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A search has been performed at D@ for Z — bb decays using the initial 300 pb~! of data from Run
II. Candidate events are selected by triggering on muons from the semileptonic decay of b quarks.
Trigger and offline 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
excess of 1168+ 217 (stat.) £150 (sys.) events are observed over the QCD background, an excess of
about 4.40. The mean and width of the observed peak are in agreement with the Standard Model
prediction from Z — bb, as simulated in MC. The observed event excess in a trigger-selected data
subset is also in agreement with the number of expected events from Z — bb, after accounting for
trigger and selection efficiencies.
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I. MOTIVATION

The measurement of Z — bb is an important ingredient of the Run II physics program at D@. Z — bb is an
essential tool in the calibration of b-jets, which affects much of the high pp physics studied at the Tevatron. The
current uncertainty on the b-jet energy scale - of the order of 3% - dominates the uncertainty on the mass of the top
quark. In addition, Z — bb can be used to better understand the b-jet energy resolution. Z — bb also serves as an
important benchmark signal for Higgs physics, since it is the closest observable process to 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
accumulation of a significant Z — bb signal possible during Run II at D@. The main challenge is to sufficiently reduce
the QCD backgrounds such that bb events from the Z can be observed, without biasing the shape of the signal. To
this end, careful analysis techniques are critical and effective triggers must be employed. This paper describes the
first search for Z — bb at D@ in Run II of the Tevatron collider.

II. EVENT SAMPLES

The data used in the analysis come from the “BID” data subset, processed and fixed with the p14 versions of the
reconstruction software with PASS2 corrections and has the following properties:

e A “loose” offline reconstructed muon in each event, with pr > 4 GeV/c, matched within AR <0.7 to a Run II
cone jet [4] of radius 0.5. This requirement enhances the fraction of heavy-flavor events due to the decays of
b— pand b— c— p.

e Contains about 90 million events and corresponds to an integrated luminosity of about 300 pb~!.
The following run selection is imposed to ensure data quality:

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

e Runs with bad central tracking system information (SMT and CFT) are excluded.

In addition, MC was generated for Z — bb signal with Pythia, overlaid with an average of 0.8 minimum bias
events, passed through a full GEANT simulation of the detector, and processed with version p14 of the reconstruction
software.

The data and MC samples are processed using a custom ROOT ntuple-generating package (higgs_multijet). Jet
energy scale (JES) corrections are applied to all jets, including corrections for muons in jets, using version 5.3 of the
JES correction software. No specific b-jet energy scale corrections are applied, as no officially approved such correction
yet exists.

Monte Carlo events are corrected to account for the b-tagging efficiency and jet measurement effects observed in
data. Jet energies are smeared to accurately reflect the jet energy resolution measured in data, and event weighting
is applied in order to account for the fact that jet reconstruction/identification and b-tagging are less efficient in data
than MC.

A. Triggers

Z — bb events are characterized by the presence of two b-tagged jets. Light quark rejection is needed at the trigger
level, prior to any offline event selection, in order to achieve an acceptable trigger rate at instantaneous luminosities
in excess of 50 x 103%m~2s~. Without this rejection the data would have to be undesirably prescaled, and candidate
events would be thrown away.

Ideally one would trigger on di-jet events with displaced vertices at Level 2; such a capability is however only since
recently 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 selected at the first 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 efficiency however, because of the
small b — p branching fraction[5].



IIT. EVENT SELECTION

There are few kinematic handles with which to discriminate between the Z — bb signal and the QCD bb background.
The two most powerful variables, besides the invariant di-jet mass, are the number of jets in the event, nje;, and the
angular separation of the two leading b-jets in the plane perpendicular to the beam, Ay. Both of these variables are
sensitive to the prediction that QCD background, due to the color connection between initial and final state in the
QCD processes, should have more gluon radiation. With this in mind, candidate events are selected offline using the
following prescriptions:

e The event must contain two, and only two, good quality jets.
e The two jets must both have |  |< 2.5 and JES corrected pr > 20 GeV.
e For b-tagging, the two jets must both be taggable.

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

e The two jets must both be “loose” SVT-tagged (using the standard pl4 definitions).

e The two b-jets must be roughly back-to-back in the plane perpendicular to the beam-line, i.e. Ay > 2.5 radians.

The b- / light-jet fraction is about 10% after a single b-tag requirement. After requiring a double offline b-tag in
the data, the light-quark QCD background component is reduced to about 10% of the sample. However, a large
heavy-flavor component remains which still swamps the signal; S:(S+B) is of the order of 1:30.

