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A searth hasbeenperformedat D for Z ! bbdecays using the initial 300pb ! of data from Run
Il. Candidate events are selectedby triggering on muons from the semileptonic decay of b quarks.
Trigger and o ine b-tagging requirements remove much of the background from light quarks. The
remaining bb background is estimated using b-tag rate functions (TRFs) derived from data. An
excessof 1168 217 (stat) 150(sys.) events are observed over the QCD background, an excessof
about 4.4 . The mean and width of the obsered peak are in agreemen with the Standard Model
prediction from Z ! bb, as simulated in MC. The observed event excessin a trigger-selected data
subset s also in agreemert with the number of expected events from Z ! bb, after accourting for
trigger and selection e ciencies.
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. MOTIV ATION

The measuremen of Z ! bbis an important ingredient of the Run |l physics program at D. Z ! bbis an
essetial tool in the calibration of b-jets, which a ects much of the high py physics studied at the Tevatron. The
current uncertainty on the b-jet energy scale- of the order of 3% - dominates the uncertainty on the massof the top
quark. In addition, Z ! bb can be usedto better understand the b-jet energy resolution. Z ! bb also servesas an
important benchmark signal for Higgs physics, sinceit is the closestobsenable processto the dominant decay of a
light Higgs to bb.

The upgraded tracking system, improved muon triggering, and the possibility of online b-jet tagging make the
accunulation of a signicant Z ! bbsignal possibleduring Run Il at D. The main challengeis to su cien tly reduce
the QCD backgrounds such that bb everts from the Z can be obsened, without biasing the shape of the signal. To
this end, careful analysis techniques are critical and e ectiv e triggers must be employed. This paper describes the
rst searthfor Z! bbat D in Run Il of the Tevatron collider.

Il.  EVENT SAMPLES

The data usedin the analysis comefrom the \BID" data subset, processedand xed with the pl4 versionsof the
reconstruction software with PASS2 corrections and has the following properties:

A \lo ose"oine reconstructed muon in ead evert, with pr > 4 GeV/c, matched within R <0.7to a Run Il
conejet [4] of radius 0.5. This requiremernt enhancesthe fraction of heavy- a vor events due to the decays of
b! andb! c!

Contains about 90 million events and correspondsto an integrated luminosity of about 300 pb .
The following run selectionis imposedto ensuredata quality:

Events are required to be in good luminosity blocks;
Good calorimeter and jet/Missing Et runs are selected;
Bad muon runs are removed;

Runs with bad certral tracking systeminformation (SMT and CFT) are excluded.

In addition, MC was generatedfor Z ! bb signal with Pythia, overlaid with an average of 0.8 minimum bias
everts, passedthrough a full GEANT simulation of the detector, and processedvith versionpl4 of the reconstruction
software.

The data and MC samplesare processedusing a custom ROOT ntuple-generating package (higgs_multijet). Jet
energy scale(JES) corrections are applied to all jets, including corrections for muonsin jets, using version 5.3 of the
JES correction software. No speci ¢ b-jet energyscalecorrectionsare applied, asno o cially approvedsuc correction
yet exists.

Monte Carlo everts are corrected to accourt for the b-tagging e ciency and jet measuremen e ects obsened in
data. Jet energiesare smearedto accurately re ect the jet energyresolution measuredin data, and event weighting
is applied in order to accourt for the fact that jet reconstruction/identi cation and b-tagging are lesse cien t in data
than MC.

A. Triggers

Z ! bbevents are characterized by the presenceof two b-taggedjets. Light quark rejection is neededat the trigger
level, prior to any oine ewvent selection,in order to achieve an acceptabletrigger rate at instantaneousluminosities
in excesof 50x 10*°%cm 2s 1. Without this rejection the data would have to be undesirably prescaled,and candidate
everts would be thrown away.

Ideally onewould trigger on di-jet events with displacedverticesat Level 2; such a capability is however only since
recertly provided by the Level 2 Silicon Track Trigger (STT). A large reduction in rate must already be achieved
at Level 1. Candidate events have been selectedat the rst trigger level using the semileptonic decay of the b-jets.
Triggering on muons from one or both of the b-jets from the Z limits the signal e ciency however, becauseof the
small b! branching fraction[5].



