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1 IntroductionThe partial decay width for Z ! bb in hadronic Z decays, R0b = �b�b�had , has been measuredby LEP and SLD experiments with very good precision [1, 2, 3, 4, 5, 6]. The average valueof R0b [7] disagrees by about three standard deviations with the prediction of the StandardModel. A new analysis has been performed using data from the DELPHI experiment atLEP in order to study the observed deviation with a di�erent systematic sensitivity. Thispaper presents this new measurement of the ratio of the cross-sections, Rb = �(Z!bb)�(Z!hadrons) ,using data taken during the 1994 run.This analysis exploits the long lifetime of B-hadrons by reconstructing secondary ver-tices which are displaced from the primary vertex and tagging on the distance betweenthe beamspot and the secondary vertex. A folded hemisphere double tagging techniqueis used to measure Rb and the b-tagging e�ciency simultaneously from the data.The result is then combined with the previous DELPHI number.2 Event SelectionThe DELPHI detector and its performance have been described in detail in ref. [8, 9].The criteria to select charged tracks and to identify hadronic Z decays were identicalto those described in [3]. Charged particles were accepted if:� their polar angle was between 20� and 160�,� their track length was larger than 30 cm,� their impact parameter relative to the interaction point was less than 2.5 cm in theplane perpendicular to the beam direction (the R� plane) and less than 10 cm alongthe beam direction,� their momentum was larger than 200 MeV/c with relative error less than 100%.Neutral particles detected in the HPC were required to have measured energy largerthan 700 MeV, and those detected in the EMF greater than 400 MeV.Events were selected by requiring:� at least 7 reconstructed charged particles,� the summed energy of the charged particles had to be larger than 15% of the centre ofmass energy, with at least 3% of it in each of the forward and backward hemisphereswith respect to the beam axis.The e�ciency to �nd hadronic Z decays with these cuts was about 94% and all back-grounds were below 0.1%. After application of an event containment cut on the polarangle of the thrust axis, j cos �j < 0:65, a selection bias towards Z ! bb events of(0.0012 � 0.0002) was found. This was taken into account in the �nal result.A sample of about twice the data statistics of Z ! qq events has been simulatedusing the Lund parton shower Monte Carlo JETSET 7.3 [10] (with parameters optimizedby DELPHI) and the DELPHI detector simulation [11]. In addition, dedicated samplesof Z ! bb events have been generated and used in order to reduce the error on the1



correlation extracted from the simulation, which is dominated by the Monte Carlo statis-tical error. The simulated events have been passed through the same event reconstructionchain as the data.3 The secondary vertex method3.1 Vertex and Decay Length FitsBefore any attempt was made to �nd secondary vertices, jets were reconstructed withineach event using a simple cone algorithm. Tracks were required to be within a cone ofhalf-angle 0.5 rad around the reconstructed jet axis, and each jet had to have a minimumtotal energy, the sum of the energies of every charged and neutral particle associated withthe jet, of 5 GeV. In about 1.1% of events only one jet was found. The average numberof jets per event was 2.3. Di�erent jet clustering algorithms were investigated but did notsigni�cantly inuence the �nal result.A secondary vertex �t was performed within each reconstructed jet from physics trackswhich had passed the following tighter set of quality cuts:� hits in at least 2 layers of the vertex detector (VD),� an internal VD �2 1 of less than 4,� an impact parameter in the R� plane with respect to the beamspot of less than0.15 cm,� a momentum greater than 750 MeV/c.In addition, an attempt was made to reconstruct tracks coming from decays of K0S and �particles and from photon conversions [9]. Such tracks were then rejected from the vertex�t. The vertex �t was performed in the R� plane only using the following iterative pro-cedure:� all physics tracks in one jet were �tted to a common vertex, minimising�2 = NXi=1 D2i�2Di ; (1)where Di is the distance of closest approach of the projection of track i in theR� plane