IV. BACKGROUND SUBTRACTION

Understanding the shape of the background to the Z — bb signal in the double b-tagged data sample is central
to this analysis. The background is composed of heavy-flavor di-jet production and mis-tagged gluon/light-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 background is derived from data, using either single-tagged and/or
untagged events.

We use a tag rate function (TRF) to estimate the shape of the double b-tagged background in the data. We measure
the tag ratio of double to single b-tags as a function of jet pr and jet 1 to form the TRF. The TRFs are applied, as
an event weight, to the single tagged events. A similar approach was adopted for the D@ Run II hbb analysis [2].
Consider those events in which the first-leading-pr jet is b-tagged. For these events, the second-leading-pr jet is
categorized according to its location in one of three different eta regions of the detector:
In]<11,1.1<|n|<1lband 1.5 < |n| < 25. For each n region, the TRF is then parameterized as a function of
the pr of the second-leading-pr jet. This generates a TRF per jet.

To estimate the background, each event passing cuts with the leading-pr jet b-tagged is weighted by the TRF
corresponding to the second-leading-pr jet. Figure 1 illustrates the jet-based TRF as a function of the second leading
jet pr, for jets in the three different 7-bins.

Because the TRF is applied to the single-tagged data sample, which is less rich in heavy-flavor jets than the data
sample to which it is compared (the double b-tagged data), any differences in either the jet-energy-scale of heavy-flavor
jets as opposed to gluon and light-quark jets or their natural invariant mass spectrum will result in a shift of the
invariant mass distribution expected for the background, as compared to the data. This shift is first observed and
measured using an untagged data sample. A TRF is derived for the untagged data and applied back to the untagged
data, and then compared to the actual single-tagged data. The shift which is derived is called the “0—1" correction,
which is then subtracted from the expected background in the double-tagged data sample. This correction relies on
the fact that each successive b-tag that is required increases the fraction of heavy-flavor by the same amount. This is
verified by comparing the data with MC bb events.

This method also makes an additional correction for the effects of Z — bb events which are present in both
the untagged and single-tagged data samples from which the 0—1 correction and the single-tag TRF are derived,
respectively. A signal peak is first measured in double-tagged data, including the 0—1 correction. The number of
events which would exist from this signal peak in the untagged and single-tagged data samples is then extrapolated
using a Z — bb MC sample with no, one, and two b-tags required. The signal peak, measured in data, is then scaled up
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FIG. 1: The TRF’s derived on the single-tagged data sample, which are used to estimate the double-tagged background. Each
TRF is a function of corrected jet pr in one of three n-bins: n < 1.1 (black), 1.1 < n < 1.5 (blue), and 1.5 < 7 < 2.5 (green).

by these factors and subtracted from the untagged and single-tagged samples. Then the TRF and the 0—1 correction
are re-derived, the expected background in the double-tagged data is re-calculated, and a new signal peak is observed.
This correction process is then repeated, using the new signal peak to estimate the Z — bb events in the untagged
and single-tagged data samples, a total of three times, after which the correction and signal peak are stable. Effects
of contributions from W—cs production and decay have been investigated and determined to be small.

A. The 0 — 1 tag Shift

The shift in the invariant mass spectrum of the di-jet system caused by applying a single b-tag is first measured.
Later this will be subtracted from the estimated background of the double b-tagged data. A TRF is derived on the
untagged sample and re-applied to the same untagged data sample, to predict the background to the single-tagged
data sample, as shown in Figure 2. A comparison is also shown in this figure to the bb MC di-jet invariant mass
spectrum (which was normalized using double-tagged data). The bb events make up about 10% of the single-tagged
data sample, as opposed to about 2% in the untagged data sample. The small contribution of Z — bb expected in the
single-tagged data is also shown. Most of the events in the single-tagged data sample contain only gluon/light-quark
jets.

The difference between the single-tagged data and the expected background from the TRF is shown in Figure 3.
A comparison of the background-subtracted single-tagged data to the MC Z — bb invariant mass distribution shows
that it is not the result of a signal peak in the single-tagged data, but rather an overall shift in the invariant mass
distribution. As mentioned above, this shift is understood to come from either a difference between the gluon/light-
quark and the b-quark jet energy scale factors or a difference in the ratio of true cross-section of heavy-flavor jets to
light-jets as a function of di-jet invariant mass.