Ill.  EVENT SELECTION

There are few kinematic handleswith which to discriminate betweenthe Z ! bb signal and the QCD bb badkground.
The two most powerful variables, besidesthe invariant di-jet mass,are the number of jets in the evert, nj¢, and the
angular separation of the two leading b-jets in the plane perpendicular to the beam, ' . Both of thesevariables are
sensitive to the prediction that QCD badkground, due to the color connection betweeninitial and nal state in the
QCD processesshould have more gluon radiation. With this in mind, candidate events are selectedo ine using the
following prescriptions:

The evert must contain two, and only two, good quality jets.
The two jets must both havej j< 2:5and JES corrected pt > 20 GeV.
For b-tagging, the two jets must both be taggable.

The primary vertex of the event must have at least 4 tracks attached and be located within 35 cm of the
detector certer in the z-direction.

The two jets must both be \lo ose" SVT-tagged (using the standard p14 de nitions).

The two b-jets must be roughly badk-to-back in the plane perpendicular to the beam-line,i.e. ' > 2:5radians.

The b- / light-jet fraction is about 10% after a single b-tag requirement. After requiring a double o ine b-tag in
the data, the light-quark QCD background componert is reducedto about 10% of the sample. Howewer, a large
heavy- a vor componert remains which still swampsthe signal; S:(S+B) is of the order of 1:30.

IV. BA CKGROUND SUBTRA CTION

Understanding the shape of the background to the Z ! bb signal in the double b-tagged data sample is certral
to this analysis. The badground is composedof heavy- a vor di-jet production and mis-taggedgluon/ligh t-quark jet
production, none of which can be accurately simulated using current techniques, particularly in the quantities needed
for the statistical accuracy required. Thus the badkground is derived from data, using either single-taggedand/or
untagged everts.

We usea tag rate function (TRF) to estimate the shape of the double b-taggedbadkground in the data. We measure
the tag ratio of double to single b-tags as a function of jet pr and jet to form the TRF. The TRFs are applied, as
an event weight, to the single tagged everts. A similar approac was adopted for the D Run |1 hbb analysis [2].
Consider those everts in which the rst-leading- pr jet is b-tagged. For these everts, the second-leadingpr jet is
categorizedaccordingto its location in one of three di erent eta regions of the detector:

j J<L1,L1<j j<lbandl5<j j< 25. Foreah region,the TRF isthen parameterizedasa function of
the pr of the second-leadingpr jet. This generatesa TRF per jet.

To estimate the badkground, eath event passingcuts with the leadingpr jet b-tagged is weighted by the TRF
corresponding to the second-leadingpr jet. Figure 1 illustrates the jet-based TRF asa function of the secondleading
jet pr, for jets in the three dierent -bins.

Becausethe TRF is applied to the single-taggeddata sample, which is lessrich in heavy- a vor jets than the data
sampleto which it is compared(the double b-taggeddata), any di erences in either the jet-energy-scaleof heavy- a vor
jets as opposedto gluon and light-quark jets or their natural invariant massspectrum will result in a shift of the
invariant massdistribution expected for the badkground, as comparedto the data. This shift is rst obsened and
measuredusing an untaggel data sample. A TRF is derived for the untagged data and applied back to the untagged
data, and then comparedto the actual single-taggeddata. The shift which is derived is called the \O! 1" correction,
which is then subtracted from the expected badkground in the double-taggeddata sample. This correction relies on
the fact that ead successie btag that is required increasesthe fraction of heavy- a vor by the sameamount. This is
veri ed by comparing the data with MC bb everts.

