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The inclusive cross section of top quark-antiquark pairs produced in pp collisions at /s = 1.96
TeV is measured with data in lepton+jets and dilepton final states. The data sample corresponds
to 9.7 fb~! of integrated luminosity recorded with the DO detector during Run II of the Fermilab
Tevatron Collider. We select lepton+jets events containing an isolated high-pr lepton, a large
imbalance in transverse momentum, and two or more jets. Dilepton final states are selected by
requiring two isolated high-pr leptons, a large imbalance in transverse momentum, and one or more
jets. We perform two cross section measurements and a combination of those: in the lepton+jets
decay channel we exploit topological variables and the multivariate output discriminant of the
b-jet identification combined in a multivariate analyses and in the dilepton decay channel we
employ the multivariate output discriminant of the b-jet identification. For a top quark mass
of 172.5 GeV, we measure a combined inclusive top quark-antiquark pair production cross section of:

o = 7.73 £0.13 (stat.) £ 0.55 (syst.)pb,
which is consistent with standard model predictions. We also perform a likelihood fit to the
measured and predicted top quark mass dependence of the inclusive cross section, which yields a
measurement of the pole mass of the top quark. The extracted value is: 169.575% (tot.) GeV.
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I. INTRODUCTION

The top quark, discovered by the CDF and D0 experiments in 1995 [1, 2], is the heaviest of all elementary particles
in the standard model (SM), with a mass of 174.3 + 0.7 GeV [3]. The production of top quark-antiquark pairs (¢?)
at the Fermilab Tevatron Collider is dominated by the quark-antiquark (gg) annihilation process. The measurement
of inclusive ¢t production cross sections provides a direct test of quantum chromodynamics (QCD), the theory of the
strong interaction. Inclusive ¢ production cross sections have been previously measured at the Tevatron [4, 5] and
the LHC [6, 7]. Compared to the previous DO result [4], the current measurement employs nearly a factor of two more
data and a refined analysis technique allowing for higher precision tests of perturbative QCD (pQCD). We determine
the pole mass of the top quark from the top quark mass dependence of the inclusive ¢ production cross section, so as
to get a theoretically well defined top quark mass.

Events are selected in the lepton+jets (¢+jets) and dilepton decay channels, where the lepton () refers to either an
electron or a muon. These channels corresponds to t£ — WbW ~b decays, where in the /+jets channel one of the two
W bosons decays leptonically (W — ¢v) while the other W boson decays hadronically (W — ¢¢’). In the dilepton
decay channel both W bosons decay leptonically. Both decay channels include small contributions from electrons and
muons stemming from the decay of 7 leptons (¢t — Wb — 7v,:b — Ly, b). The details of the event selection in the
two decay channels are discussed in section V.

II. MEASUREMENT STRATEGY

This measurement uses various Multi Variate Analysis (MVA) techniques [8], as implemented in TMVA [9], in order
to measure the inclusive cross section in the /+jets and dilepton decay channels. For the dilepton decay channel we
make use of the output distribution of the MVA that DO uses to identify jets that are likely to originate from b quarks
(b-tagged jets) [10]. This method is superior to a simple cut-and-count since each ¢t event contains two true b-quarks
from the decays of top quarks, and we refer to that method in the following as “MVA b-jet method ”. We construct a
topological discriminant for events in the /+jets decay channel to make the best use of the distinct kinematic structure
of top quark events along with b-tagging information, and in the following referred to as “MVA topological method
7. The details of these methods are described in Sec. VITA. We combine the results of the MVA b-jet method in the
dilepton decay channel with the ones provided by the MVA topological method in the ¢+jets decay channel in order
to get a combined inclusive tt cross section measurement.

III. MONTE CARLO SIMULATIONS AND QCD PREDICTIONS

Monte Carlo simulations are used to model the reconstruction of the observables, to estimate systematic uncertain-
ties associated with the measurements, and to simulate physics processes. Different MC event generators are used
to implement hard scattering processes based on leading-order (LO) and next-to-leading order (NLO) QCD calcula-
tions, and are complemented with parton shower evolution. To simulate detector effects, generated events (including
hadronization) are passed through a detailed simulation of the DO detector based on GEANT [11]. To account for
effects from additional overlapping pp interactions, events without any trigger requirements are selected randomly in
collider data and overlaid on the fully simulated MC events.

The tt samples are generated with MC@QNLO version 3.4 [12] or with ALPGEN version 2.11 [13], both produce only
on-shell top quarks. Single top quark production (¢ — tb,q'g — tqb) is modeled using COMPHEP [14]. For events
generated with MC@NLO, the parton showering is performed with HERWIG version 6.510 [15], whereas for ALPGEN and
COMPHEP parton showering is implemented by PYTHIA version 6.409 [16]. The parton distribution functions (PDF)
choice made in generating MC events is CTEQG6L1 [17], with the exception of MC@QNLO and the ¢-channel single top
process, where CTEQ6M [18] PDF's are used. For all the MC simulations involving the generation of top quarks, a
top quark mass of m; = 172.5 GeV is used. The difference with the current Tevatron top quark mass combination of
174.3 GeV [3] has negligible impact on the analysis. For the ¢t (+jets (£¢) decay channel the branching fraction B of
0.342 £ 0.004 (0.04 4+ 0.001) [43] is used, respectively. These values include electrons and muons originating from the
decay of 7 leptons (1, — lvv,).

