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We present the results of a measurement of the W=+ bb b-jet cross-section at the CDF experi-
ment. The cross-section is defined to be proportional to the number of b-jets from W=+ bb events
with one or two jets, and a leptonically decaying W* with decay products passing kinematics
cuts (pr(£¥) >20.0 GeV, [n(f*)| <1.1, pr(v) >25.0 GeV). The cross-section is measured to be
0.90+0.20(stat.)£0.26(syst.)pb.

I. INTRODUCTION

This note describes a measurement of the b-jet cross section for W*+bb events produced in pp collisions at /s = 1.96
TeV with the CDF detector at the Fermilab Tevatron. W*+bb refers to the production of a W boson simultaneously
with the production of a pair of bb quarks that predominantly come from gluon splitting, as shown in Figure 1. The
measurement uses secondary vertex tagging for b-jet identification in order to enrich the data sample in events where
W*4bb was produced. This measurement provides a test of the QCD calculations of the W ¥+ bb cross section [1], and
also allows for a new determination of this process which is of much importance as a background source in Standard
Model Higgs and Single-Top analyses.

The CDF detector is described in detail in [2].
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FIG. 1: Leading-Order (LO) Feynman diagram for W*+ bb production.



II. DATA SAMPLE & EVENT SELECTION

This analysis is based on an integrated luminosity of 695 pb~! collected with the CDFII detector between March
2002 and May 2005. The data are collected with an inclusive lepton trigger that requires an electron with Ep >18
GeV or a muon with pr >18 GeV/c. From this inclusive lepton dataset we select events offline with a reconstructed
isolated electron Er (muon Pr) greater than 20 GeV, missing transverse energy (Er) >25 GeV and 1 or 2 calorimeter
jets with Ep >20 GeV and within |n| <2.0 [3]. The calorimeter jets (i.e.- formed from calorimeter towers using a
cone-algorithm with radius=0.4) have had their energies corrected for several effects such that their energy should be
equal, on average, to the energy of the underlying hadrons that formed theml[4].

The dataset selected above, called “lepton+jets”, is dominated by the production of W bosons accompanied by
multiple jets that typically originate from light-flavor (u, d, s) quarks and gluons. To improve the signal to background
we identify events with one or more b-jets (i.e. - jets originating from the production of b quarks) by searching for
decays of B hadrons, identifiable due to their significant lifetimes, inside jets. The technique we use to identify these
long-liftetime decays is called secondary vertex tagging, or SECVTX.

The identification of jets containing the decays of B hadrons (b-decays) relies on the fact that these hadrons have
lifetimes long enough to allow them to travel several millimeters before decaying. Charged particle tracks that have
an impact parameter, dg, that is significantly removed from the primary pp interaction point are fit to a common
secondary interaction point. In order for a jet to be identified as coming from a b-decay, or tagged, by this algorithm
it must contain at least two tracks that are significantly displaced from the primary interaction point.

III. METHOD

The main idea in this analysis is to measure the cross-section for W*++ bb in a manner that is minimally dependent
on theoretical models of this process. The leading-order (LO) predictions for W*+heavy flavor processes (W= + bb,
W*+ ce, W+ ¢) are thought to suffer from large uncertainties due to next-to-leading-order (NLO) effects and
also because of the non-negligible masses of the quarks involved in the calculations[5]. Since the Monte Carlo (MC)
predictions for these W*+heavy flavor processes could have significant uncertainty in their distribution of events
among the different jet multiplicity bins, our method avoids reliance on this variable to isolate the signal and instead
focuses on the properties of jets that are tagged by the SECVTX algorithm.

A. SECVTX Mass Fit

Not all of the jets tagged by the SECVTX algorithm are actually due to true b-decays, due to material interactions,
long-lived light-flavor decays, and resolution of the detector. The number of tagged jets in the selected data sample
that are due to true b-decays is determined by fitting the SECVTX mass, which is the invariant mass of all the tracks
that form the secondary vertex, of the jets with templates for different quark flavors. The SECVTX mass has excellent
discriminating power between jets originating from bottom, charm, and light-flavor decays as shown in Figure 2. A
negative-log likelihood fit is performed to find the value of the fraction of tagged jets due to b-jets, as shown in Figure
3.

