:7 � 0:2 13:7 � 0:6 51:6� 1:050 GeV dijet 1:3 � 0:2 6:5� 0:4 30:2� 1:2100 GeV dijet 1:7 � 0:3 5:5� 0:5 27:6� 1:8Monte Carlo 1:3 � 0:3 7:6� 0:9 24:8� 3:1TABLE VI: The rate at whih a jet fakes an eletron. Thejets in the 20 GeV dijet sample are a mixture of triggered andnon-triggered jets. The rate in the 50 GeV and 100 GeV dijetsamples is measured only for jets with ET below the triggerthreshold, ET < 45 (95) GeV for the 50 (100) GeV dijetsample. The rate in Monte Carlo dijet events is measured forjets with ET >20 GeV.
 / ndf 2χ  17.49 / 17

p0        2.347e-05± 0.0002711 

20 30 40 50 60 70

C
en

tr
al

-T
ig

h
t 

F
ak

e 
R

at
e

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014
 / ndf 2χ  17.49 / 17

p0        2.347e-05± 0.0002711 

 (GeV)TCentral Jet E

(A)         

 / ndf 2χ  29.35 / 20

p0        5.931e-05± 0.001366 

20 30 40 50 60 70

C
en

tr
al

-L
o

o
se

 F
ak

e 
R

at
e

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035  / ndf 2χ  29.35 / 20

p0        5.931e-05± 0.001366 

 (GeV)TCentral Jet E

(B)       

 / ndf 2χ  22.37 / 22

p0        9.834e-05± 0.005157 

20 30 40 50 60 70

P
lu

g
-L

o
o

se
 F

ak
e 

R
at

e

0

0.002

0.004

0.006

0.008

0.01  / ndf 2χ  22.37 / 22

p0        9.834e-05± 0.005157 

 (GeV)TPlug Jet E

(C)       

FIG. 13: The rate of jets faking eletrons for entral-tight (A),entral-loose (B), and plug-loose (C) requirements in the 20GeV dijet sample. The fake rate is measured for jets withEjetT > 24 GeV for entral-tight and plug-loose eletrons, andEjetT > 26 GeV for entral-loose eletrons to take into aountrelative energy di�erenes between jet lustering and eletronlustering. p0 is the value returned by the �t for a zeroth orderpolynomial.date event. Table V shows the number of dijet eventsexpeted in eah invariant-mass bin. The total num-ber of dijet bakground andidates is estimated to be9:0 � 3:2 for the entral-entral topology, and 128 � 45for the entral-plug topology. The invariant-mass dis-tribution of the dijet bakground along with the MonteCarlo Z=� ! e+e� predition is shown in Fig. 21.
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FIG. 14: The invariant-mass distribution measured in the 20GeV dijet sample. The single-jet fake rate is applied to eahjet in the dijet pair. The jet energy has been orreted to repre-sent eletron energies using the average ratio of EeTEjetT measuredin the jet sample (see Se. IVA3).4. Chek of dijet bakground using the harge of thedieletronsWe ross-hek the estimation of the dijet bakgroundfor the entral-entral topology using same-sign eventsin the data sample after orreting for the ontributionfrom harge misidenti�ation. The dominant ontribu-tion to the harge misidenti�ation of eletrons omesfrom \trident" eletrons exept at very high energieswhere the urvature resolution is the dominant soure(see Se. III F). The number of same-sign Z=� ! e+e�events due to \trident" eletrons is estimated from theMonte Carlo simulation. The Monte Carlo samples arenormalized suh that the number of opposite-sign eventsin the Z peak is the same between the data and theMonte Carlo simulation. Figure 15A shows the result-ing invariant-mass distributions in data and Monte Carlosimulation for opposite-sign events and same-sign events.The number of same-sign events is found to be 36 in thedata and 23 in the simulation, resulting in the estima-tion of 13 dijet bakground events for the entral-entraltopology. Figure 15B shows the invariant-mass distribu-tion for the same-sign data events after the Monte Carlosame-sign events are subtrated. A systemati uner-tainty of 4 events is estimated by repeating this pro-edure with the Monte Carlo samples generated withvarious amounts of material. Hene the dijet bak-
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FIG. 15: (A) invariant-mass distributions of data (points) andMonte Carlo events (histogram) in the entral-entral topologywhere the Monte Carlo sample is normalized to the data usingopposite-sign events in the Z peak. (B) invariant-mass distri-bution of same-sign data in the entral-entral topology aftersubtrating the same-sign MC distribution. The Monte Carlosubtrated same-sign distribution in (B) is a measurement ofthe dijet bakground.ground in the entral-entral topology is estimated to be13� 6(stat:)� 4(syst:) events. This is in good agreementwith the estimate obtained from the fake-rate method of9:0� 3:2 events.B. Eletroweak and top bakgroundsThe eletroweak and top bakground events are es-timated using the Monte Carlo simulation. Table VIIshows the theoretial ross setion and the number ofevents expeted in the sample of 72 pb�1 for eah pro-ess. The systemati unertainties on these bakgroundestimates reet the 6% unertainty on the integratedluminosity, the 5% unertainty on the aeptanes, andthe unertainties on the theoretial prodution ross se-tions. The simulated events for eah proess whih passthe seletion requirements are used to determine both theinvariant-mass distributions and the expeted forward-bakward asymmetries. The invariant-mass distributionsfor Z ! �+�� andW+X ! e�+X are shown in Fig. 16.The dominant eletroweak bakground omes from theW+X ! e�+X proess whereX is a photon or hadronijet and the Z=� ! �+�� proess where � ! e���e.