to the candidate vertex and �Di is the error on this distance;� the track with the largest �2 was rejected if its contribution to the total was greaterthan 4;� the vertex was re�tted using the reduced track list and a new �2 was computed;� the procedure continued until either all remaining tracks contributed less than 4 tothe �2 or there were fewer than four tracks remaining.1The VD �2 is de�ned as �2 = �tr=NVD, where �tr = P d2i=�2VD. The sum is over all NVD hitsassociated with the given track, di is the closest approach of the track to its associated hit and �VD isthe estimated precision of the VD. This cut reduces the inuence of wrongly associated hits in the VD.2



Once a secondary vertex had been reconstructed, a second �t [12] was performed to�nd the most likely decay length (in two dimensions) of the B-hadron, given estimates of� the B-hadron production point, with errors (the beamspot);� the B-hadron decay point, with errors (the �tted vertex);� the B-hadron ight direction (the jet momentum, which is the sum of the momentaof all tracks in the jet) as a constraint on the �t.This decay length L was signed with respect to the jet momentum. If the reconstructeddecay vertex was displaced from the beamspot in the same direction as the jet momentumthen L was signed positive; otherwise L was negative. The tagging variable used in thisanalysis was the signed decay length signi�cance, L=�L. The signi�cance was used inpreference to the bare decay length because it improved the e�ciency at a given taggingpurity. The e�ciency/purity curve for folded tagging using the decay length signi�canceis shown in �gure 1(a), where the e�ciency is measured after all cuts have been applied.The impact parameter tuning used in previous DELPHI analyses [3] and describedin [13] was also applied here. The excellent agreement between data and simulation forthe folded L=�L is shown in �gure 1(b). In addition to the tuning, there was also somerejection of tracks in the simulation, based on the number of associated VD hits, in orderto improve the data/Monte Carlo agreement in tagging e�ciency. This left a residualdi�erence in e�ciencies for three-track vertices, while if four or more tracks were requiredthe agreement was good. While this requirement lowered the available statistics, it alsoreduced the systematic errors from the charm sector and thus had little e�ect on the totalerror on the measurement.3.2 The Folded Hemisphere Double Tag MethodEach event was divided into two hemispheres by a plane perpendicular to the thrust axis.It was possible for more than one jet secondary vertex to be found in a hemisphere. In thiscase, the vertex with the largest absolute value of L=�L was used to determine whetherthat hemisphere was tagged.Signing L=�L allowed the de�nition of forward and backward-tagged hemispheres. Fora given placing of the cut, a hemisphere was� forward-tagged if L=�L > cut;� backward-tagged if L=�L < �cut.The folded distributions, de�ned as the number of forward minus backward tagged hemi-spheres, are shown in �gure 1(b). It is evident that this folding considerably suppressesthe light quark background while having little e�ect on the b quark distribution.Five quantities were de�ned analogous to the two in normal hemisphere double tagging[1, 3]:� F f , the fraction of hemispheres receiving a forward tag,� F b, the fraction of hemispheres receiving a backward tag,� F ff , the fraction of events in which both hemispheres are forward-tagged,3



� F bb, the fraction of events in which both hemispheres are backward-tagged,� F fb, the fraction of events in which one hemisphere is forward-tagged and the otheris backward-tagged.Neglecting e�ciency correlations between hemispheres for light and charm quarks andintroducing for b quarks the correlation factor�b = (�ffb + �bbb � �fbb )(�fb � �bb)2 � 1 (2)leads to the equationsF1 = F f � F b= Rb�0b +Rc�0c + (1�Rb �Rc)�0l (3)F2 = F ff + F bb � F fb= Rb�02b (1 + �) +Rc�02c + (1 �Rb �Rc)�02l ; (4)where �0q = �fq � �bq is the di�erence between the forward and backward tagging e�cienciesfor a quark of avour q. The quantities �b, �0c and �0l were extracted from the simulation,F1 and F2 from the data, and Rc was input from the Standard Model [14]. Equations (3)and (4) were then solved iteratively to measure Rb and �0b simultaneously from the data.Due