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ABSTRACT 

A measurement of the ratio Rh = HZ" —»bb\IT{ZP —* ImdronsYn reported This 
measurement is made using the CCD-based vertex detector of the SLl) detector at 
the SLAC Linear Collider Efficient lagging of bb events is performed with an 
impact parameter technique that lakes advantage of the small and stable interaction 
point of the SLC and all charged tracks in Z decays. In a sample of 27k z" 
events, a value ff,,=0 235±0.006±0.(>1B is obtained. 

The branching ratioKh = HZ" —> hbi/TiZ0 —» /iiM/r<>ru)mexsures the coupling of i\x h-
quark to the z" gauge boson In the absence of non-standard model contributions to Z(* decays, the 
radiative venex corrections are dominated hy a heavy | m , nm/) t- quark '*' Of all fermions. 
only/" -*bb receives a large venex radiative correction Measuring the ratio Rh rather than 

!"(/' —* Hi) isolates the venex corrections, since the oblique corrections, common to alt 
fenmoiis. largely cancel in the ratio' ' Similarly, large QC[J corrections also cancel in the ratio '"' 
The msensitivitv of R. to conventional radiative and yCD corrections makes u sensitive to the 
presence oi nevs physics, once m. is known. We present herein a measurement of At, from a 
sample of UK Z" events collected in 1992 and 1993 at \ s * 91 GeV (near the peak of the Z° 
resonance) in the SLI) detector at the SLC The flagging technique employed, or a vanani thereof 
may lead M future measuremenis of R. at ihe IS level, providing sensitivity to physics outside the 
standard model 
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Due to the long /J-hadrun lilciime and large boost./" -» hb events produce tracks with 
large displacements <6> from the interaction point.' 1 ' In addition, because ol the large b-quark 
mass, tracks from ^-decays have large transverse tnomenta relume in the initial quark direction. 
making a 2IJ impact parameter analysis api-iopnate The process/ —* hh can be identified by 
requiring a large number ol charged tracks, each having a large positive ri with respect to the e*e~ 
interaction point iIHi '"*' A precise measurement ol 6 lor both hadron and leplon tracks, and an 
independent determination ol the IP position lor each event, allows a high /Magging elliciency and 
high purity to be obtained hxploiling the SL(" beam size and stability in ihe transverse dimensions 
and choosing a 21) lagging technique, ralhei tlian a 31) one. allows lull decoupling of the h 
production point in each event from the b fragmentation and decay processes in that event Biases 
introduced at the exirema ol fragmentation and decay may lead to systeinaiics which are difficult or 
impossible to measure 

For this analysis, a subset ol the elements of the SLD are utilised: the vertex, detector 
tVXDl.'^ 1 covering Hfu ol 4n sr. the drift chamber <CDCi.' 6 ' covering K5^ of 4n sr. and the 
calorimeter <LAO. f 7 ) covering 95SJ of 4jt sr The VXD contains 481) TCI) chips of 20pm thick 
EPl silicon, organized in four concentric -V..?cin long cylindrical layers. Marling at 2Vrnm and 
extending to 41mm from flu- beam line Lach CCI) contains .V75.o7K. 22u.m square pixels. To 
reduce dark current, the VKD operates at ]45"K. A 101 Jp.m 7>-lmer and a I mm thick fit- heam 
pipe are located at a radius ot 25 nun Including a I) 5mm Br gas shell, ihe total material before 
Ihe firsi C'CU layer is < 171 r ; rl . each CCI Mayer adds -1 ̂  rl 

The 2 1 m long cylindrical CDC extends radially from 0 2m to I Dm The central tracking 
detectors he in a fl nT axial B-field The CDC contains SO sense w.irc planes |4K 2.5" stereo, 32 
coaxial to the beam t arranged in a jet-cell geometry ol 10 superlayers of K wires each An average 
.spatial resolution of -70u.m is obtained with a cool gas of COT- Ar-lsohuiane 