Proess � �BR (pb) Events ExpetedC-C C-PDijet N/A 9:0 � 3:2 128 � 45W + jet= ! e� + jet= 2; 690� 100 1:8 � 0:2 25:4� 2:4Z=� ! �+�� 252� 9 5:6 � 0:5 7:2� 0:7W+W� ! e+e��e��e 0:15 � 0:01 1:5 � 0:1 1:8� 0:2W�Z where Z ! e+e� 0:15 � 0:01 1:4 � 0:1 1:7� 0:2tt! e+e���� + bb 0:08 � 0:01 1:1 � 0:1 0:7� 0:1TABLE VII: Summary of expeted bakgrounds. Cross se-tions for the eletroweak and top proesses are taken from thefollowing referenes: [31, 32℄ for W and Z, [33℄ for W+W�and WZ, and [34{36℄ for t�t. Monte Carlo estimates are nor-malized to 72 pb�1.While the Z=� ! �+�� ! e+e����e��� ��e bakgroundis reliably simulated by LO-based generators suh asPYTHIA, the W +X ! e� +X bakground estimatedfrom PYTHIA requires ross-heks with the next-to-leading order (NLO) alulations. PYTHIA, using theparton-shower algorithms to generate photons and jets,is expeted to give lower ross setions than the Stan-dard Model predition for high-pT photons and jets. Weross-hek the PYTHIA alulation with two matrix-element alulations, ALPGEN for W + 1 parton pro-dution and WGAMMA for W + 1 photon prodution.The number of W + X ! e� + X bakground eventsestimated from PYTHIA is 27 � 5. The ombination ofALPGEN and WGAMMA estimates this number to be24 � 3, in good agreement with the PYTHIA expeta-tion within the statistial unertainties. The di�erenebetween the PYTHIA and the ALPGEN/WGAMMA es-timates is used as a systemati unertainty on AFB . Ta-ble III shows the soures of the eletron andidates in thePYTHIA W + X sample, indiating that the dominantsoure is from photons faking an eletron (mostly in theplug region).V. ACCEPTANCE AND CORRECTIONSIn order to orret the raw forward-bakward asymme-try measured in Z= deays and obtain AphysFB , this analy-sis must aount for any aeptanes and detetor e�etsthat an hange the number of forward and bakwardevents found in eah Mee bin. Although there is very lit-tle in the detetor and analysis that treats forward andbakward events di�erently, the angular distribution ofthe events, radiation, and detetor resolution an eah ef-fetively hange event aeptanes and the reonstrutedinvariant mass so that net di�erenes arise for forwardand bakward events. The dominant ontributions to thedetetor aeptanes are kinemati aeptane (a�kin), ge-ometri aeptane (a�geom), and eletron identi�ationeÆieny (��ID). The major e�ets that ontribute toevent migration between Mee bins are the energy reso-
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FIG. 16: Invariant-mass distributions for (A) Z=� ! �+��and (B) W +X ! e� +X (X = q; g or ) bakgrounds.lution of the detetor (a�res), and internal and externalbremsstrahlung (a�rad). Although the simulation is ulti-mately used to determine the orresponding orretions,generator-level distributions are used to separate and un-derstand the various e�ets (Ses. VA, VB, and VC).These studies assume the Standard Model AFB distri-bution from PYTHIA, and are inluded to demonstratehow the aeptane and detetor e�ets independentlyhange ArawFB .We present two unfolding methods to reonstrutAphysFB . In Se. VD, the simulation is used to �nd a pa-rameterization to transform AphysFB into ArawFB . This pa-rameterization is used to determine the AphysFB that or-responds to our measured ArawFB . In Se. VE, orre-tion fators are alulated whih transform the numberof forward and bakward events in the andidate sam-ple to the number of forward and bakward events thatexisted prior to being degraded by detetor aeptanesandMee bin migration. The bias from the input AphysFB onthe orretion fator alulation is also disussed. Bothunfolding analyses assume the Standard Model d�dMee tobe able to alulate the event migration e�ets.A. Fiduial and kinemati aeptane: a�geom anda�kinThe kinemati and �duial event requirements sulptthe polar angular distribution of the outgoing eletronsand positrons, espeially at high jos ��j. The distribu-tions in Fig. 17 show this e�et for Monte Carlo eventsprior to the simulation of detetor and radiation e�ets.
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FIG. 17: For three mass ranges, the os �� distributions (A, C,E) before (open histograms) and after (�lled histograms) thegeometri and kinemati uts; and the aeptane, a�geom�a�kin,as a funtion of os �� (B, D, F).The invariant-mass range is split into three di�erent re-gions, the low-mass region (40 < Mee < 78 GeV/2),the Z pole region (78 < Mee < 105 GeV/2), and thehigh-mass region (Mee > 105 GeV/2). These are theregions where AFB is roughly at the low extremum, mid-dle point, and high extremum, respetively. Althoughthe aeptane for these requirements is nearly symmet-ri for positive and negative os ��, the initial os �� dis-tributions are asymmetri, due to the forward-bakwardharge asymmetry. When integrating the positive andnegative portions of os ��, the onvolution of the Drell-Yan spetrum with the aeptane gives a di�erent totalaeptane for forward and bakward events. For exam-ple, the detetor has a low aeptane for events with veryhigh jos ��j beause of the polar overage, and in the aseof high-mass events, this removes a greater perentage offorward events than bakward events (see Fig. 17E). TheMee dependene of the �duial and kinemati aeptaneis shown in Figs. 18A and 18B, where the forward eventshave a higher aeptane than the bakward events belowthe Z pole, and vie versa above the Z pole.B. Corretions for energy resolution: a�resThe energy resolution of the alorimeter auses mis-measurements of the invariant mass whih an plaeevents in the wrong invariant-mass bin. If the asym-metry is hanging with invariant mass, events plaed inthe wrong invariant-mass bin alter the measured asym-metry in that bin. The e�et of the energy resolution on
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FIG. 18: The Mee dependene of aeptanes; a�geom (A), a�kin(B), a�res (C), and a�rad (D). The kinemati aeptane, a�kin,is alulated after geometri uts are applied, the aeptanedue to resolution, a�res, is alulated after geometri and kine-mati uts are applied, and the aeptane due to radiation,a�rad, is alulated after geometri and kinemati uts and res-olution smearing are applied.the measured asymmetry is therefore largest near the Zpole where dAFBdMee is largest and the bin sizes are smallest.As events from the Z pole are smeared out, some eventsmove to higher masses where AFB is more forward, andsome events move to lower masses where the AFB is morebakward. This event migration inreases the orretionfator for bakward events above the Z pole and inreasesthe orretion fator for forward events below the Z pole.The e�et of the energy resolution on the orretion fa-tor is shown Fig. 18C. This plot is made by smearing theenergy of the generator-level eletron aording to themeasured detetor response.C. Corretions for bremsstrahlung: a�radThe invariant mass an also be mis-measured due tothe e�ets of �nal state bremsstrahlung. Most of thesephotons are emitted o-linearly with the eletrons anddeposit their energy into the same alorimeter towers asthe eletron. In these ases, the energy of the eletron isreombined with its radiation produts. Photons whihare not reombined with eletrons in the energy measure-ment lower the measured invariant mass and an ause aandidate event to land in the wrong invariant-mass bin.The e�et is expeted to be the most signi�ant just be-low the Z pole. Figure 18D demonstrates the e�et of