This method also makes an additional correction for the e ects of Z | bb events which are presen in both
the untagged and single-taggeddata samplesfrom which the 0! 1 correction and the single-tag TRF are derived,
respectively. A signal peakis rst measuredin double-taggeddata, including the 0! 1 correction. The number of
evernts which would exist from this signal peak in the untagged and single-taggeddata samplesis then extrapolated
usingaZ ! bbMC samplewith no, one,and two b-tags required. The signal peak, measured in data, is then scaledup
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FIG. 1: The TRF's derived on the single-tagged data sample, which are usedto estimate the double-tagged background. Each
TRF is a function of corrected jet pr in one of three -bins: < 1:1 (black), 1:1< < 1.5 (blue), and 1.5< < 2:5(green).

by thesefactors and subtracted from the untagged and single-taggedsamples. Then the TRF and the 0! 1 correction
are re-derived, the expectedbackground in the double-taggeddata is re-calculated, and a new signal peakis obsened.
This correction processis then repeated, using the new signal peak to estimate the Z ! bb everts in the untagged
and single-taggeddata samples,a total of three times, after which the correction and signal peak are stable. E ects
of contributions from W! cs production and decay have beeninvestigated and determined to be small.

A. The 0! 1tag Shift

The shift in the invariant massspectrum of the di-jet system causedby applying a single b-tag is rst measured.
Later this will be subtracted from the estimated badkground of the double b-tagged data. A TRF is derived on the
untagged sample and re-applied to the sameuntagged data sample, to predict the badkground to the single-tagged
data sample, as shown in Figure 2. A comparisonis also shown in this gure to the bb MC di-jet invariant mass
spectrum (which was normalized using double-taggeddata). The bb events make up about 10% of the single-tagged
data sample,as opposedto about 2% in the untaggeddata sample. The small contribution of Z ! bbexpectedin the
single-taggeddata is also shavn. Most of the everts in the single-taggeddata sample contain only gluon/ligh t-quark
jets.

The di erence betweenthe single-taggeddata and the expected background from the TRF is shown in Figure 3.
A comparison of the background-subtracted single-taggeddata to the MC Z ! bbinvariant massdistribution shows
that it is not the result of a signal peak in the single-taggeddata, but rather an overall shift in the invariant mass
distribution. As mentioned above, this shift is understood to comefrom either a di erence betweenthe gluon/ligh t-
quark and the b-quark jet energyscalefactors or a di erence in the ratio of true cross-sectionof heavy- a vor jets to
light-jets as a function of di-jet invariant mass.

B. The 0- and 1l-tag Z Peak Correction

The untagged and single-taggeddata samplescortain signal events, which will now be corrected for. The signal
peak obsened in double-taggeddata, after subtracting the estimated background using the TRF method, is scaled
up by a factor of 6.5, which is the ratio of single-taggedto double-taggedevents in the Z ! bb MC sample. It is
important to note that the MC is only usedfor an overall normalization (the b-tagging e ciency), and doesnot a ect
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FIG. 2: Comparison between the single-tagged data and the background expected using the TRF method. Comparisons are
also shown to the bb MC di-jet invariant mass spectrum (which was normalized using double-tagged data) and to the Z ! bb
MC di-jet invariant massspectrum. The rest of the events are thought to be gluon/ligh t-quark jet events.
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FIG. 3: Dierence betweenthe single-taggeddata and the background expected using the TRF method, a measureof the 0! 1
tag shift, which will be subtracted from the expected double b-tagged data (after proper normalization). The di erence is also
shown after correcting for the expected Z ! bb events in the untagged and single-tagged data samples, using the methods
described below in Section IV B.

the shape of the signal peak. This scaledsignal peakis then divided (bin by bin) by the single-tagdata, to determine
the estimated fraction of Z ! bb everts in eadt bin of the single-tag data.

The expected fraction of Z ! bb events in eadt invariant massbin is then subtracted from the signal-taggeddata
(the events are weighted by 1-f, where f is the fraction of Z ! bb expected). Then the TRFs are re-derived and
re-applied to this corrected, weighted, single-taggeddata. The 0! 1 tag correction is also re-derived, using the same
principles to estimate the fraction of Z ! bbin the untagged data sample. The e ect from Z ! bb events in the
untagged sample s relatively small, as expected, so the modi cation to the 0! 1 tag correction is slight, as seenin
Figure 3.