Several QCD predictions for inclusive tf cross sections have been calculated at higher orders than those in-
cluded in the MC generators. The fully resummed NNLO QCD calculation (using m; = 172.5 GeV), finds oS =
7.3570-2% (scale + pdf) pb [19]. An approximate next-to-next-to-next-to-leading order (aNNNLO) calculations for
my = 173 GeV finds o7s = 7.37 £+ 0.39 (scale + pdf) pb [20]. Both use the MSTW2008NNLO PDF [21] and the scale
used to calculate the inclusive cross section is set to mg.
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A. Modeling of background contributions in the ¢+jets decay channel

The main background to ¢ production in the ¢+jets decay channel is the production of a W plus jets (W +jets).
It consists of events where one W boson is produced via an electroweak interaction, together with additional partons
from QCD processes. The W-+jets final state can be split into four subsamples according to parton flavor: Wb+ jets,
Wee + jets, We + jets and W+light jets (Wlip+jets), where light refers to gluons, u, d or s quarks. The W+jets
contribution dominates especially in the lower jet bin multiplicities. The LO ALPGEN cross sections are corrected
for NLO effects as provided by MCFM [22]: the W + jets cross section is multiplied by 1.30, and the cross sections
of W heavy flavor (WHF) processes are multiplied by an additional scale factor sWHF of 1.47 for Wbb + jets and
Wee + jets and 1.27 for We + jets. Apart from these theoretical corrections we constrain the absolute normalization
by employing the data as described later in Section VI. The pr distribution of the W boson in MC simulation is
reweighted to match the py distribution of the Z boson measured in D0 data [23] multiplied by the SM ratio of these
two distributions, which was calculated at NLO using RESBOS [24].

The second most dominant background contribution is due to multijet processes where a jet is misidentified as an
electron in the e+jets channel, or where a muon originating from the semileptonic decay of a heavy hadron appears to
be isolated in the pu+jets channel. More details and a brief discussion on the determination of the multijet background
is given in Sec. VI.

Other backgrounds include events from Z/y*+jets production, which includes Z bosons and virtual photons (y*)
decaying to electron, muon, or tau pairs. The LO ALPGEN predictions are similarly corrected using the NLO calculation
of MCFM. The Z/v*+jets cross section is multiplied by 1.30, whereas the heavy flavor component of the Z/v*+jets
cross sections ((Z/y*cé + Z/v*bb)+jets) by an additional 1.67 and 1.52, respectively. The simulated pr distribution
of the Z boson is reweighted to match the measured pr distribution in Z — £¢ [23].

The single top quark background consists of s- and t-channel single top quark production, which are normalized to
the NLO cross sections of 1.04 and 2.26 pb [25], respectively. As the single top quark background yields only a few
events passing all selection criteria described later, no effects are considered from the dependence of this background
on my.

Diboson production (WW, WZ and ZZ bosons) processes are normalized to NLO cross sections, calculated with
MCFM, of 11.62 pb, 3.25 pb and 1.33 pb, respectively.

B. Modeling of background contributions in the ££ decay channel

The backgrounds in the dilepton decay channel are in general smaller compared to the ¢+jets decay channel.
The dominant source originates from Z/v*+jets production, followed by events from diboson production. For both
processes the modeling employs the same implementation as described previously for the ¢+jets decay channel.

The third most dominant source of backgrounds are multijet events, with the determination briefly summarized in
Sec. VI.

IV. THE D0 DETECTOR

The DO detector [26] consists of several subdetectors designed for identification and reconstruction of the products
of pp collisions. A silicon microstrip tracker (SMT) [27, 28] and central fiber tracker surround the interaction region
for pseudorapidities! |n| < 3 and |n| < 2.5, respectively. These elements of the central tracking system are located
within a superconducting solenoidal magnet generating a 2 T field, providing measurements for reconstructing event
vertices and trajectories of charged particles. The SMT allows for a precision of 40 pm or better for the reconstructed
primary pp interaction vertex (PV) in the plane transverse to the beam direction. The impact parameter of typical
charged particle trajectories relative to the PV is determined with a precision between 20 and 50 um depending on
the number of SMT hits and particle momenta. The impact parameter and its measurement uncertainty are key
components of lifetime-based identification of jets containing b quarks. Particle energies are measured using a liquid
argon sampling calorimeter that is segmented into a central calorimeter covering |n| < 1.1, and two end calorimeters
extending the coverage to |n| = 4.2. Outside of the calorimetry, trajectories of muons are measured using three layers
of tracking detectors and scintillation trigger counters, and an iron toroidal magnet generating a 1.8 T field between

I The pseudorapidity n = — In [tan(6/2)] is measured relative to the center of the detector, and @ is the polar angle with respect to the
proton beam direction. The z-axis is pointing along the proton beam direction.
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the first two layers [29]. Plastic scintillator arrays are located in front of the end-calorimeter cryostats to measure the
luminosity [30]. The trigger and data acquisition systems are designed to accommodate the high luminosities of Run
11 [31].

V. EVENT SELECTION

This analysis is based upon the full Run IT data sample recorded by the DO detector at /s = 1.96 TeV. After applying
data quality requirements, the data correspond to an integrated luminosity of 9.7 fb~!. The general selection criteria
applied to both the ¢+jets and dilepton decay channels are summarized in the following list.

1. |zpv| < 60 cm of the center of the detector along the beam axis.
2. Number of tracks associated with the primary vertex greater or equal to 3.

3. After correcting the energy of the jet to the particle level [32] only jets with a transverse momentum pp > 20 GeV
and |n| < 2.5 are selected.

4. Jets which satisfy the b-tagging requirement are required to have at least two tracks coming from the PV. More
details for the individual decay channels are provided below.

5. Identified leptons [33, 34] are required to originate from the PV by demanding |Az(¢,PV)| < 1 cm.

6. To ensure that leptons are isolated, a distance AR = +/(An)? + (A¢)? between a lepton and a jet of
AR(¢, closest jet) > 0.5 is required.

Measurements in both decay channels require jets identified as originating from a b-quark by identifying them as
b-jet candidates (b-tagged) with a multivariate discriminant. The discriminant combines variables that characterize
the presence and properties of secondary vertices and tracks within jets. We do not impose any requirements on this
discriminant but directly employ it to measure the inclusive cross section as described in Sec. VII.

A. Event selection in the ¢4 jets decay channel

The selection requirements for the cross section measurement for the /+jets channel are very similar to the ones
described in Ref. [35] and are summarized briefly in the following list.

1. Exactly one isolated lepton with a transverse momentum pr > 20 GeV and |n| < 1.1 (for electrons) or |n| < 2
(for muons) is required. Events with more than one lepton are rejected.

2. The measurement of Fr is based on calorimetry, not including charged track momenta and we require Fp >
20 GeV.

3. For the u+jets sample we remove misreconstructed muons by requiring upper limits on the transverse mass of
the reconstructed W boson of M}Y < 250 GeV and Er < 250 GeV. To further remove such events, we employ
an additional requirement on the significance of the track curvature S, described in more detail in Ref. [35].