internal bremsstrahlung on the aeptane at the gener-ator level (no external bremsstrahlung is inluded in thisplot), when photons are not reombined with eletrons.The orretion fator below the Z pole is large beauseof events from the Z pole that are being mis-measureddue to radiation. The AFB at the Z pole is larger, andboosts the orretion fator for forward events.D. Parameterized aeptane and smearingIn order to transform AphysFB into ArawFB , a parameter-ized funtion is needed to take into aount the eventloss and migration of events from one invariant-mass binto another. From the Monte Carlo simulation, we om-pute the eÆieny �FFij for an event that is forward andin Mee bin i to be found in the detetor as forward inbin j. Likewise, 15�15 eÆieny matries are alulatedfor bakward events being found as bakward (�BBij ), for-ward as bakward (�FBij ), and bakward as forward (�BFij ).So the diagonal elements of �FF and �BB approximatelyrepresent the aeptane for events in those bins, and theo�-diagonal elements approximately represent the eventbin migration. The elements of �BF and �FB are muhsmaller and represent those events that are reonstrutedwith a os �� of the wrong sign. These eÆienies have asmall dependene on the underlying os �� distribution,and so there is some residual dependene on the inputAphysFB used to alulate them. This might have a smallbias on the result if the os �� distribution in the data isvery di�erent from the Standard Model. In Se. VII A,the os �� distribution shows very good agreement be-tween data and the Standard Model predition. The fourmatries are de�ned as�FFij = NFj (sel)NFi (gen) ; �BBij = NBj (sel)NBi (gen) (16)�FBij = NBj (sel)NFi (gen) ; �BFij = NFj (sel)NBi (gen) (17)where NFi (gen) [NBi (gen)℄ is the number of forward[bakward℄ events generated in the i-th Mee bin, and(NFi (sel) [NBi (sel)℄ is the number of forward [bakward℄events seleted in the i-th Mee bin. By solving for NF orNB in Eq. (7), we �nd the expeted number of forwardand bakward events for a given AFB ,NF=Bi (phys) = N toti (phys) � (0:5� 0:5 � (AphysFB )i): (18)N toti (phys) is the total number of events in bin i, andis omputed from the Standard Model d�dMee . Then byombining the expeted number of events and their or-responding eÆienies, the expeted number of eventsfound in the detetor is written asNFj (raw) = 15Xi (�FFij �NFi (phys) + �BFij �NBi (phys))(19)



20NBj (raw) = 15Xi (�BBij �NBi (phys) + �FBij �NFi (phys))(20)For a givenA or 15AphysFB values,NFj (raw) andNBj (raw)an be used together with Eq. (7) to �nd (ArawFB )j , whihan be diretly ompared to the ArawFB measured in thedetetor.(ArawFB )j = g(A; j) = NFj (raw) �NBj (raw)NFj (raw) +NBj (raw) (21)E. Calulation of the orretion fator a�orThe multipliative orretion fator (a+or)i [(a�or)i℄,used to orret AFB in Eq. (15), is designed to be multi-plied by the number of forward [bakward℄ events in thei-th Mee bin. It orrets for event losses and for eventsthat migrated into bin i from another bin with a di�er-ent AFB . The full simulation is used to alulate the a�orwhih inlude the e�ets of �duial and kinemati aep-tane, energy resolution, bremsstrahlung, and eletronseletion eÆieny. The ombination of all these e�etsis de�ned as (a�or)i in Eq. (23).(a�or)i = NF=Bi (sel)NF=Bi (gen) (22)= (a�geom)i � (a�kin)i � (a�res)i � (a�rad)i � (��ID)i;In Fig. 19A and Table VIII, the resulting orretionfator is shown as a funtion of the dieletron invariantmass. This result an be ompared to the studies done atthe generator level for eah individual e�et (see Fig. 18).The overall aeptane is lower due to the more detailed�duial uts and eletron identi�ation eÆienies in thefull simulation. It is important to note that the or-retion for event migration depends on the input AphysFBassumption used to alulate (a�or)i. The orretion anonly be alulated by assuming the di�erene in AphysFBbetween the bin being orreted and the bins from whihthe events migrated. If the AphysFB is signi�antly di�er-ent in the two bins and there is a large amount of eventmigration, the result of the orretion an be biased bythis assumption.To estimate the bias of the input AFB on the �nal re-sult, the orrelation matrix (�ACorretedresultFB�AInput to a�orFB ) is estimatedby hanging input AFB used to alulate the orretionfator. The modi�ed orretion fators are then used toorret the AFB from a high-statistis pseudo-experimentusing Eq. (15), and the hange in the AFB result in eahMee bin is measured relative to the hange in the inputAFB (Fig. 19B). Any entry in the plot indiates a po-tential bias in the �nal result. The results in the lowestand four highest mass bins are fairly independent of the
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FIG. 19: The orretion fators, a�or (A). The input AphysFBis taken from the AFB ouplings �t (Se. VIID). The or-relation matrix ( �ACorretedresultFB�AInput to a�orFB ) between the input AphysFB tothe orretion fator alulation and the orresponding hangein the result due to Eq. (15) (B). The axes are labeled bythe Mee bin number where bin 1 is the lowest mass bin(40< Mee <60 GeV/2), bin 15 is the highest mass bin(300< Mee <600 GeV/2), and bin 7 is the Z pole (90<Mee <92 GeV/2). The empty boxes represent positive or-relations and the �lled boxes represent negative orrelations.The largest orrelation, whih is between input Mee bin 5 andresult Mee bin 5, is 0.43.AphysFB used to alulate the aeptane, whereas the re-sults in the bins near the Z pole have strong orrelationswith the input AphysFB (as high as 40%).To minimize the bias, one of the results uses the AphysFBfrom Se. VIID, alulated using Standard Model on-straints, as the input to the (a�or)i alulation. In thisapproah, the unertainties on the input AphysFB from theoupling �ts are taken as systemati unertainties on theaeptane measurement.VI. SYSTEMATIC UNCERTAINTIES IN AFBSystemati unertainties due to energy sale, energyresolution, the amount of passive material in the dete-