to the interplay between statistical and systematic errors, the total error on themeasurement of Rb reached a minimum at a cut of jL=�Lj = 5, as shown in �gure 2. Inthe simulation, the b purity at this cut was about 91% and the folded tagging e�ciencywas about 17%. All numbers quoted below and the �nal result correspond to a cut at 5.3.3 Quantities from the SimulationBoth the light and the charm quark e�ciencies were extracted from the simulation,reweighted to reach the input values of various modelling parameters recommended in[14] and listed in table 1. This took account of the rate of gluon splitting to heavy quarksin light quark events, and in the charm sector of di�erences between the parameters usedin the simulation and experimentally measured values of the charmed hadron lifetimes,production fractions and decay modes and charm fragmentation. Further reweightingwas then carried out to estimate the errors on these e�ciencies. There was also a smallerror due to limited simulation statistics. The light and charm quark folded e�cienciesextracted from the simulation were:(�fl � �bl ) = (0:074 � 0:009) � 10�2; (5)(�fc � �bc) = (1:645 � 0:095) � 10�2: (6)These are the total errors on the e�ciencies and their contributions to the systematicerror on Rb are broken down in table 1.Correlations between hemispheres came from both geometrical and kinematic e�ects.Any non-uniformities in the e�ciency of the detector could give rise to geometrical cor-relations. The limited polar angle acceptance of the VD and ine�cient modules of thisdetector both had an e�ect. Kinematic correlations were due to the emission of hard glu-ons, which removed energy from both of the primary quarks and, in about 2.4% of events,4



forced both B-hadrons into the same thrust hemisphere. The hemisphere correlation in bevents was estimated from the simulation to be�b = (0:54 � 0:48(stat) � 0:61(syst))� 10�2: (7)The �rst error is due to the limited simulation statistics and the second is the estimatedsystematic e�ect.The error on the geometrical part of the correlation was estimated by comparing thesimulation and the data. Histograms of the tagging e�ciency as a function of cos � or �of the jet momentum were constructed and the total single (�) and double (�d) tagginge�ciencies were calculated from them. The correlation due to each angular source wasthen obtained from these total e�ciencies using the relation � = �d�2 . The larger of thedi�erence between the data and simulation correlations or the statistical error on thisdi�erence was taken as an estimate of the systematic error due to each angular source.For the error due to QCD e�ects, the prescription in [14] was followed. The mean B-hadron lifetime was varied within the range (1.55 � 0.05) ps and found to have little e�ecton the correlation. This analysis made use of the beamspot instead of reconstructing aprimary vertex for each event. Use of an averaged beamspot position was also found, asexpected, to have a negligible e�ect on the calculated correlation. This is not the case foranalyses using a �tted primary vertex, which leads to an additional source of systematicuncertainty.3.4 Results of the Secondary Vertex AnalysisUsing the numbers of hemispheres and events tagged in the data and the values for thee�ciencies and correlations given above, and taking into account the small selection biastowards Z ! bb events mentioned in section 2, Rb was calculated to be:Rb = 0:2176 � 0:0028(stat) � 0:0027(syst) � 0:029Rc � 0:1720:172 : (8)The folded b-tagging e�ciency calculated simultaneously from the data was(17.29 � 0.22)%, compared to 17.16% in the simulation.A value of Rb was also obtained without applying the tuning referred to in section 3.1,but still with the track rejection in place, and the two results compared. Half of thedi�erence was assigned as a conservative estimate of the error due to detector resolutione�ects. Similarly, Rb was determined when a further 2% of the tracks were randomlyrejected and half of the di�erence between this and the central value was taken as anestimate of the error due to any residual disagreement between the data and Monte Carlomultiplicity distributions. These contributions are combined in quadrature for the quoteddetector resolution error. A full breakdown of the systematic error on Rb is shown intable 1.The stability of the measurement over a range of cuts on L=�L is demonstrated in�gure 3.4 Combination of the ResultsThe result of this analysis has been combined with the previous DELPHI result [3], takinginto account the common systematic errors. The breakdown of the errors for the individual5