Charged tracks found in the CDC are linked with pixel-clusters in the VXD Fur regions 
where there exists a dead or inefficient CCD. tracks can be reliably linked w ith single clusiers by 
using the SLC beam position as a weak constraint in pattern recognition Within the VXD solid 
angle, a track intersects 2 3 CCDs on average, and 9d'<? of all well measured CI >C tracks have >| 
linked pixel-clusters A combined fit using ihe Billoir method' 8 ' is performed to properly account 
for multiple scattering as the track is extrapolated through the VXD material and the beam pipe The 
angular errors of the CDC combined with local < &t» and <6/> of the VXD clusters of fipm and 

i 



7jim, respectively, lead to xv (olhogonal to the c beam} and n (plane containing the beam axis) 
impact resolutions of (a,p\)xy = (J5jj.ni. 70iim> and (a,JJ) r z = t43)iiri. 70u\m), respectively.^1 

The SLD trigger ' 7 ' is based on loose caloriineiric and tracking criteria, and is fully efficient 
for hadrunic Z^ decays in the solid angle of ihe VXD. Hadronic Z (> events are reconstructed and 
selected lor analysis by requiring a large visible energy in > 7 charged tracks (EV|S>18 GeV J The 
thrust axis, reconstructed from charged tracks, is required to he well within the VXD acceptance 
(Icos9-j.k0.71). The track multiplicity requirement eliminates 2yand rr events. We also require 
events to come from periods where the VXD was lolly operational, and we require at least three 
tracks with two or more VXD links. From 13 5 K < I3.4K) triggers in 1992 (1993) data, 5641 
(6147) Z°events are retained. The non-hadronic background (primarily rr) is <0.2% The flavor 
bias potentially introduced by this selection lor b-quarks relative lo all hadronic Z events is found 
from Monte Carlo to be less than 0.1% 

To tag bb events with minimal bias, a knowledge of the IP position with precision 
comparable to the best track impact resolution (in the plane transverse lo the beam) is required in 
each candidate event The <rms> transverse profile of SLC beams is 2.2 ® 2.2 u W in 1992 and 
was reduced to 2 4 ® 0 8 u.m- in 1993, implying a negligible contribution from the extent of the 
luminous region However, the spatial stability of the crossing point (o I P ) must be established 
SLC utilizes beam-beam deflection scans and feedback on one beam lo maintain e"e+ collisions and 
stabilize the IP in space The IP position is trucked using hadronic Z events. To find the average 
IP.t and v positions and errors I <J[P and<rfp). a fit to a common vertex is performed using tracks 
of small impact parameter from -20 consecutive Z events (-240 tracks). Samples of events 
typically span no more than 3hrs. The 1992 (1993) data are divided into 323 (313) sets of IP 
positions. The IP position can be tested in hadronic Z decays by comparing the primary vertex 
position found in each LV.'III to the IP position By projecting this displacement along the direction 
transverse lo the thrust axis, and unfolding ihe expected resolution from tracking itself, a value 
rj(f = 10p.m. is obtained < Figure lb). An independent test of the IP position determination can be 
made with niuon pairs which are nol used in the IP detrminalion itself. The impact parameter of 
each track from a u.+u." event relative to Ihe other track in the event, and relative to the previously 
determined average IP positions, gives cr(r «= a[p = 8pm. (see Figure la). FinrJIy. tbt variation 
of the currents in the corrector magnets used to keep the SLC beams in collision confirms that the 
motion of the IP within an averaging period is <l(him independent of the tracking. 
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The /i-iagging algorithm proceeds a> follows CDC tracks are selected which start al 
r<0.4m. have >4lihits, extrapolate to the II'within I Oun i n n . and within 1.5cm in ;. and have 
good fit quality <X~/dl <5» At least one good \"XI J link is required, and the combined CDC/VXD 
fit must satisfy x~/df <I(J T h e n mipaei parameter < 61 <il the track relamc to the IP, and lis error 
(Oft* are calculated Hourly measured tracks (those wuh o^ > 250 umi. or tracks with l5lXJ.OU3in. 
are removed The latter result large!} Iron* lone hved strange particles, gamma conversions and 
longnuclear interactions Track impact parameters are signed using the following technique The 
JADE jet finding algorithm' '*'l with >cui=*M^ , s U S L 'd to determine she jet axes in the event from 
the sel of all good tracks We find an average .it 2 5 jets per Z < J event For each track. '6l ts signed 
+1-1 if it crosses its jet axis in from (hack* ol the IP A signed and normalized impact parameter 
'onorm* , 5 [ ( , r r r u - ' a l r o m ± l 0 ' divided h> o^adikd wi quadrature wiih a'f' Secondary decay tracks 
preferentially populate -tldnonn1- while lo.-ninn (racks largely retleet errors in the jet assignment 
and direction, tracking resolution, and IP pi^itum fit! 2 slums onorrn l l l r die data, and for 
Mome Carlo I M C I events with simulation ol ,nc .leieemr 