21Mass Range Forward Bakward40 < Mee < 60 GeV/2 0.08 � 0.00 0.07 � 0.0060 < Mee < 70 GeV/2 0.34 � 0.05 0.25 � 0.0170 < Mee < 78 GeV/2 0.53 � 0.05 0.36 � 0.0178 < Mee < 86 GeV/2 0.72 � 0.06 0.53 � 0.0286 < Mee < 88 GeV/2 0.72 � 0.03 0.60 � 0.0288 < Mee < 90 GeV/2 0.39 � 0.01 0.35 � 0.0090 < Mee < 92 GeV/2 0.16 � 0.00 0.16 � 0.0092 < Mee < 94 GeV/2 0.31 � 0.00 0.33 � 0.0094 < Mee < 100 GeV/2 0.56 � 0.01 0.65 � 0.02100 < Mee < 105 GeV/2 0.39 � 0.00 0.43 � 0.01105 < Mee < 120 GeV/2 0.37 � 0.00 0.40 � 0.00120 < Mee < 140 GeV/2 0.39 � 0.00 0.40 � 0.01140 < Mee < 200 GeV/2 0.42 � 0.00 0.43 � 0.01200 < Mee < 300 GeV/2 0.45 � 0.00 0.45 � 0.01300 < Mee < 600 GeV/2 0.42 � 0.00 0.43 � 0.01TABLE VIII: The orretion fators, a�or, for the di�erentmass bins using AFB from the Standard Model oupling �tsof Se. VIID.
tor, and bakground estimation are onsidered. For agiven soure of unertainty, a hange is made to the or-responding parameter in the simulation, and the impaton the asymmetry is evaluated after that hange. Thedi�erene between the asymmetry with the hanged pa-rameter and the nominal one is taken as the unertaintyfrom that soure. The hange in the input parameteris either a one standard deviation (1�) unertainty onthe variable in question or a hange in an assumption onthat input. The systemati unertainties depend on themethod that is used to extrat AphysFB . There are sep-arate tables for the systemati unertainty on AphysFB forthe two AFB measurements (Tables IX and X). The AFBmeasurement based on the a�or orretion fators has anadditional unertainty due to the Standard Model as-sumptions used the alulate these fators (see Table X).The systemati unertainties are quoted with a sign thatrepresents the sign of the hange in AFB due to the +1�variation and is not used in the measurement of AFB .A positive variation represents an inrease in the energysale and resolution, an inrease in the amount of mate-rial, and an inrease in the amount of bakground.The following systemati unertainties have been in-vestigated and have been found to have negligible ef-fets on the measurement of AFB : �duial aeptane,harge misidenti�ation, AFB(dijet), and trigger eÆ-ieny. These e�ets are not inluded in the total sys-temati unertainty.
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A. Systemati unertainty from energy saleVariations in the alorimeter energy sale an lead toevents being plaed in the wrong invariant-mass bins. Forexample, near the Z pole where the asymmetry is inreas-ing monotonially with respet to the invariant mass, apositive variation in the energy sale will ause a system-ati derease in the asymmetry (or a systemati inreasefor a negative variation in the energy sale). In general,a variation in the energy sale will have an e�et only inthe region where the bins are of the same order as the sizeof the variations (or smaller) and where the asymmetryis hanging. In this analysis, unertainties due to the en-ergy sale are expeted only in the region near the Z pole.Figure 20 shows the Gaussian peak of the invariant massas a funtion of the �det of the eletron. Based on thedistribution of alulated masses, the entral alorimetersale is varied by 0.5% and the plug alorimeter sale isvaried by 1% to estimate the systemati unertainties.The hosen energy sale variations are shown as lines inFig. 20. The orresponding shifts in AFB are shown inTables IX and X.



22B. Systemati unertainty from energy resolutionVariations in the energy resolution impat the forward-bakward harge asymmetry in muh the same way asvariations in the energy sale. Instead of systematiallyshifting the events upwards or downwards, they tend tosmear the forward-bakward harge asymmetry to an av-erage of the bins around the bin in question. For ex-ample, a positive variation in the resolution near the Zpeak will ause a systemati derease in the measuredasymmetry above the Z peak and a systemati inreasein the asymmetry below the Z peak. As in the ase ofthe energy sale, only narrow bins in the region wherethe dAFBdMee is large will be a�eted. Figure 20 shows theGaussian width of the invariant mass as a funtion ofthe �det of the eletron. Based on the distribution of thewidths, the entral and plug alorimeter resolutions var-ied by 0.5 GeV in the entral alorimeter and 1.5 GeV inthe plug alorimeter. In the entral alorimeter, only thehange due to inreasing the resolution is used in alu-lating the systemati. The hosen variations are shownas lines in Fig. 20. The orresponding shifts AFB areshown in Tables IX and X.C. Systemati unertainty from amount of materialThe amount of material in front of the alorimeter af-fets the energy measurement of eletrons. The uner-tainty in the amount of material is estimated to be lessthan 1.5% of a radiation length (X0) in the region be-tween the interation point and the traking volume, andless than 16X0 in the region between the ollision pointand the plug alorimeter.The systemati unertainty on AFB due to the mate-rial is estimated by hanging the amount of material inthe simulation. The hanges inlude adding or subtrat-ing an extra 1:5%X0 of opper in a ylinder at 34 m(just before the COT) and 16X0 of steel on the fae ofthe plug alorimeter. The orresponding shifts in AFBare shown in Tables IX and X. The bins most sensitive tothe amount of material are those just below the Z pole;this is more easily seen in the systematis on the �t result(Table IX).D. Systemati unertainty from bakgroundsubtrationThe entral values of AFB are alulated after sub-trating bakground events in the forward and bakwardregions separately. The number of bakground eventsin eah Mee bin are estimated in Se. IV. The system-ati unertainties due to the bakground estimates aretaken as shifts in AFB when the estimated numbers ofbakground events are varied by their unertainties. Theorresponding shifts AFB are shown in Tables IX and X.

Mass Range Energy Energy Material Bgrnd Tot Stat(GeV/2) Sale Resol.40� 60 -0.003 0.010 -0.035 -0.034 0.050 0.12760� 70 0.008 0.008 0.033 -0.065 0.074 0.18570� 78 -0.018 0.019 0.040 -0.017 0.051 0.18678� 86 0.037 0.064 -0.041 0.001 0.085 0.16486� 88 -0.080 0.112 0.135 -0.001 0.193 0.21188� 90 -0.072 -0.032 0.043 -0.000 0.090 0.10890� 92 0.058 0.042 -0.024 0.000 0.076 0.06492� 94 -0.118 -0.098 0.049 0.000 0.161 0.16194� 100 0.031 -0.077 0.013 0.000 0.084 0.168100� 105 -0.046 -0.146 -0.103 -0.000 0.185 0.258105� 120 -0.001 0.014 0.045 0.014 0.049 0.138120� 140 -0.003 -0.004 -0.003 -0.001 0.006 0.185140� 200 0.002 0.003 0.012 0.004 0.013 0.165200� 300 -0.005 -0.007 0.006 0.026 0.029 +0:20�0:27300� 600 -0.004 0.002 -0.023 0.000 0.024 +0:00�0:51TABLE IX: Soures of systemati unertainty, the total sys-temati unertainty (Tot), and the statistial unertainty(Stat) on AphysFB when �tting using the parameterization de-sribed in Se. VD (see Se. VIIC). When a systemati shiftis tested in two diretions (+1� and �1� of the variable inquestion), the larger shift is hosen. The sign represents thesign of the hange in AFB due to the +1� variation and isnot used in the measurement of AFB.VII. RESULTSA. Comparisons of unorreted distributions withthe Standard ModelThe best way to make a diret omparison of the datawith the Standard Model is to use the simulation to om-pare the unorreted data with simulated events. Thebakground events are inluded using the predited dis-tributions as desribed in Se. IV. The distributionsfrom the signal Monte Carlo simulation are normalizedto the number of events in the data after subtratingthe predited bakground ontribution. Only statistialunertainties have been inluded for the alulation ofthe �2 omparisons. The unorreted invariant-mass dis-tribution from the data is ompared to the signal andbakground preditions in Fig. 21. Sine the energysale and resolution in the simulation has been tunedto the data at the Z peak (Se. III E), the omparison ofthe Mee lineshape gives a slightly better than expeted�2/DOF=26.7/35. The omparison is also made for theos �� distribution (Fig. 22) in three mass regions whereAFB is at extremes; 40 < Mee < 75 GeV/2 whereAFB is large and negative (giving a �2/DOF=9.9/9),75 < Mee < 105 GeV/2 where AFB is small (giv-ing �2/DOF=44.8/39), and Mee > 105 GeV/2 whereAFB is large and positive (giving �2/DOF=7.8/9). Fi-