Sincethe size and shape of the original Z peak in data changesslightly after the correctionsto the untagged and



single-taggeddata, the corrections themseles can be re-derived using the new Z peak obsened. A solution is stable
after only a few iterations, which results in the nal Z peak and set of corrections.

C. Applying to Data

The nal Z ! bb peak derived from data, after all corrections, is consideredto be the di erence between the
badkground-subtracted double-taggeddata and the correctedQ! 1tag shift. This invariant massdistribution di erence
is shawn in Figure 4, and comparedto the shape of the Z ! bb distribution in MC.
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FIG. 4: The nal Z ! bbpeakderived from data, after all corrections (points with error bars, black), compared to the shape
of the Z ! bbdistribution in MC (histogram, blue).

The peakin data is t to a Gaussiandistribution, which describesthe shape of the Z ! bb peak well in MC. Both
the mean (81.0 2.2 GeV) and width (10.7 2.1 GeV) of the distribution obsened for data are comparableto those
derivedfrom Z ! bbMC: 83.3GeV and 13.0 GeV, respectively.

In the peak, 1168 217Z ! bbevents are obsened, where the error is taken from the uncertainty on the height of
the Gaussiant. The total number of everts expectedfrom Z I  bbMC cannot be estimated very accurately, because
the data were not selectedby a given trigger. However, in a trigger-selected subset of the data, a peak containing
651 174Z ! bbeverts is obsened, comparedto an expectation of 754 151events, indicating that the rate obsened
is compatible with expectations from SM production.

V. SYSTEMA TICS

Two types of systematic uncertainties are studied: those in uencing the selection e ciency for signal, and those
which modify the shape, size, or location of the signal peak which is derived in data.

For the signal e ciency , the dominant sourceof uncertainty is the trigger e ciency , estimated to be 80%, with an
uncertainty of 20%. Changing the b-tagging e ciency by 1 modied the signal e ciency , measuredin MC, by

12%. A 7% uncertainty is assigneddue to the requiremert that there not be a third jet above threshold (8 GeV)
in the event, measuredby moving the third jet threshold to 10 GeV and re-measuringthe signal e ciency . As the
relative data/MC jet energyscaleis varied by 1 , the signal e ciency changesby +8% and -6%, respectively, due
to the requirement of having 2 jets with pr>20 GeV. Of course,the signal peak position is linearly sensitive to the
data JES. The uncertainty on the peak position due to standard JES uncertainty is about 4%. Other uncertainties
due to primary vertex requiremerts and selection are negligible. The total signal e ciency uncertainty is thus
about 25%.



The changein the signal peakwasobsenedwhenvaryingthe Z ! bbTRF correction factor, and the 0! 1 correction
factor, by 50% ead. The signal peak mean and width shift by a negligible amount when adjusting the amount of
Z! bbin the TRFs. The signal sizevariesby 113 evernts, or 10%. The signal peak mean shifts by 4 GeV when
modifying the amount of 0! 1 correction applied, or about 5%. The signal peak width is not changedmuch. And the
signal sizevaries by +10,-0%, or about 100events in the positive direction only. The total signal peak size systematic
uncertainty is thus about 13%, the peak meanabout 4%, and the width is dominated by statistical uncertainty.

VI.  CONCLUSIONS

We have extracted a Z ! bb signal in approximately 300 pb * of data, with an excessof 1168 217 (stat.)

150(sys.) everts obsened over the QCD badkground. Adding statistical and systematic uncertainties in quadrature
gives1168 264 events, an excesof about 4.4 . The position and width of the obsened masspeak are in agreemet
with MC expectations. The expected number of events, after trigger selections,is alsoin good agreemet with the
excessobsened in a trigger-selecteddata subset.

Thanks to new, dedicated,Z ! bbtriggers and additional integrated luminosity, we have already collecteda seeral
times larger data sample which is now being analyzed. The larger statistics from this sample is expected to not
only provide a larger Z ! bb peak but also enable a better badkground determination, thus enabling a precision
measuremei
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