An event is /Magged by requiring J tit mmurn an/fiber <•/ (racks (N i r aeU wuh large 
normalized impact parameter lononn > N ^ l . ".here N M . ; is (he nutnher of standard deviations 
Figure 3 shows the ft-lagging purity ( M M \ - etliciency < i n i as the N S |g cut is varied . 1 " ! 
Conlours for a number of multiplicity cuts ate also sinIM n m fig .> for this analysis we choose 
Nsic= 3 and require at least three tracks passing the n n , , r m cui. '1 his lag selects 11)56 ol Sfc>4| 
events from 19y2 data and 1114 of 6147 events trom 144* daia The MC and standard model 
cross-sections forZ" -*qq are used to estimate the purity ui the sample. I lb=" K" Using MC 
efficiency estimates of fh = 0.b4. F L -=O 13. and »uds=d f'2. we obtain a value of Rb -
0 235±0 (M>6 (stat error only i. alter averaging the tuo sets ol data 

The MC detector simulation is based on (U-.A\t and produces raw data that models the 
detector's average response to charged and neutral panicles Simulated data is overlaid with 
random background events taken in close nine j>mumity to each recorded Z" then reconstructed 
with standard pattern recognition and tracking codes This technique closely reproduces the time 
dcpcndenl backgrounds and the detailed changes m detector performance The MC does not exactly 
reproduce the Snorm distribution observed in the data Some MC tracks are adjusted after 
reconstruction to ma) e the impact parameter distribution in the MC agree more closely with the data 
over a range of Sntirm from -15.0 to 0 0 A fit is pertonned. to n.ake the corrections While no 
degradation of resolution is required to get the cores i lonorrn' < 2i ul the distributions to match, we 
find about 4*k- of all linked tracks require position smearing as large as 5(X>um This reflects a non-
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Gaussian component of the resolution which is primarily due to mis-linked trades A difference in 
irack finding efficiency between the data and the MC is also observed and corrected for This 
correction is performed as a function of momentum, cosS, tp. and i (angle to jet direction), by 
randomly removing MC tracks. About WZ of the MC tracks passing CDC and VXD cuts are 
removed. After these corrections, good agreement between the MC and the data in both shape and 
normalisation is seen in Fig. 2 over the entire distribution. 