4. To reduce multijet background we require a minimum separation between the direction of the lepton and the di-
rection of the missing momentum [35]: A¢(e, Br) > 2.2 — 0.045 - Br/GeV and A¢(p, Er) > 2.1 —0.035 - Er/GeV.

5. At least two jets are required. To suppress jets from additional collisions, jets are required to contain two tracks
consistent with originating from the PV.

6. The trigger requirement is a logical “OR” of the condition for at least “one lepton” and for at least “a lepton
and a jet”.
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B. Event selection in the dilepton decay channel

Apart from the general selection requirements discussed in the opening of this section, additional requirements
specific to the dilepton channel are made. The selection requirements for this cross section measurement are very
similar to the ones used for the leptonic asymmetry measurements in the dilepton channel published earlier [36] and
are summarized briefly in the following list.

1. Electrons are required to have a transverse momentum of pr > 15 GeV and |n| < 2.5. We exclude the
1.1 < |n| < 1.5 region.

2. Muons are selected with at least 15 GeV and || < 2. To remove misreconstructed muons we require muons
with pp < 200 GeV for the dimuon channel.

3. For the ey channel exactly one electron and one or more muons are identified as above. In addition at least one
jet as described further above is required.

4. For the pp channel two or more muons are identified as above. In addition at least two jets as described further
above is required.

5. For the ee channel two or more electrons are identified as described above. In addition at least two jets as
described further above is required.

6. The two selected leptons should have opposite charges. If more than one lepton pair is found, the lepton pair
with the largest pr scalar sum is chosen.

7. Distance in z between the two selected lepton tracks |z;, — z4,|, should be less than 2 cm. These z-values are
for extrapolated tracks, which have closest approach to the beam line.

8. Additional quality requirements are imposed to remove background from bremsstrahlung. To further reduce
contributions from background, additional topological requirements based on Er, Fr significance and Hrp are
imposed. The details are described in Ref. [36].

9. In the ep channel, no explicit trigger requirement is applied, whereas in the ee or uu channel the single lepton
trigger is required.

VI. SAMPLE COMPOSITIONS

We distinguish between instrumental backgrounds and irreducible backgrounds from processes with final states
similar to tt. Instrumental backgrounds are due to multijet processes where one or more jets are misidentified as
an electron, or where one or more muons originating from the semileptonic decay of a heavy hadron appear to be
isolated. Systematic uncertainties on the determination of the sample composition are discussed in Sec. X A 4.

A. Determination of the /+jets sample composition

The irreducible background processes are estimated using MC simulations described in Sec. III. Most of this
background arises from W+jets production especially in the 2 jet multiplicity bin. The W +jets cross section is scaled
in each jet multiplicity bin separately by a W+jets heavy-flavor scale factor s¥\ ' to match the number of data events
after subtraction of all other instrumental and irreducible background processes as well as the signal process.

Data-driven and MC methods are combined in the “matrix method” [4, 37], which is employed to model the
instrumental background originating from multijet (MJ) processes. The MJ contribution is determined from an
orthogonal data sample by requiring Fr < 10 GeV and exact same selection criteria for the electron or muon and
the jets. This data sample is enriched in MJ events and no real isolated leptons are assumed to be included. We
determine the shape and absolute contribution of multijet events in bins of jet multiplicity by comparing this data
sample with one that has looser lepton criteria but the same Fp requirement.

Figure 1 demonstrates the quality of the modeling of the selected events in the /+jets sample with the background
and signal contributions, using a theoretical inclusive ¢t cross section of 7.48 pb [38]. The expected composition of
the sample after the final selection is given in Table I.
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TABLE I: Expected number of events with at least two jets due to each process. Uncertainties are statistical and
systematical added in quadrature, see Section X A 4 for details on systematic uncertainties related to the sample
composition. Events in the dilepton decay channel are denoted by £/.

{+jets decay channel

Process e+ 2 jets e+ 3 jets e+ > 4 jets w42 jets w3 jets u+ >4 jets
Multijet 9160 +2350 2266 4550 464 +£120 1546 +630 418 4170 99 +40
Single top 471 +60 129 £20 27 45 331 +40 92 +10 20 +3
Wip+jets 37937 10 5544 300 850 39 32701 TR0 5313 4200 g35  +30
(Wee + Whb)+jets 6020 1990 1502 33 329 %0 4998  *8%0 1391 *20 315 450
Z/~* Ip+jets 2031 400 390 80 57 +10 2557  +500 422 £80 49 410
(Z)v*ce+ Z/y*bb)+jets 369 £70 114 420 24 45 485 £100 120 420 21 45
Diboson 1926 +140 338 420 52 45 1417 4100 249  =£20 40 45
tt, or 566  +30 182 410 31 45 345  +20 118 410 22 45
3" bgs 58479  +2900 10465 +650 1834 +£140 44381 +1650 8123 4350 1402 480
tt, (+jets 669 +30 1460 +£70 1177 460 393 420 1002 +50 909  =£50
> (sig + bgs) 59148 42900 11925 +650 3011 140 44773 +1650 9125 4350 2310 +80
Data 59122 11905 3007 44736 9098 2325

B. Determination of the £¢ sample composition

The main backgrounds in the dilepton final state originate from Z — ¢/, instrumental backgrounds, and dibo-
son production (WW, WZ, ZZ). The Z — ¢ and diboson backgrounds are evaluated from MC as described in
Section III B, whereas the instrumental background use a mixture of MC and data-driven approaches as described
below.

Instrumental backgrounds in the £¢ channel come from multijet and W+jets events, where one or two jets are
misreconstructed as an electron or where a muon from a jet passes the isolation criteria and is identified as a final
state muon. Similarly as in the /+jets channel the contribution from these backgrounds are estimated directly from
data using the matrix method separately for the ee and ey, whereas the “same-sign method” is employed in the pp
channel [39]. The contribution in each of those channels is derived from an orthogonal data sample by requiring that
the two leptons have the same charge but otherwise the same selection criteria as for ¢ events as was done in [39].

The yields after applying the described selection are given in Table II for the individual channels.