23Mass Range Energy Energy Material Bgrnd Input Tot Stat(GeV/2) Sale Resol.40 � 60 -0.013 0.013 -0.028 -0.053 -0.018 0.065 0.10860 � 70 0.012 0.012 0.027 -0.038 0.074 0.089 0.09570 � 78 -0.010 0.014 -0.022 -0.009 -0.041 0.050 0.07278 � 86 -0.015 0.033 0.012 -0.001 -0.053 0.066 0.04386 � 88 -0.013 0.015 0.013 0.001 -0.034 0.041 0.04888 � 90 -0.011 0.005 0.011 -0.000 -0.014 0.021 0.03590 � 92 0.006 0.006 -0.009 0.001 0.009 0.015 0.03192 � 94 -0.009 -0.005 -0.010 0.000 -0.004 0.014 0.03394 � 100 -0.014 -0.022 -0.010 0.000 -0.017 0.033 0.034100 � 105 -0.017 -0.080 -0.045 0.002 -0.015 0.095 0.099105 � 120 -0.013 -0.014 0.027 0.011 -0.004 0.035 0.091120 � 140 -0.004 -0.004 0.008 0.023 -0.008 0.026 +0:14�0:15140 � 200 0.004 0.004 0.011 0.006 -0.007 0.016 +0:14�0:15200 � 300 -0.008 -0.008 0.017 0.033 -0.005 0.039 +0:18�0:24300 � 600 -0.017 0.017 -0.032 0.000 0.000 0.040 +0:00�0:64TABLE X: Summary of unertainties on AphysFB alulated using Eq. (15) and the ouplings �ts for AFB as input to the aeptanealulation. When a systemati shift is tested in two diretions (+1� and �1� of the variable in question), the larger shift ishosen. The sign represents the sign of the hange in AFB due to +1� variation and is not used in the measurement ofAFB. The systemati unertainty due to the Standard Model assumptions used in the orretion fator alulation is labeled as\Input."
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FIG. 21: Invariant-mass distribution of the data omparedto the predition for signal and bakground ombined. Thepoints are the data, the histogram is the signal Monte Carlosample, and the shaded histograms are the bakground predi-tions. The ontributions are added or staked.
nally, the omparison of ArawFB in 15 Mee bins (Ta-ble XI) with the Standard Model simulation gives a�2/DOF=15.7/15. The data shows exellent agreementwith the Standard Model in all of these distributions.The objetive of the following setions will be to obtainthe orreted AphysFB and Z ouplings that an be usedwithout the CDF simulation.

B. The Standard Model preditionCurrently, there are a number of programs that gen-erate Drell-Yan events produed in hadron ollisions.PYTHIA generates events using leading-order (LO) rosssetions and inorporates initial-state QCD radiation andinitial- and �nal-state QED radiation via parton showeralgorithms. HERWIG uses LO ross setions with ini-tial state QCD radiation via parton shower algorithms.ZGRAD [37℄ inludes full O(�) eletroweak orretionsbut no QCD orretions, resulting in pZ=�T ' 0. Thegluon resummation program VBP [38, 39℄, whih doesthe gluon resummation in the qt spae at low pZ=�Tand redues to NLO QCD at high pZ=�T , does not in-lude any eletroweak orretions. Unfortunately, thereis no one program that inludes both O(�) eletroweakand NLO QCD orretions. A alulation that inludesO(�) eletroweak and some QCD orretions an be ob-tained by running ZGRAD with the parton showeringode in PYTHIA. Six Monte Carlo programs are usedto onstrain the possible values for the AFB measure-ment. They are PYTHIA, VBP, ZGRAD, ZGRAD +PYTHIA, and PYTHIA with no QCD orretions withCTEQ5L parton distribution funtions, and PYTHIAwith MRST2001 parton distribution funtions. In eahmass bin, a band is onstruted to extend from the lowestto the highest values of the six AFB alulations. Theunertainty on the theoretial predition due to di�erentevent generators is taken to be the width of the band