Table I summarizes the fractional systematic errors in the R b measurement: they are divided 
into detector and physics modeling sources. The uncertainty from tracking efficiency is estimated 
by averaging out the dependencies on each of the tracking correction variables The uncertainly 
from tracking resolution is estimated by examining the variation of R n with reasonable variations 
of the impact parameter tail smearing parameters An upper hum on the amount of non-Gaussian 
tail which could be present in the<r , rdislnbution is derived from the hadronic and leptonic 7}} 

decays and used as an estimator for the effect of the IP position systematica on Rh The combined 
detector and IP modeling error is 5.99f-

The physics modeling systematics are dominated by uncertainties in heavy quark 
fragmentation, lifetime*, and multiplicities The average Z?-hadron lifetime is varied about the 
world average of I 45+0 I Ops The effect of fragmentation has been studied with the LUND MC. 
using Peterson functions with (<x e>.£)=(0.494+0 025.0 061 and <0.700+0.021.0.0061 for c and 
b quarks, respectively The total charged multiplicity in Z?-hadron decays has been allowed to vary 
by ±0.5 tracks to assign an error which properly reflects present experimental uncertainties on B-
multiplicities. Exclusive models of the hadronic and semileptonic decays of B- and c-hadrons have 
been incorporated into LL'ND and adjusted to reflect present knowledge of their decays. Whenever 
possible, exclusive senuieptonic decays incorporate proper form factors and matrix elements, while 
exclusive hadronic decays have been studied with a pure phase space model A second model 
attempting to preserve the weak matrix elements using the factorization hypothesis, provides a test 
of the sensitivity to induced momentum and charge correlations. A ±li\'k variation of both the 
ratios rtfl-*D+Xw'nfl—*alh and ric-*D+Xvr{r—*all\ were found to contribute less than 1 * 
each to the systematic error on R^ The present uncertainty in the charm branching fraction of the 
Z l ) . r i Z n - * c c l / r i Z ° - > hadrons)=n. 170+0.0 17.1 1 :l contributes about 1 6 ^ The jet axis 
algorithm has been studied by varying the JADE algorithm parameter ycut from *'.O2-0. i Finally, 
the MC models have been modified to more properly reflect the present expectations for the 
distribution of 
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Tabic I SVSIL'III.HIL l,nor« .m k^ 

DfcTbTTOR UkRi lK pmsu s kKKOR 

MODfcJJNG • : • i NJoni- j . iNt; • •; i 

Tr-ickjng Resolution i •> Jet Axis Model ing <i i) 

Trading/Linking Ifiliucnc> 4 * Bl.iielinicN •> •» 

IP Position Tails J_'j • > l-ragincniaiion j -i ' 

Subtotal s 4 H JA* ta> 1..JJ 4 <i o 
H Muluphu iv j ^ 

H Mode! i ii 

i (i 

. J'UL'iiiv.-nt.tiji'ii - i ti 
. I A . ' . J > I ' D * \t_2 

Subtotal > i) 

? O l A i . 7 7 

strongly and *caJJy ile.' jymg h>|n.T->i>* l a m i m h/.i v il.iw.r^ I'hc o\cr;»ll physics modeling 

swemaiic error i- estimated !•> be *> n'" 

In conclus;on. «c have measured K h u-um • u^hruqui.- vihi.h relies nn the counting it] all 

charged traces w-iili large 2D n.iriitali/ed impact |\i i,n unci's relamc in ihe beam interaction poim. 

Tagged b-sampfes with high efficiency i M ' • and imrity (S ' I 'T i arc obtained The result relies 

strongly on I he detailed undemanding " I the \crtc» dc'ii'cior and the IP position Combining our 

\W2 dala uuh our preiiiiiinar> data lntin 144 V v.c !md 

R. r. i i 2 ^ r 'MJtifc , , r t i ( i |4 . , , m n p . h vtat dirieiior physics 

This result is cunsiMent with the prediction oi Kh " -- in the standard model J '• 

Already. » n h a sample of 2~K /"events, this ichmque is no lunger statistics hunted and 

is now approaching precision in detector and phy»|. > modeling systematic* similar to oiher 

measurements which employ high p-j- iepton l lauu la.i's and have physics systetnatics which are 

substantially ditlerent We anticipate thai the error from the detector modeling u ill decline further, 

while (he error on physics uncertainties wi l l only decline js new measurements ot fragmentation 

and the underlying decay procesT.es become available 
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