TABLE II: Expected number of events in the ee+ > 2 jets, pupu+ > 2 jets, ep + 1 jets and ep+ > 2 jets due to each
process (uncertainties are statistical only).

dilepton decay channel

Process ee+ > 2 jets Q4 > 2 jets epn + 1 jets epu+ > 2 jets
Multijet 5.7 +03 7.0 +31 28.3 1 32.5 e
Z 66.6 +12.0 107.6 +15.1 74.6 T 57.5 e
Diboson 9.9 33 12.6 3 38.5 33 14.7 53
it 00 107.7 Taos 101.5 i 86.5 T 313.7 e
3" (sig + bgs) 190 Rkt 229 AT 228 s 418 i
Data 215 242 236 465

Figure 2 demonstrates the quality of the modeling of the selected events in the ¢¢ sample with the background and
signal contributions, using a theoretical inclusive tt cross section of 7.48 pb.
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FIG. 1: (color online) Distributions of (a)—(c) the scalar sum of the pr values of the lepton and jets, (d)—(f) Er,
(2)-(i) 7\ rvas ()—(1) the transverse mass of the reconstructed W boson candidate m}, and (m)—(o) p'?*" for
the /+jets final state in the 2 jet, 3 jet and inclusive 4 jét multiplicity bin. The data are compared to the sum of
predicted contributions from signal and background processes, using the theoretical value of the inclusive tf cross
section of 7.48 pb. The highest bin in the histograms is used as an overflow bin. The ratios of data to the sum of the

sienal and all backeround contributions are shown in the panels below the distributions.
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FIG. 2: (color online) Distributions of (a) the scalar sum, Hr, of the pr values of the lepton and jets, (b) Er, (c)
IS mvas (d) the number of jets, and (e) lepton pr for ¢4 final states with at least 1 jet. The data are compared to
the sum of predicted contributions from signal and background processes, using the initial value of the measured
inclusive tt cross section of 7.48 pb. The highest bin in the histograms is used as an overflow bin. The ratios of data
to the sum of the signal and all background contributions are shown in the panels below the distributions.

VII. MULTIVARIATE MEASUREMENT TECHNIQUES

The inclusive ¢t cross section o(tt) is measured by employing two different techniques, all of them based on MVA
techniques as introduced in Sec. II. We use different discriminant output distributions of decision trees in order to
separate the signal from the background. The event sample is subsequently split into smaller samples or “branches”,
in principle until each event ends up in his own mutually exclusive category. At each splitting point the separation
is optimized by employing training samples for the signal and background contributions. The output or discriminant
value provides the probability of an event to be signal like. We use all background contributions in the training process
and verify that there is no bias due to overtraining of the method.

In particular we employ decision trees with an additional weight to improve the signal to background separation,
called “boosted decision trees” (BDT). A better performance is achieved when a slightly modified technique is chosen,
which enhances weak classifiers in the training process, called “boosted decision trees with gradients” (BDTG). For
the measurement of the ¢t production cross section in this paper we employ the BDTG method. A comparison of the
signal to background separation of the BDT and BDTG method is given later in this Section.

In the /+jets decay channel the MVA topological method is carried out (see Section VII A), whereas for the dilepton
channel the MVA b-jet method is used as explained in Section VIIB. These measurements are based on a fit of the
predicted number of signal ¢ and background events to the observed number of events in data. Results presented are
the MVA topological method in the /+jets decay channel, the MVA b-jet method in the dilepton channel, and the
combination of both decay channels using these results.

In order to measure the cross section we perform a log-likelihood profile fit of Monte Carlo (MC) simulation
templates to data using a nuisance parameter for every source of systematic uncertainty as described in Sec. XI. The
{+jets channel has a large fraction of background contributions with larger systematic uncertainties. In order to get
reasonable initial values for the log-likelihood profile fit, as described in Sec. X A 4, we first perform a simultaneous
fit of the o(t), the (Wce + Wbb)+jets, and the Wip+jets contributions.
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A. MVA methods in the £+jets channel

Events in the /+jets channel are separated into samples according to the lepton type and the number of jets,
Njet = 2,3, > 4, which results into 6 different channels. In order to build a topological discriminant, a total of 50
variables were analyzed. The individual distributions are verified to have a good modeling of the data by the MC by
means of the Kolmogorov-Smirnov (KS) test and a y? test. The KS test is based on differences between empirical
distribution functions (EDFSs) of two samples. We exclude all variables with poor modeling of the data, which at
the same time have only little separation power between signal and background. Depending on the jet multiplicity
bin a total of about 30 variables is selected as input to the MVA topological method. In particular we include the
maximum output value of the MVA b-jet discriminant for the leading jet in our topological discriminant, since it
shows superior performance as discussed in the next section. Adding more variables has a negligible effect on the
signal to background separation of the MVA topological method. All selected variables are defined in appendix A and
serve as the input variables for the MVA topological method.

Figure 3 shows the separation of signal and background in the /+jets decay channel using as an example the exactly
three jet multiplicity bin of the e+jets channel. The performance of the p+jets channel and other jet multiplicity bins
is very similar. We compare the MVA topological method as described in Sec. VII A a topological method excluding
any b-jet information but otherwise exactly the same information (MVA no-b-ID-topological method), both of these
methods are implemented as BDT and BDTG as introduced earlier in this section. For comparison we also show the
pure MVA b-jet method in the ¢+jets channel. For most values of the true identification rate the MVA b-jet method
has a smaller fake identification rate as the MVA no-b-ID-topological method, but at true identification rate values
of about 85% the MVA no-b-ID-topological method surpasses the MVA b-jet method. Compared to these two MVA
methods the MVA topological method shows superior behaviour with an area under the curve increased by 6 — 10%.
In particular we choose BDTG since it provides a further small improvement over the BDT method.
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FIG. 3: (color online) Comparing the different measurement techniques in terms of their signal to background
rejection capabilities. More details can be found earlier in Section VII.