The SECVTX mass fit indicates that 32.843.4%, or 415.74+43.2 jets (statistical uncertainty only), of the tagged
jets in the selected data sample are due to true b-decays. To isolate the portion of these 415.7 tagged b-jets that are
due to W*+ bb production, we estimate the number of tagged b-jets from a wide variety of background processes and
subtract them from the total. After subtracting backgrounds the number of tagged b-jets from W=+ bb should be
determined, and correcting this for efficiency and acceptance factors gives us a cross-section that can be compared to
theoretical predictions.

B. W%+ bb Acceptance

The total acceptance, which is an estimate of the efficiency of our selection criteria on true W*+bb events, is obtained
using LO W+ bb + N parton (N =0,1,2 partons beyond the bb pair) MC made using the Alpgen generator[6]. The
acceptance is defined as the number of calorimeter b-jets from W=+ bb events passing all selection (except tagging)
with 1 or 2 calorimeter jets divided by the number of hadron b-jets from W= + bb events with 1 or 2 hadron jets
before applying any selection. Hadron jets, which are included in this analysis to test the earlier statement that our
corrected calorimeter jets should be equal in energy to the hadrons that produced them, are formed in MC samples
by running the jet algorithm over final-state hadrons from the shower evolution programs.
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FIG. 2: Templates of SECVTX mass for tagged jets matched to different flavors. Using MC, tagged jets are matched to

different flavors of hadrons using a cone of AR <0.4. If a jet is matched to both a bottom and charm hadron, it is included in
the bottom jet template.
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FIG. 3: Results of a negative-log likelihood fit of the templates of Figure 2 to the tagged jets in the data that passes all selection
criteria. The likelihood fit indicates that 32.843.4% of the tagged jets (415.74+43.2 tagged jets) originate from b-decays.

We factorize the acceptance into two terms, Ajer and Agelection, t0 separately examine the effects of selection and
to test the claim about the equivalence of hadron jets and corrected calorimeter jets. Aje; is the ratio of the number
of calorimeter b-jets to the number of hadron b-jets before any selection (for events with 1 or 2 hadron/calorimeter
jets), and it should be very close to unity if the claim about corrected calorimeter jets is true. Agelection 1S the ratio
of the number of calorimeter b-jets after selection to the number of calorimeter b-jets before selection, and it tells us
the efficiency of the cuts we apply.

Finally, the MC used in this analysis has had a parton-jet matching scheme applied to eliminate the possibility of
over-representing regions of W*+bb phase-space. The final acceptance values for each trigger channel are derived from
a weighted sum over the individual W=*+ bb+N parton MC samples, with the weight provided by the contribution of
each sample to the overall W* 4 bb generator-level cross-section. Table I summarizes the calculation of the W*+ bb



acceptance.

Process Trigger Ajet Aselection A= -Ajet - Asel. Atrig
WE (= e*v) + bb+0p| CEM [0.95240.0060.538+0.004| 0.512-£0.005 |0.505+0.007
W*(— ev) + bb+1p| CEM [0.95140.005|0.51740.004| 0.49240.005
W=*(— ev) + bb+2p| CEM [0.971+40.008 |0.48540.005| 0.47140.006
Wi(—> uFv) 4 bb+0p | CMUP [0.953+0.006 | 0.320+£0.003| 0.30540.003 |0.30140.004

W (= p*v) + bb+1p | CMUP [0.955+0.006 |0.30740.003 | 0.29340.003
WE(— Mi ) + bb+2p | CMUP |0.976-£0.008|0.28640.003 | 0.279+0.004
WE(— pFv) + bb+0p| CMX [0.95340.006[0.134£0.002] 0.12840.002 |0.12740.002
W (— pFv) + bb+1p| CMX |0.95440.006 [0.130-£0.002| 0.1244:0.002
W (— pFv) + bb+2p| CMX |0.97640.008 [0.126-£0.002| 0.1234:0.002

TABLE I: Acceptance values for main I/Vj:—i— bb MC samples. The last column contains the final acceptance, derived from a
weighted sum over the individual W* 4 bb+N parton samples. Ajet is very close to unity for all samples, which indicates that
the corrected calorimeter jets are doing a good job of describing the energy of the underlying hadrons that were produced.