analyses and for the combination is given in table 1. The errors within a line have beenassumed to be fully correlated, except for the detector e�ects which are correlated withineach year's data set and uncorrelated between years. The statistical correlation betweenthe mixed tag and the other analyses can be neglected. The correlation between thedouble impact parameter tag and the multivariate analysis has been estimated using aMonte Carlo technique to be less than 0.35 (90% C.L.). Conservatively this value hasbeen used in the average2. The combined result is:Rb = 0:2202 � 0:0014(stat) � 0:0018(syst) � 0:010Rc � 0:1720:172 ;with �2=ndf = 1.2/2. Uncertainty �104Error Source Range dit mt mult vert comInternal experimental e�ects:Hemisphere correlations � 10 0 � 12.2 � 16 � 7Lepton-vertex correlations 0 � 12 0 0 � 3Detector e�ects � 9 � 9 � 6.8 � 6 � 6Lepton sample purity 0 � 19 0 0 � 3Acceptance bias � 2 � 2 � 2.7 � 2 � 1Method 0 0 � 14.5 0 � 4hxE(b)i 0.702 � 0.008 � 9.0 0 � 1.5 0 � 3.1hxE(c)i 0.484 � 0.008 � 3.0 � 3.0 � 0.6 � 3.1 � 2.3Br(c ! `) (9.8 � 0.5)% 0 � 10.0 0 0 � 1.6Semilept. model b! ` [7] (+ACCMM�ISGW�� ) 0 � 11.0 0 0 � 1.8Semilept. model c! ` [7] ACCMM1 (+ACCMM2�ACCMM3) 0 � 8.0 0 0 � 1.3D0 lifetime 0.415 � 0.004 ps � 1.5 � 1.0 � 0.3 � 1.4 � 1.0D+ lifetime 1.057 � 0.015 ps � 2.6 � 1.3 � 0.2 � 0.2 � 1.2Ds lifetime 0.467 � 0.017 ps � 1.8 � 1.2 � 0.4 � 0.7 � 1.0�c lifetime 0.206 � 0.012 ps � 0.0 � 0.0 � 0.7 � 0.3 � 0.3B lifetime 1.55 � 0.05 ps � 3.0 � 0.0 � 3.4 � 1.0 � 2.1B decay multiplicity 5.73 � 0.35 � 9.0 � 0.0 � 1.8 � 0.0 � 3.2D decay multiplicity 2.39 � 0.14 � 6.0 � 4.0 � 0.2 � 8.5 � 4.6BR(D ! K0X) 0.46 � 0.06 � 8.0 � 7.0 � 5.0 � 12.9 � 6.9g ! cc (2.38 � 0.48)% � 3.0 � 3.0 � 0.2 � 4.8 � 2.5g ! bb (0.13 � 0.04) �(g ! cc) � 3.0 � 3.0 � 0.1 � 3.2 � 2.2Light hadron modelling tuned JETSET � 10% � 6.0 � 5.0 � 0.4 � 2.0 � 3.3QCD hemisphere correlations see text � 9.0 � 5.0 � 4.4 � 5.9 � 6.3D+ fraction 0.231 � 0.026 � 10.6 � 5.2 � 0.4 � 1.7 � 5.0Ds fraction 0.110 � 0.017 � 1.1 � 2.0 � 1.2 � 0.0 � 2.3c-baryon fraction 0.063 � 0.029 � 2.6 � 2.6 � 0.8 � 6.5 � 2.5Table 1: Summary of systematic errors on Rb obtained from the double impact parametertag (dit), the mixed tag (mt) and the multivariate tag (mult) for 1991{93 data and for thesecondary vertex tag (vert) for 1994, and the combination of the analyses (com). Detailedexplanations of how the di�erent error sources are obtained can be found in [7].2The most probable value for the correlation was found to be 0. It has been checked that the �nalresult does not change using this value. 6



Because of the di�erent charges of up-type and down-type quarks, a correction of+0.0003 due to photon exchange has to be applied to obtain R0b from Rb [15], resulting inR0b = 0:2205 � 0:0014(stat) � 0:0018(syst) � 0:010Rc � 0:1720:172 :5 ConclusionsA di�erent measurement of the partial decay width R0b of the Z into bb quark pairs hasbeen performed. Events were selected according to the displacement of reconstructedsecondary vertices from the beamspot. The following result was obtained:Rb = 0:2176 � 0:0028(stat) � 0:0027(syst) � 0:029Rc � 0:1720:172 :Combining this number with the previous published one, the result is:R0b = 0:2205 � 0:0014(stat) � 0:0018(syst) � 0:010Rc � 0:1720:172 :For this number, all centre of mass energies at which LEP has run have been combined. Allresults are in agreement with those of other measurements at LEP and at SLD [1, 2, 4, 5, 6].Assuming a mass of the top quark of mt = 175 � 12 GeV/c2, as obtained from a simpleaverage of the CDF [16] and the D0 [17] measurements, the Standard Model predictsR0b = 0:2155 � 0:0005 [15]. This number is about 2.2 standard deviations lower than ourmeasurement, assuming Rc = 0.172.AcknowledgementsWe are greatly indebted to our technical collaborators and to the funding agencies fortheir support in building and operating the DELPHI detector, and to the members of theCERN-SL Division for the excellent performance of the LEP collider.
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