B. MVA b-jet method in the £¢ channel

The MVA value of the jet with highest MVA discriminant output value 7;"%}, yrva in the event is normally employed
to b-tag jets, but in this measurement it is used to measure the ¢t production cross section in the ¢£ channel. Events
in the dilepton channel are separated into samples according to the lepton type and the number of jets. Due to the
small background contribution and the size of the signal contribution in the dilepton channel, a separation of channels
in terms of b-tagged jets is not applied.



B MVA b-jet method in the €€ channel X SYSTEMATIC UNCERTAINTIES

VIII. OUTPUT DISTRIBUTIONS OF THE MVA TOPOLOGICAL METHOD IN THE /+JETS
CHANNEL

Figure 4 shows the MVA output distributions of the topological method using an expected tt cross section of 7.48
pb. The e+jets channel is shown in Fig. 4(a) — (c) for the two, three and inclusive four jet multiplicity bin, whereas
(d) — (f) shows the two, three and inclusive four jet multiplicity bin for the u+jets channel.
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FIG. 4: Pre-fit MVA topological discriminant distributions using the theoretical ¢ cross section for the (a) — (c)
e+jets channel and for the (d) — (f) p+jets channel in the two, three and inclusive four jet multiplicity bin. Only
statistical uncertainties of the data are shown.

IX. OUTPUT DISTRIBUTIONS OF THE MVA b-JET METHOD IN THE ¢/ CHANNEL

The shape of the MVA output distributions in the dilepton channel allows one to distinguish between ¢t events
located at high output values and the most dominant Z/v*+jets background contribution located at low output
values. Data and MC templates in the dilepton channel are separated into four channels with respect to lepton type
and number of jets. For eu exactly 1 and > 2 jets are required, whereas for ee and pp only the > 2 jet bin is used.
The MVA output distributions of the b-ID MVA method given by the jet with the leading value, j;"%1) iy, is used
to measure the cross section are shown in Figure 5 for (a) ey events with exactly one jet, (b) e events with at least
2 jets, (c) ee events with at least 2 jets and (d) pu events with at least 2 jets. An expected ¢t cross section of 7.48 pb
is used.

X. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are assessed by varying the values of a specific parameter in the modeling of the data, and
determining the effect on the distributions or MC templates of the MVA topological method or the b-ID MVA method.
Unless otherwise stated, the magnitude of the parameter modifications is obtained from alternative calibrations of the
MC simulation. The nominal MVA distributions and the modified ones are both employed to measure the ¢ production
cross section in the two decay channels. The modified MC templates represent the systematic uncertainties, which
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FIG. 5: The MVA output distributions of the 6-ID MVA method given by the jet with the leading value, j;*%h vrvas
for (a) eu events with exactly one jet, (b) ey events with at least 2 jets, (¢) ee events with at least 2 jets and (d) pp
events with at least 2 jets are shown.

are constrained together with the nominal MC template by means of a simultaneous fit as described in Sec. XI and
Sec. XII.

A. The ¢+jets channel

In the following we describe the sources of systematic uncertainties studied in the /+jets channel. As discussed
above each source of systematic uncertainty yields a modified discriminant distribution of the MVA topological method
and is used as a nuisance parameter in a simultaneous fit to determine the ¢ production cross section in the {+jets
channel (see Section XI). The pre-fit systematic uncertainties are summarized in Table III, whereas the post-fit effects
of the systematic uncertainties are summarized in Table IV.
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A The £4+jets channel X SYSTEMATIC UNCERTAINTIES

1. Modeling of signal

The effect of an alternative signal model for ## production is estimated by comparing tf events generated with
MC@NLO+HERWIG to those from ALPGEN+HERWIG. Comparing ALPGEN+PYTHIA to ALPGEN+HERWIG, we estimate
the effect of hadronization uncertainties. Additional uncertainties on signal arise from color reconnection (CR), and
initial and final state radiation (ISR/FSR) producing additional jets. The effect of CR is determined by comparing
identical ALPGEN events interfaced to PYTHIA with two different tunes, Perugia 2011 and Perugia 2011NOCR. The
effect of ISR/FSR is determined by modifying the factorization and renormalization scale implemented in the MC
and more details can be found in [40].

2. Parton distributions functions

The uncertainty on the cross sections due to the uncertainty on PDFs is estimated following the procedure of Ref.
[18] by reweighting the MC simulation according to each of the 20 pairs of error eigenvectors of the CTEQ6M PDF.

3. Modeling of detector

Uncertainties on the modeling of the detector include uncertainties on trigger efficiency, lepton identification and
b-quark identification. The identification efficiencies for b, ¢, light quarks (u, d, s) and gluons in MC simulations are
calibrated using dijet data [41], and variations within the calibration uncertainty are used to determine the systematic
uncertainty due to b-quark identification. Additional uncertainties arise from track multiplicity requirements on the
selected jets in the identification of b quarks.

Other instrumental uncertainties from modeling the detector arise from the calibration of the jet energy, resolution
and efficiency. The jet energy scale (JES) corrects the measured energy of the jet to the energy of its constituent
particles. The JES is derived using a quark-jet dominated v 4 jet sample, and corrects for the difference in detector
response between data and MC. An additional correction based on single particle response accounts for the different
characteristics of quark and gluon jets. Jets in MC simulations have their transverse momenta smeared so that
the simulated resolution matches the one observed in data. Calibrations to the jet reconstruction and identification
efficiency in MC simulations are determined using Z/v*+jets data. As mentioned earlier jets are required to contain
at least two tracks (see Sec. V), and in MC simulations the corresponding efficiency is adjusted to match the one
derived in dijet data.