C. Efficiencies

The measured number of b-jets from W=+ bb in the selected data will be corrected by several efficiency factors
that are estimated from a combination of data and MC. The trigger used to identify events with high Er electrons
has an efficiency of 0.9755+0.0055, while the trigger used to identify events with high p;r muons has an efficiency of
0.9157+0.0031 for CMUP muons and 0.962340.0028 for CMX muons. An efficiency of 0.955540.003 is applied to
correct for the fraction of pp collisions that occur outside of the fiducial (|zy| <60cm) region of the Central Outer
Tracker. Possible differences in the efficiency to identify electrons and muons in MC versus in data, which would
alter our estimates of W= 4 bb acceptance, are accounted for by applying a factor of 0.981040.0030 for electrons,
0.9472+0.0043 for CMUP muons, and 1.0014+0.0178 for CMX muons.

The efficiency to tag a b-jet in W* 4 bb events with 1 or 2 jets, €b—tag, s determined in MC by calculating the
fraction of b-jets that pass all selection criteria that are also tagged by the SECVTX algorithm. As in the acceptance
calculation, €,_¢,g receives weighted contributions from all available W=*+bb + Nparton MC, yielding a final value of
0.3710.029.

IV. BACKGROUNDS

A combination of data and MC is used to estimate the total number of tagged b-jets from sources other than W*+bb
that can pass all selection criteria.

A. QCD Background

The dominant background process is that from QCD multijet production, in which there is no real W= production
in the initial hard scatter but due to a combination of jets faking leptons, mismeasured jet energy, or semileptonic
b-decays these events can pass all selection criteria. A four-sector method is used to estimate the number of QCD
events that pass all selection criteria and end up in our chosen data sample. The four-sector method assumes that the
Fr and lepton isolation in QCD events are uncorrelated, and divides the two-dimensional plane of these two variables
into four sectors (one of which is the signal region). The number of QCD events in the three non-signal sectors are
then used to estimate the number inside the signal region using the uncorrelated assumption. This procedure yields
an estimate of 161.54+40.5 QCD events that pass all selection and have 1 or 2 calorimeter jets, at least one of which
is tagged by the SECVTX algorithm.

To estimate the number of tagged b-jets from QCD, we fit the SECVTX mass distribution of tagged data events
with £ <15.0 GeV and high lepton isolation (>0.2), which should be dominated by QCD events. The b-fraction
obtained for these events, 624+6% for electrons and 71+8% for muons, is applied to the respective electron and muon
pieces of the tagged QCD event estimate from the four-sector method. This procedure yields 102.6+27.6 tagged b-jets
from QCD events in our signal region.



B. MC-Derived Backgrounds

MC samples are used to estimate the remaining non-W= 4 bb sources of tagged b-jets in the selected data sample.
The MC samples have been simulated using CDF software, and the predicted number of tagged b-jets is estimated
assuming the same luminosity as the data sample. Table IT summarizes the non-W =+ bb processes considered in these
calculations, their theoretical cross-sections, and the final estimated number of tagged b-jets each contributes to the
signal region.

Process Cross-Section (pb)|Tagged b-jets (142 jet events)

WE (= 7v) + bb 2.998+0.083 5.84+0.32
wEW* 12.44+0.25 0.74 £ 0.17

w*z 3.96-£0.06 6.88 £ 0.32

Z7 1.58+0.02 0.23 + 0.04
Single-top (s-channel) 0.88+0.05 18.69 £ 0.62
Single-top (t-channel) 1.98+0.08 28.01 + 0.67
Z(— £Y67) 4 bbt 0.537640.0008 2.43 + 0.16
Z(— 77) 252.049.0 2.68 + 1.03

tt 6.7+0.7 57.22 £ 3.55

Total - 122.72 4+ 3.84

TABLE II: Summary of tagged b-jets from MC sources. Uncertainties shown are those due to MC statistics and generator-level
cross-section.

V. SYSTEMATIC UNCERTAINTIES

Many sources of systematic uncertainty were investigated, the results of which are summarized in Table III.