24
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
2

0

10

20

30

40

50

60

70

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
2

0

10

20

30

40

50

60

70

*)θcos(

2< 75 GeV/cee<M240 GeV/c
/DOF=9.9/92χ

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
05

0
20
40
60
80

100
120
140
160
180
200
220
240

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
05

0
20
40
60
80

100
120
140
160
180
200
220
240

*)θcos(

2 < 105 GeV/cee < M275 GeV/c

/DOF=44.8/392χ

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
2

0

5

10

15

20

25

30

35

40

45

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ev
en

ts
 / 

0.
2

0

5

10

15

20

25

30

35

40

45
Data

 MC-e+ e→γZ/

Dijet background

Other backgrounds

*)θcos(

2 > 105 GeV/ceeM

/DOF=7.8/92χ

FIG. 22: Distributions of os �� for the three mass regionsof the data ompared to the preditions for the signal andbakground ombined. The points are the data, the open his-tograms are the preditions from signal Monte Carlo simula-tion, and the shaded histograms are the preditions from bak-ground. The ontributions are added or staked.in any mass bin. In Fig. 23, eah alulation is om-pared to the enter and width of the band in eah Meebin. A omparison of these Monte Carlo programs alsodemonstrates the extent to whih the Collin-Soper frame(Se. II D) minimizes the impat of the transverse mo-mentum of the inoming quarks. The PYTHIA (LO) andZGRAD programs, whih have no initial-state QCD radi-ation, an be ompared to the VBP, ZGRAD+PYTHIA,and PYTHIA programs whih inlude initial-state QCDradiation. The di�erene in AFB between having and nothaving initial-state QCD radiation is negligible omparedto the AFB measurement unertainties (see Fig. 24).C. AFB measurement without Standard ModelonstraintsThe forward-bakward harge asymmetry is measuredusing the maximum likelihood method and omparingArawFB returned by the parameterized aeptane andsmearing from Se. VD to the data at detetor level.This method is unbiased sine it does not make any priorassumption about the values of AFB . The number of
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25varianes. We hoose the Tikhonov regularization, whihadds a funtion proportional to the seond derivative ofthe true distribution.S[Ai℄ = Zbin i �d2ftrue(Mee;Ai)dM2ee �2 dMee; (27)where Ai = f(AphysFB )i�1; (AphysFB )i; (AphysFB )i+1g; (28)and where the integral is performed over the entire rangeof bin i in Mee. Sine the binning is not uniform, aparaboli form is assumed for ftrue(Mee;Ai),ftrue(Mee;Ai) = a+ b �Mee +  �M2ee: (29)
The parameters a, b, and  are solved for by integratingf over bins i � 1, i, and i + 1, and setting the integralsequal to Ai. S[Ai℄ an then be simpli�ed toS[Ai℄ = 4 � ((Ai))2 ��M iee: (30)This funtion is only applied to bins 2 through 9, sinethose are the bins with large migration. Adding this tothe likelihood, a new equation is made

�0 = 15Xi=1f�NFi � log(1 + g(A; i))�NBi � log(1� g(A; i))g+ � � 9Xi=2 S[Ai℄ + C: (31)The parameter � is alled the regularization parameter,and is arbitrary. A very small � will have no e�et onthe �t, and a very large � will dominate the likelihood.In this analysis � is hosen suh that �0 = � + 12 . Theresult is not sensitive to hanges as large as a fator of2 or 12 in �. The �tting pakage Minuit [41℄ is used tominimize �0, as a funtion of A. AphysFB obtained afterTikhonov regularization is shown in Fig. 24 and in Ta-ble XII for di�erent invariant-mass bins. The statistialand systemati unertainties of the measurement and thepredition from PYTHIA are also given in Table XII.D. Study of the Z-quark ouplings using the AFBmeasurementAs seen in Se. I, the vetor and axial-vetor natureof the interation pp ! Z=� ! e+e� renders the AFBmeasurement a diret probe of the relative strengths ofthe vetor and axial-vetor ouplings between the quarksand the Z boson. In this setion, the e�et of varyingthe Z-quark ouplings on the forward-bakward hargeasymmetry of eletron-positron pairs is investigated.The ArawFB measurement at detetor level is omparedto the following theoretial parameterization:ArawFB (uV ; uA; dV ; dA) = ArawFB LO(uV ; uA; dV ; dA)�ArawFB LO(SM)+ArawFB O(�)(SM); (32)where ArawFB LO is the predited AFB at the leading or-der and ArawFB O(�) is the AFB alulated at the O(�)eletroweak orretions level with the ZGRAD genera-tor desribed in Se. VII B. The quark ouplings arehanged at tree level assuming Standard Model ouplings

for the leptons. Both ArawFB LO and ArawFB O(�) are obtainedafter smearing the orresponding AphysFB with the param-eterization presented in Se. VD. The parameterizedArawFB (uV ; uA; dV ; dA), funtion of the Z-quark ouplings,is ompared to the measured ArawFB , and the best math isused to extrat the oupling onstants. Table XIII showsthe oupling onstants obtained after �2 minimization,along with the orresponding statistial and systematiunertainties. The �2 divided by the number of degreesof freedom (�2/DOF) equals 10.40/11.The ontribution from the di�erent soures of sys-temati unertainties on the quark oupling onstants isgiven in Table XIV, and the orrelation matrix is shownin Table XV. For a given soure of unertainty, the sys-temati error on the oupling is alulated by repeatingthe �t using the measured ArawFB shifted by its system-ati unertainty. The di�erene between the �tted ou-pling value obtained using the shifted ArawFB and the nom-inal one is taken as the systemati unertainty from thatsoure. For the PDF unertainty, we measured the ou-plings with four di�erent parton distribution funtions:MRST99, MRST2001, CTEQ6L and CTEQ5L (default).The unertainty due to the PDF models is determined bythe largest di�erene in the �tted oupling values withrespet to the ouplings obtained with CTEQ5L. Thesign of the systemati unertainty is de�ned in the samemanner as in Table X. Figure 25 displays the residualsompared to the SM AFB from the data (open markers)and from the �t (solid line) as a funtion of the invari-ant mass. The dashed urve orresponds to the residualswith the uV quark oupling shifted by 1�.The CDF sensitivity, with �72 pb�1 of analyzed data,is limited, but the values of the ouplings are onsistentwith the Standard Model. Figure 26 shows the ontoursat 68% and 90% on�dene level for the u (left) and d