4. Sample composition

Uncertainties on the composition of the selected events arise from the heavy-flavor scale factor used for W+jets
events, the assumed ¢t cross section, single top quark and diboson cross sections, and the estimate of the contributions
from misidentified leptons. As introduced in Sec. VI, we determine a initial sample composition from a simultaneous
fit to the MVA distribution in the ¢+ 2 jets, £ 4 3 jets and ¢+ > 4 jets samples. For this initial sample composition we
assume an uncertainty of 5% on the normalization of the tf processes. This initial sample composition is only used
to determine a systematic uncertainty on the contribution of W+jets processes. From the fit we derive a systematic
uncertainty of *9-2% on the normalization of the Wip+jets and T3:% on the normalization of the Wee + jets and
Wbb + jets processes. An uncertainty of 20% on the Z/y*+jets cross section is assigned. The uncertainty on the
single top quark cross sections is 12.6%, taken from varying the scale by factors of 2 and 0.5. An uncertainty of 7%
on the diboson cross sections is assigned, corresponding to half the difference between the LO and NLO predictions.
The uncertainties on the data-driven method of estimating multijet (MJ) background and its kinematic dependencies,
mostly due to the uncertainties on the selection rates of true and false lepton candidates, are 40% in the p-+jets
and 25% in the e+jets sample (including statistical component). These uncertainties are estimated by varying the
contribution of W + jets, Wbb + jets, Zcé + jets and Zbb + jets by £20%, the tt contribution by +£10%, comparing
the fake and true signal rates in different variables (quoting the largest difference as additional parametrization
uncertainty). In addition, to estimate the contribution of the fake rate uncertainty, a different Zr cut of < 15 GeV

(standard cut for the fake rate estimation is < 10 GeV) [35] is applied.
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A The £4+jets channel XI FITTING PROCEDURE

B. The ¢ channel

In the following we describe the sources of systematic uncertainties studied in the ¢¢ channel, which are mostly
similar to those in the ¢+jets channel. As discussed above, each source of systematic uncertainty yields a modified
discriminant distribution of the b-ID MVA method and is used as a nuisance parameter in the fit to determine the ¢
production cross section in the £¢ channel. The pre-fit systematic uncertainties are summarized in Table III, whereas
the post-fit effects of the systematic uncertainties are summarized in Table IV.

1. Modeling of signal

The same sources of systematic uncertainties for the modeling of the signal as in the /+jets decay channel are
considered for the ¢¢ channel as well. All uncertainties arising from the modeling of the signal are assumed to be
100% correlated between the /+jets channel and the ¢¢ channel.

2. Parton distributions functions

The uncertainty on the cross sections due to the uncertainty on PDF's is estimated following the same procedure
as in the /+jets case. The PDF uncertainty is assumed to be 100% correlated between the ¢+jets and £¢ channel.

3. Modeling of detector

The assigned uncertainties related to the modeling of the detector are the same as the ones assigned in the /+jets
channel and include uncertainties on the efficiencies of electron and muon identification, uncertainties on trigger
efficiencies, the uncertainty in jet energy scale, jet energy resolution, jet identification efficiency, and b-quark jet
tagging efficiency. All common uncertainties on the modeling of the detector, except uncertainties arising from
modeling of the trigger, are assumed to be 100% correlated between the ¢+jets and £¢ channel.

4. Sample composition

The most significant contribution to the background related uncertainty in the £¢ channel is from the uncertainty
on instrumental background. We estimate this by changing the amount of instrumental background according to
the uncertainty on its normalization. We also account for possible uncertainties in the distribution of instrumental
background by changing the number of events in each bin of the of this instrumental background distribution by + 1
standard deviation (SD) of its statistical uncertainty. Uncertainties from Z/~*+jets and diboson production are taken
into account with the same procedure as in the ¢+jets case. All common uncertainties on the sample composition,
except uncertainties arising from the determination of the MJ background, are assumed to be 100% correlated between
the /+jets and £¢ channel.

XI. FITTING PROCEDURE

As shown in Figs. 5 and 4, the MVA output distributions for the /+jets and £/ channel provide a clear separation
of signal and background events, which provides sensitivity to the tf signal contribution and to the most dominant
background sources originating from W+jets contributions (¢+jets channel) or Z/v*+jets contributions (¢¢ channel).

We perform a simultaneous fit of MC templates to the data using the software package COLLIE (A Confidence
Level Limit Evaluator) [42], which is widely used in DO to provide confidence levels and evaluate exclusion limits,
as well as to measure cross sections. In order to measure the cross section COLLIE performs a log-likelihood profile
fit of MC templates to data using a nuisance parameter for every source of systematic uncertainty. This allows
systematic uncertainties to influence the central value of the fit and allows a cross-calibration of the different systematic
uncertainty sources in the several decay channels. The combination of the MVA topological method in the /+jets
channel with the b-ID MVA method in the £¢ channel allows an improved cross-calibration of the different systematic
uncertainties, where systematic uncertainties are either assumed to be fully correlated or not correlated (see Section

X).
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XII CROSS SECTION DETERMINATION

TABLE III: Sources of systematic uncertainties. The pre-fit uncertainty in percent from each source on the
inclusive cross section is given for the f+jets and the ¢/ channel. “Type” refers to a systematic uncertainty affecting
the shape S or the normalization N of a distribution. The numbers presented for shape dependent uncertainties
represent averages across the entire distribution.

Source of uncertainty 0y b iotsr Y0 Sems, % Type S/N 8,0 % 80 %o Type S/N
Modeling of signal
Alternative signal model +10 —10 S +4 —4 S
Hadronization +8 -8 S +4 —4 S
Color reconnection +2 -2 S +2 -2 S
ISR/FSR variation +2 -2 S +2 -2 S
PDF +7 -7 N +1 -1 N
Modeling of detector
Jet modeling & identification +8 -8 S +3 -3 S
b-jet modeling & identification +5 -5 S +12 —12 S
Lepton modeling & identification +3.5 -3.5 S +6 —6 N
Trigger efficiency +5 -5 N +2 -2 N
Luminosity +4.7 —4.7 N +4.3 —4.3 N
Sample Composition
MC cross sections & branching ratios +0.9 —-0.9 N +1.3 —-1.3 N
Z /W pr reweighting +1.5 —1.5 S +4 —4 S
Multijet contribution +23 —23 S/N +15 —15 S/N
Z /" +jets scale factor +25 —25 S/N +2 -2 S/N
W +jets heavy flavor scale factor +17 —23 S/N n.a. n.a. n.a.
W +jets light parton scale factor +3.5 —-1.8 S/N n.a. n.a. n.a.
MC statistics n.a. n.a. n.a. +3 -3 S/N

COLLIE models systematic uncertainties using a prior probability density function specified by £1 standard deviation
of the nuisance parameter in question (see Eqn. 1). The prior distribution for each uncertainty was parametrized
using a Gaussian distribution [42]. To evaluate systematic uncertainties the =1 SD inputs were propagated through
the entire event selection. The description of systematic uncertainties can be found in Sec. X.