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

The untagged and single-tagged data samples contain signal events, which will now be corrected for. The signal
peak observed in double-tagged data, after subtracting the estimated background using the TRF method, is scaled
up by a factor of 6.5, which is the ratio of single-tagged to double-tagged events in the Z — bb MC sample. It is
important to note that the MC is only used for an overall normalization (the b-tagging efficiency), and does not affect



70000 :
i ____histes 1
[ Entries 909770
60000 [
50000 |-
; Background from TRF
40000 :— /
30000 |
20000 [ bb MC (pT>40 GeV)
: Z->bb MC
10000 [
0 [ » "6--a=======-== _______
50 100 150 200 250 300 350 400
my, (GeV)

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 mass spectrum. The rest of the events are thought to be gluon/light-quark jet events.
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FIG. 3: Difference between the single-tagged data and the background expected using the TRF method, a measure of the 0—1
tag shift, which will be subtracted from the expected double b-tagged data (after proper normalization). The difference 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 scaled signal peak is then divided (bin by bin) by the single-tag data, to determine
the estimated fraction of Z — bb events in each bin of the single-tag data.

The expected fraction of Z — bb events in each invariant mass bin is then subtracted from the signal-tagged data
(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-tagged data. The 0—1 tag correction is also re-derived, using the same
principles to estimate the fraction of Z — bb in the untagged data sample. The effect from Z — bb events in the
untagged sample is relatively small, as expected, so the modification to the 0—1 tag correction is slight, as seen in
Figure 3.

Since the size and shape of the original Z peak in data changes slightly after the corrections to the untagged and



single-tagged data, the corrections themselves can be re-derived using the new Z peak observed. A solution is stable
after only a few iterations, which results in the final Z peak and set of corrections.

C. Applying to Data

The final Z — bb peak derived from data, after all corrections, is considered to be the difference between the
background-subtracted double-tagged data and the corrected 0—1 tag shift. This invariant mass distribution difference
is shown in Figure 4, and compared to the shape of the Z — bb distribution in MC.
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FIG. 4: The final Z — bb peak derived from data, after all corrections (points with error bars, black), compared to the shape
of the Z — bb distribution in MC (histogram, blue).

The peak in data is fit to a Gaussian distribution, which describes the shape of the Z — bb peak well in MC. Both
the mean (81.04+2.2 GeV) and width (10.74+2.1 GeV) of the distribution observed for data are comparable to those
derived from Z — bb MC: 83.3 GeV and 13.0 GeV, respectively.

In the peak, 11684217 Z — bb events are observed, where the error is taken from the uncertainty on the height of
the Gaussian fit. The total number of events expected from Z — bb MC can not be estimated very accurately, because
the data were not selected by a given trigger. However, in a trigger-selected subset of the data, a peak containing
6514174 Z — bb events is observed, compared to an expectation of 7544151 events, indicating that the rate observed
is compatible with expectations from SM production.

V. SYSTEMATICS

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

For the signal efficiency, the dominant source of uncertainty is the trigger efficiency, estimated to be 80%, with an
uncertainty of £20%. Changing the b-tagging efficiency by +1¢ modified the signal efficiency, measured in MC, by
+12%. A 7% uncertainty is assigned due to the requirement that there not be a third jet above threshold (8 GeV)
in the event, measured by moving the third jet threshold to 10 GeV and re-measuring the signal efficiency. As the
relative data/MC jet energy scale is varied by 1o, the signal efficiency changes by +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 requirements and A¢ selection are negligible. The total signal efficiency uncertainty is thus
about 25%.



7

The change in the signal peak was observed when varying the Z — bb TRF correction factor, and the 0—1 correction
factor, by £50% each. The signal peak mean and width shift by a negligible amount when adjusting the amount of
Z — bb in the TRFs. The signal size varies by 4 113 events, 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 changed much. And the
signal size varies by +10,-0%, or about 100 events in the positive direction only. The total signal peak size systematic
uncertainty is thus about +13%, the peak mean about +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 excess of 1168 4 217 (stat.)
+150 (sys.) events observed over the QCD background. Adding statistical and systematic uncertainties in quadrature
gives 1168 4 264 events, an excess of about 4.40. The position and width of the observed mass peak are in agreement
with MC expectations. The expected number of events, after trigger selections, is also in good agreement with the
excess observed in a trigger-selected data subset.

Thanks to new, dedicated, Z — bb triggers and additional integrated luminosity, we have already collected a several
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 background determination, thus enabling a precision
measurement.
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