[ Variable | Source [Aoy < 5(%)]
Nfit Dijet Mass Study 13.9
Light-Flavor Model 11.1
Double HF 7.4
MC Statistics 2.2
nQcop MET vs. Isol. 13.5
QCD Model 5.3
Dijet Mass Study 3.7
Light-Flavor Model 0.5
nyc b-tag Scale Factor 6.0
Luminosity 3.9
MC Statistics 2.0
€b—tag b-tag Scale Factor 8.7
Denominator Luminosity 6.0
Jet Energy 5.9
Herwig/Pythia 3.8
PDF 3.5
Collision Q? 1.6
Trig. Efficiencies 0.33
Lepton ID 0.33
zo Efficiency 0.31
[ Total | [ 288 |

TABLE III: Final systematic uncertainties in the calculation of the W= + bb cross-section.

The leading source of uncertainty is due to possible differences in the MC modeling of the SECVTX mass of b-jets
with respect to the same shape for b-jets in the data. The SECVTX mass shapes of MC b-jets and jets from a double-
tagged dijet data sample, which is estimated to be ~92% pure in its b-jet content, are compared after subtracting
the estimated shape of c-jets and light-flavor jets from this data. Any shape difference in this comparison is used to



smear the b-jet templates used in the fit of the lepton+jets data sample, and the subsequent change in the measured
b-fraction results in a 13.9% systematic uncertainty on the W 4 bb b-jet cross-section. The effect also alters the
estimation of the number of tagged b-jets from QCD events, which also relies on a SECVTX mass fit, leading to an
additional 3.7% systematic uncertainty on the cross-section.

The estimation of the number of tagged b-jets from the QCD process suffers from large uncertainties. The four-sector
method of QCD event estimation contributes an uncertainty of 13.5%, derived by varying the boundaries used in the
four-sector calculation and recording the shifts in event estimates, to the W* 4 bb cross-section. The determination
of the b-fraction of tagged QCD events leads to a 5.3% uncertainty, derived by fitting the SECVTX mass of different
regions of the Er versus lepton isolation plane and recording the shifts in b-fraction, in the W* 4 bb cross-section.

The modeling of the SECVTX mass of light-flavor jets contributes an 11.1% uncertainty which is estimated by noting
the differences obtained in the result when using light-flavor jets from MC samples versus using negatively SECVTX
tagged jets from the data (which are dominated by light-flavor jets). Fluctuating the fraction of our SECVTX mass
templates that are due to jets containing one versus two heavy-flavor hadrons by 10%, which causes small differences
in the shape, leads to a 7.4% systematic uncertainty.

Differences between the expected SECVTX tagging efficiency in Monte Carlo versus that in data leads to a 8.7%
systematic uncertainty on the cross-section from the W*+bb b-jet tagging efficiency estimate and 6.0% uncertainty on
the cross-section from the estimate of the number of tagged b-jets from background processes. The luminosity recorded
at CDF has a 6% uncertainty which is present in the final W*+ bb cross-section, and this effect on the estimate of
background b-jet processes also produces an additional 3.9% uncertainty in the ﬁnal cross-section. The cross-section
denominator also contributes additional systematics due to jet-energy uncertainty (5.9%), differences obtained when
using Herwig versus Pythia to shower Monte Carlo samples (3.8%), choice of generator parton distribution function
(3.5%), Q? form in the evaluation of the initial hard-scattering process (1.6%), trigger efficiencies (0.33%), lepton
identification scale factors (0.33%), and z-vertex efficiency (0.31%)[7, 8].

VI. RESULTS

We calculate the cross section as

Np—jets (ﬁt) — Np—jets (bkgd) (1)
€X Ayiy g x [ Ldt

Oyriyy X BROWE — Fv) =

where the denominator is summed over the different trigger leptons (CEM, CMUP, CMX) that are used in the
analysis. np_jes(fit) is the number of tagged b-jets returned in the fit of the data (415.7+43.2), and np_jers(bkgd)
(which receives contributions from QCD, ngcp, as well as MC-derived sources, ny¢) is the total number of expected
background b-jets (225.3+32.2). The cross-section defined in Eq. 1 is proportional to the number of b-jets in W*+ bb
events with 1 or 2 jets. The final W=+ bb b-jet cross-section is found to be:

0.90 £ 0.20 £ 0.26 pb,

where the first uncertainty is statistical and the second is systematic. This result is found to be in good agreement
with LO Alpgen predictions, which yield a value of 0.7440.18pb.
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