XII. CROSS SECTION DETERMINATION

Measurements involving top quarks benefit from the very short lifetime of the ¢t quark, since it decays before it

can hadronize. Effects of hadronization and QCD corrections are thus reduced. Moreover, at Tevatron energies the
transverse momentum of ¢¢ pairs is almost always smaller than m(tf) and production is central, so that almost the
entire phase space of tt production is within the detector acceptance. Corrections to measured quantities as well as
their uncertainties are therefore small, leading to well measured top-quark cross sections.
As introduced earlier we use a log-likelihood profile fit to determine the inclusive ¢t cross section o (¢t). Equation 1
shows the definition of the combined likelihood, which includes prior probability densities on systematic uncertainties
w(g), and is based on the product of likelihoods for the individual channels, each of which is a product over histograms
bins of a particular analysis channel.

Nsys

H H o, (1)

The first product is over the number of channels (N¢) and the second product is over histogram bins containing
n;; events, binned in ranges of the final discriminants used for the individual analyses. The predictions for the bin

6 —Hij

L(5, 0|7, 6) x m(

i ::]O

contents are p;; = s;j (5) + byj (5) for channel ¢ and histogram bin j, where s;; and b;; represent the expected SM
signal and background in the bin. The predictions p;; include effects from limited detector resolution and efficiency,
including those from trigger, selection and b-tagging efficiencies and for the kinematic and geometric acceptance.
Systematic uncertainties are parametrized by the dependence of s;; and b;; on §. Each of the Ngys components of 6_‘:
0, corresponds to a single independent source of systematic uncertainty scaled by its standard deviation, and each
parameter may affect the predictions of several sources of signal and background in different channels, thus accounting
for correlations.
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XIV TOP QUARK POLE MASS

TABLE IV: Sources of systematic uncertainties. The post-fit uncertainty from each source on the inclusive cross
section is given for the combination. The last column shows the shifts in units of SD on the combined inclusive cross
section due to a particular source.

Source of uncertainty Uncertainties Shift in units of o
6combined7 pb

Modeling of signal

Alternative signal model +0.09 +0.2
Hadronization +0.25 +0.7
Color reconnection +0.11 +0.2
ISR/FSR variation +0.06 -0.3
PDF +0.08 —-0.5
Modeling of detector
Jet modeling & identification +0.06 -0.3
b-jet modeling & identification +0.16 +1.3
Lepton modeling & identification +0.02 —0.7
Trigger efficiency +0.01 —-0.2
Luminosity +0.20 +0.3
Sample Composition
MC cross sections & branching ratios +0.03 +0.6
Z /W pr reweighting +0.16 +0.9
Multijet contribution +0.09 +0.1
W +jets heavy flavor scale factor +0.15 —2.0
W +jets light parton scale factor +0.05 +0.8
MC statistics +0.01 < 0.0
Total systematic uncertainty +0.55

XIII. CROSS SECTION RESULTS

As discussed in Sections XI and X we perform a simultaneous log-likelihood fit considering systematic uncertainties
in the form of nuisance parameters. Thus correlations between the various decay channels are taken into account.
Table IV summarizes the systematic uncertainties on the tf cross section in the /+jets and £¢ decay channels and for
the combination. Individual sources of systematic uncertainty are added in quadrature. In addition we provide the
“Shifts in units of SD”, which refers to shifts on the combined inclusive cross section due to a particular source of
systematic uncertainty (or nuisance parameter) relative to the central value of the combined #f cross section.

The combination of {+jets and ¢¢ channels using the topological discriminant and MVA b-jet method for the
measurement of the inclusive cross section yields for a top quark mass of 172.5 GeV:

o = 7.73 4+ 0.13 (stat.) £ 0.55 (syst.) pb,
which corresponds to a relative total uncertainty of 7.3%.
Figure 6 shows the post-fit MVA topological discriminant distributions using the combined ## cross section. Similarly
Fig. 7 shows the post-fit MVA b-ID discriminant distribution using the combined # cross section. The result of the
measurement in /+jets channel when using the topological method is:

o4 = 7.63 £ 0.14 (stat.) £ 0.59 (syst.) pb,
with a relative total uncertainty of 7.9%. For the £/ decay channel we employ the MVA b-jet method and measure:

oy = 7.60 4 0.34 (stat.) 1589 (syst.) pb,

with a relative total uncertainty of 9.0%. The inclusive ¢f production cross section can be compared to the fully
resummed NNLL at NNLO QCD calculation (see Sec. IIT). The calculation yields for a top quark mass of 172.5 GeV
an inclusive ¢f cross section of 7% = 7.3515-22 (scale + pdf) pb.

The new DO result is consistent with an earlier measurement by D0 using 5.3 fb~! of data [4] and supersedes the
earlier results.

XIV. TOP QUARK POLE MASS

The mass of the top quark has been directly measured with a precision of less than 0.5% in a single measurement
[45]. The Tevatron combination currently yields a top quark mass of 174.344+0.64 GeV [3]. These direct measurements
employed for the Tevatron combination are measuring the MC mass. Theoretical arguments suggest that the MC

15



X1V TOP QUARK POLE MASS

g (a) DO Preliminary 9.7 fb * 8 (b) DO Preliminary 9.7 fb * $ 10¢°L (c) DO Preliminary 9.7 fb
= i =D Singlet = p = ;
5 10* e+2 jets -u:zi?et) z'j}gt‘;‘jp = e+3 jets = e+24jets
w B moe 5 5
Iboson
103 -Multijjel 102
10?
10
1 1 1
o 14 = T 7] o 14 o o 14
AR AN ¢ POPY T IR PSS TN IR A 1 oI A+ PR SIS S ¢ ¢ { I I S g 1z
¢ gdromtimiipighptipt] @ emingiahpiiagl 2 of
06 L1 0’6 0.6
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Topological MVA output Topological MVA output Topological MVA output
8 o (d) DO Preliminary 9.7 fb * 8 (e) DO Preliminary 9.7 fb * & 10°L (O DO Preliminary 9.7 fb =
5 1 u+2 jets 2 40 u+3 jets = F u+ > 4 jets
L I I
1 1
T T ry
2 14 o 2 14 . i S
S Gl e Firdr - Il Lot [TTel G G T E S0 N S S | <
12 0.& Lkt ) I*I}i{iTTH LIy T @ 0.§- RREEETIETTRERA AT 1O MARN RS 1Y @
06 L0 R i | 06
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Topological MVA output Topological MVA output Topologlcal MVA output