26Mass Range Observed Events Bakground ArawFB(GeV/2) os �� > 0 os �� < 0 os �� > 0 os �� < 0 �stat � sys.40 < Mee < 60 76 78 37.8 � 9.2 32.4 � 9.2 -0.09 � 0.11 � 0.0560 < Mee < 70 46 68 19.0 � 4.6 17.4 � 4.6 -0.31 � 0.11 � 0.0470 < Mee < 78 69 98 12.4 � 2.8 9.9 � 2.7 -0.22 � 0.08 � 0.0178 < Mee < 86 267 266 8.2 � 2.0 7.4 � 2.0 0.00 � 0.04 � 0.0086 < Mee < 88 246 204 1.4 � 0.4 1.6 � 0.4 0.09 � 0.05 � 0.0088 < Mee < 90 420 393 1.5 � 0.4 1.3 � 0.3 0.03 � 0.04 � 0.0090 < Mee < 92 550 476 1.8 � 0.4 1.4 � 0.4 0.07 � 0.03 � 0.0092 < Mee < 94 481 392 1.4 � 0.3 1.3 � 0.3 0.10 � 0.03 � 0.0094 < Mee < 100 463 325 4.1 � 0.9 3.1 � 0.8 0.18 � 0.04 � 0.00100 < Mee < 105 59 39 2.0 � 0.5 1.6 � 0.5 0.21 � 0.10 � 0.00105 < Mee < 120 67 23 4.1 � 0.9 3.2 � 0.9 0.52 � 0.09 � 0.01120 < Mee < 140 29 15 2.2 � 0.6 2.2 � 0.6 0.35 � 0.15 � 0.02140 < Mee < 200 29 16 3.2 � 0.6 1.9 � 0.4 0.29 � 0.15 � 0.01200 < Mee < 300 11 3 0.6 � 0.2 0.5 � 0.2 0.61 � 0.22 � 0.03300 < Mee < 600 2 0 0.2 � 0.1 0.0 � 0.0 1.00+0�0:632 � 0.00TABLE XI: Summary of observed events, estimated bakgrounds, and ArawFB in the dieletron sample from 72 pb�1 of Run IIdata. The systemati unertainty on ArawFB inludes only the bakground subtration.Mass Range < Mee > Measured AFB PYTHIA AFB(GeV/2) (GeV/2)40 �Mee < 60 48.2 -0.11 � 0.13 � 0.05 -0.214 � 0.00360 �Mee < 70 64.9 -0.51+0:18�0:17 � 0.07 -0.420 � 0.00570 �Mee < 78 74.3 -0.45 � 0.19 � 0.05 -0.410 � 0.00578 �Mee < 86 83.0 -0.11 � 0.17 � 0.09 -0.214 � 0.00386 �Mee < 88 87.1 0.07 � 0.23 � 0.19 -0.079 � 0.00488 �Mee < 90 89.2 0.03 � 0.13 � 0.09 -0.001 � 0.00290 �Mee < 92 91.0 0.047 � 0.077 � 0.076 0.054 � 0.00192 �Mee < 94 92.8 0.15 � 0.19 � 0.16 0.112 � 0.00294 �Mee < 100 96.0 0.35 � 0.20 � 0.08 0.198 � 0.003100 �Mee < 105 102.2 -0.02 � 0.30 � 0.19 0.338 � 0.006105 �Mee < 120 110.7 0.67 � 0.15 � 0.05 0.454 � 0.006120 �Mee < 140 128.2 0.32+0:17�0:19 � 0.01 0.554 � 0.002140 �Mee < 200 161.2 0.29+0:16�0:17 � 0.01 0.598 � 0.002200 �Mee < 300 233.6 0.65+0:20�0:27 � 0.03 0.609 � 0.004300 �Mee < 600 352.4 1.00+0:00�0:51+0�0:02 0.616 � 0.007TABLE XII: Experimental results for AFB measured by �tting to ArawFB with a Tikhonov regularization funtion. Statistial andsystemati unertainties are inluded along with preditions from PYTHIA using CTEQ5L. The unertainties in the PYTHIApreditions are MC statistial errors. < Mee > is the ross setion weighted average of the invariant mass in eah bin.(right) quark ouplings to the Z boson in the vetor-,axial-vetor basis. The losed markers orrespond to theStandard Model preditions.Table XVI summarizes the e�etive left- and right-handed oupling onstants obtained from this study andompares them to the Standard Model predition aswell as the urrent experimental values of the e�etive
ouplings determined from `model independent' �ts toneutral-urrent data [42℄. As the present study is dom-inated by the statistial unertainties, the sensitivity ofthese measurements will improve with higher integratedluminosities.The Z-quark ouplings returned by the �t are subse-quently used to ompute the AphysFB whih is shown for
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)V (uσfit to Z-quark couplings with +1 FIG. 25: Residuals ompared to the SM AFB as a funtion ofthe invariant mass from the data (open marker) and from the�t (solid line). The dashed line represents the residuals withthe uV oupling from the �t shifted by 1�.En. sale Resol. material bkgrd. PDFuV -0.056 -0.023 -0.025 0.001 -0.001uA -0.013 -0.048 -0.009 -0.044 0.003dV -0.013 0.038 -0.076 -0.021 0.017dA -0.059 0.062 0.006 -0.025 -0.018TABLE XIV: Contribution of the di�erent soures of system-ati unertainty on the quark oupling onstants.values along with statistial and systemati unertain-ties. Combined LEP and SLD data [43℄ as well as theStandard Model predition [42℄ are shown for ompari-son. The �2/DOF of the �t equals to 13.14/13. For thepresent measurement, the unertainties are dominatedby the statistial unertainties. The ontributions of thedi�erent systemati unertainties are given in Table XIX.Note that the orrelation oeÆient between the vetorand axial-vetor ouplings is 0.78.Finally a �t where the quark and eletron ouplingsuV uA dV dAuV 1.000 0.454 0.303 -0.037uA 0.454 1.000 0.214 0.428dV 0.303 0.214 1.000 0.548dA -0.037 0.428 0.548 1.000TABLE XV: The orrelation matrix of the statistial errorsin the measurement of the up and down quark ouplings.
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FIG. 26: 68% and 90% on�dene level ontours for the u(top) and d (bottom) quark ouplings to the Z boson. TheStandard Model preditions for these ouplings are indiatedby losed markers.to the Z boson are expressed as a funtion of sin2 �effWgives:sin2 �effW = 0:2238� 0:0040(stat)� 0:0030(syst); (33)with a �2/DOF equals to 12.50/14. The present CDFsensitivity on sin2 �effW is provided by the Z-eletron ou-plings and is expeted to improve with higher statistis.

This study Exp. values [42℄ SM predition [42℄uL 0.419 +0:131�0:167 0.330 � 0.016 0.3459 � 0.0002dL -0.116 +0:418�0:352 -0.439 � 0.011 -0.4291 � 0.0002uR 0.020 +0:145�0:150 -0.176 +0:011�0:006 -0.1550 � 0.0001dR 0.105 +0:128�0:315 -0.023 +0:070�0:047 0.0776TABLE XVI: E�etive left- and right-handed oupling on-stants obtained from this study and ompared to urrent exper-imental values and the Standard Model predition from [42℄.Bin Mass Range Fitted AphysFB0 40 < Mee < 60 GeV/2 -0.170 � 0.0741 60 < Mee < 70 GeV/2 -0.355 � 0.1252 70 < Mee < 78 GeV/2 -0.373 � 0.1093 78 < Mee < 86 GeV/2 -0.183 � 0.1244 86 < Mee < 88 GeV/2 -0.044 � 0.0835 88 < Mee < 90 GeV/2 0.028 � 0.0536 90 < Mee < 92 GeV/2 0.088 � 0.0277 92 < Mee < 94 GeV/2 0.140 � 0.0398 94 < Mee < 100 GeV/2 0.223 � 0.0609 100 < Mee < 105 GeV/2 0.342 � 0.08710 105 < Mee < 120 GeV/2 0.429 � 0.10111 120 < Mee < 140 GeV/2 0.493 � 0.13512 140 < Mee < 200 GeV/2 0.506 � 0.15913 200 < Mee < 300 GeV/2 0.501 � 0.17114 300 < Mee < 600 GeV/2 0.498 � 0.175TABLE XVII: Forward-Bakward asymmetry alulated withthe Z-quark oupling values returned by the �t. The uner-tainties in AFB are based on the total (statistial and system-ati) unertainties on the Z oupling values returned from the�t.E. AFB measurement assuming the �tted StandardModel ouplings in the aeptane alulationThe total aeptane, a�or, is alulated for eah binusing the AphysFB obtained from the Z oupling �ts (Ta-ble XVII). The AFB measurements are orreted for a-eptane, eÆieny, resolution and bremsstrahlung usingEq. (15). The measured AFB and the predition fromPYTHIA using CTEQ5L parton distribution funtionsare listed in Table XX, and the measurements are om-pared with the Standard Model theoretial alulations(see Se. VII B) in Fig. 27. This tehnique, whih is bi-ased by the Standard Model input, is similar to the RunI analysis [6℄. VIII. CONCLUSIONSWe report a measurement of the forward-bakwardharge asymmetry (AFB) of eletron pairs resulting from



29oupling Stat. Syst. Total SLD+LEP meas. SM preditionerr. err. err.eV -0.058 0.016 0.007 0.017 -0.03816 �0.00047 -0.0397 �0.0003eA -0.528 0.123 0.059 0.136 -0.50111 �0.00035 -0.5064 �0.0001TABLE XVIII: Vetor and axial-vetor eletron ouplings with statistial and systematis unertainties obtained from a �t tothe AFB measurement. Combined LEP and SLD data [43℄ as well as the standard model predition [42℄ are also given.
En. sale Resol. material bkgrd. PDFeV -0.005 0.005 0.001 -0.001 0.001eA -0.002 0.055 0.006 -0.005 0.019TABLE XIX: Contribution of the di�erent soures of system-ati unertainty on the eletron oupling onstants.
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FIG. 27: Experimental results for AFB along with statistialand systemati unertainties (rosses), and theoretial predi-tions based on the six alulations as desribed in Se. VIIB(bands). The measured AFB values are orreted for aep-tane, eÆieny, resolution, and bremsstrahlung. The orre-tion assumes the Standard Model and uses the derived AphysFBfrom the Z-quark oupling values. The agreement near the Zpole is also shown with more detail.the proess pp ! Z=� + X where Z=� ! e+e�. Thedata are olleted with the CDF II detetor between

Marh 2002 and January 2003, orresponding to about72 pb�1.Comparisons have been made between the data and asimulated Standard Model predition of the unorretedMee line shape, os �� distributions in three Mee regions,and AFB distribution. All omparisons give exellentagreement, with the unorreted AFB distribution giv-ing a �2/DOF=15.7/15. The �rst prinipal result is ameasurement of the orreted AFB in 15 Mee bins us-ing an unfolding analysis that doesn't assume a priorStandard Model AFB distribution. It has large uner-tainties near the Z pole beause the AFB in those binshave large orrelations. In the urrent dataset, there isno evidene of deviations from the Standard Model in thehigh Mee bins that might indiate non{Standard Modelphysis. The seond prinipal result is a measurementof three sets of parameters: the Z-quark ouplings, theZ-eletron ouplings, and sin2 �W . All three ouplingsmeasurements yield results onsistent with the StandardModel. It may be possible to improve our understandingof the Z-quark ouplings with a muh larger dataset.AknowledgmentsWe thank the Fermilab sta� and the tehnial sta�sof the partiipating institutions for their vital ontribu-tions. This work was supported by the U.S. Depart-ment of Energy and National Siene Foundation; theItalian Istituto Nazionale di Fisia Nuleare; the Min-istry of Eduation, Culture, Sports, Siene and Teh-nology of Japan; the Natural Sienes and EngineeringResearh Counil of Canada; the National Siene Coun-il of the Republi of China; the Swiss National SieneFoundation; the A.P. Sloan Foundation; the ResearhCorporation; the Bundesministerium fuer Bildung undForshung, Germany; the Korean Siene and Engineer-ing Foundation and the Korean Researh Foundation;the Partile Physis and Astronomy Researh Couniland the Royal Soiety, UK; the Russian Foundation forBasi Researh; the Comision Interministerial de Cien-ia y Tenologia, Spain; and in part by the EuropeanCommunity's Human Potential Programme under on-trat HPRN-CT-2002-00292, Probe for New Physis.



30Mass Range < Mee > Measured AFB PYTHIA AFB(GeV/2) (GeV/2)40 �Mee < 60 48.2 -0.131 � 0.108 � 0.065 -0.214 � 0.00360 �Mee < 70 64.9 -0.447 � 0.095 � 0.089 -0.420 � 0.00570 �Mee < 78 74.3 -0.400 � 0.072 � 0.050 -0.410 � 0.00578 �Mee < 86 83.0 -0.154 � 0.043 � 0.066 -0.214 � 0.00386 �Mee < 88 87.1 0.002 � 0.048 � 0.041 -0.079 � 0.00488 �Mee < 90 89.2 -0.015 � 0.035 � 0.021 -0.001 � 0.00290 �Mee < 92 91.0 0.078 � 0.031 � 0.015 0.054 � 0.00192 �Mee < 94 92.8 0.138 � 0.033 � 0.014 0.112 � 0.00294 �Mee < 100 96.0 0.247 � 0.034 � 0.033 0.198 � 0.003100 �Mee < 105 102.2 0.248 � 0.099 � 0.095 0.338 � 0.006105 �Mee < 120 110.7 0.545 � 0.091 � 0.035 0.454 � 0.006120 �Mee < 140 128.2 0.36+0:14�0:15 � 0.03 0.554 � 0.002140 �Mee < 200 161.2 0.30+0:14�0:15 � 0.02 0.598 � 0.002200 �Mee < 300 233.6 0.62+0:18�0:24 � 0.04 0.609 � 0.004300 �Mee < 600 352.4 1.000+0:000�0:64 +0�0:04 0.616 � 0.007TABLE XX: Experimental results for AFB along with statistial and systemati unertainties and preditions from PYTHIA withCTEQ5L. The unertainties on the PYTHIA preditions are MC statistial errors. The measured AFB values are orreted foraeptane, eÆieny, resolution, and bremsstrahlung. The orretion assumes the Standard Model and uses the AphysFB derivedfrom the �tted Z-quark oupling values. < Mee > is the ross setion weighted average of the invariant mass in eah bin.
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