FIG. 6: Post-fit MVA topological discriminant distributions using the measured combined tf cross section for the (a)
— (¢) e+jets channel and for the (d) — (f) pu+jets channel in the two, three and inclusive four jet multiplicity bin.

mass as determined by these direct measurements of the top quark mass are within about 1 GeV to the well-defined
pole mass of the top quark. An alternative measurement approach of the top quark mass is the extraction of the top
quark mass by using the inclusive ¢t cross section. Comparing the top quark mass dependence of the inclusive ¢t cross
section, as observed in the measurement, with the expected dependency in pQCD yields a theoretically well-defined
top quark pole mass extraction.

TABLE V: The combined inclusive ¢t cross section as a function of the top quark mass with statistical and
systematic uncertainties given separately.

Top quark mass [GeV] Cross section o(tt) [pb]
150 10.53 + 0.17 (stat.) T 7% (syst.)

160 9.24 + 0.16 (stat.) 7973 (syst.)

165 8.07 + 0.14 (stat.) 7982 (syst.)

170 8.28 + 0.14 (stat.) T9 57 (syst.)

172.5 7.73 £ 0.13 (stat.) 7952 (syst.)

175 7.80 4 0.13 (stat.) 705 (syst.)

180 7.42 4 0.13 (stat.) 7050 (syst.)

185 6.92 4+ 0.12 (stat.) 7552 (syst.)

190 6.85 + 0.12 (stat.) 7053 (syst.)

Table V presents the combined inclusive tt cross section as a function of the top quark mass. Each individual
mass point is a separate combined log-likelihood fit of the /+jets and £¢ channel MVA discriminant inputs, as it was
done for the mass point of 172.5 GeV. Figure 8 shows the measured and expected mass dependency of the top quark
pair production cross section. For the measured dependency we provide a cubic fit to the individual cross section
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FIG. 7: Resulting postfit MVA output 1D-histograms are shown. Histograms are shown with respect to lepton type
and number of jets in the event. Numbers in legend correspond to expected number of events from after the fit
sample.

measurements at various mass points (see Table V). Uncertainties on the measured value include statistical and all
systematic uncertainties as discussed in Sec. X and are indicated as hashed band.

To determine the top quark pole mass from the inclusive ¢f cross section we parametrize the experimentally measured
slope with a cubic function. The difference to a quadratic function is negligible. Following the method in [46], we
extract the most probable m; value and uncertainty by employing a normalized joint-likelihood function, which takes
into account the total experimental uncertainty and theoretical uncertainties on renormalization and factorization
scale variations, and PDF uncertainties. Employing the cubic parametrization and the theory predictions at NNLO
pQCD we determine a pole mass of the top quark of:

my = 169.5757% (tot.) GeV. (2)

The precision of this determination is 1.9%, and represents the most precise determination of the top quark pole mass
from the inclusive ¢t cross section at the Tevatron. This precision can be compared to the previous DO determination
that had a precision of 3% [46].
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FIG. 8: The measured tt production cross section dependency on the top quark mass compared to the one provided
by the NNLO pQCD calculation TOP++ [44], which implements pQCD calculations according to [19].

XV. CONCLUSIONS

The inclusive ¢t production cross section has been measured combining the £-+jets and dilepton decay channel based
on the full Tevatron data set for these kind of measurements at /s = 1.96 TeV. The data are corrected for detector
efficiency and acceptance. For a top quark mass of 172.5 GeV we measure:

o4 = 7.73 £ 0.13 (stat.) £ 0.55 (syst.) pb,
which corresponds to a relative uncertainty of 7.3%.
The measured inclusive cross sections are in general agreement with predictions by QCD. We determine a pole mass of
the top quark of m; = 169.5f§:i (tot.) GeV, which corresponds to a precision of 1.9% and represents the most precise
determination of the top quark pole mass at the Tevatron.
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Appendix A: Variables selected for the topological discriminant

The 28 variables selected for the MVA topological method employed to measure the tf production cross section in
the /+jets decay channel. The list given below is sorted according to the ranking provided by the BDTG method.

o "% mva: The maximum output value of the MVA b-jet discriminant of a jet.

e H3: The scalar sum of transverse momenta of jets starting with the 3"¢ jet multiplicity bin.

e HZ0: The scalar sum of transverse momenta of jets satisfying |n| < 2.0.

o jiexd va: The b —ID MVA value of the leading jet.

e Centrality C: Ratio of the scalar sum of the transverse momentum of all jets to the energy of all jets.
e Hrp: The scalar sum of the transverse momenta of all jets, the lepton and Fp.

° p]T The transverse momenta of the individual jets 7.

o jindlead. \: The b — ID MVA value of the second leading jet.

° H%: The scalar sum of the transverse momenta of all jets and the lepton.

e Sphericity S: Similar to A this variable is based on A as well and defined as S = 2(Az + A3).

e m(tt): The invariant mass of the ¢ pair. The energy of the neutrino is determined by constraining the invariant
mass of the lepton and vector Fp (as the neutrino) to the mass of the W boson. Of the two possible solutions
for the longitudinal momentum of the neutrino, we use the one with the smaller absolute value.

e 7it: The rapidity of the leading jet.
e AR(j1,j2): The separation in the distance R between the leading and second leading jet.

° pQW : The transverse momentum of the reconstructed W boson, which decays hadronically.

° M%?”Z: The transverse mass of the system consisting of the second leading jet, the neutrino and the lepton.

e Aplanarity A: Diagonalizing the normalized quadratic momentum tensor M yields three eigenvalues \; [4] and
the Aplanarity is defined as A = %)\3 and reflects the degree of isotropy of an event.

e AR(j',7%): The separation in the distance R between the leading and all other jet.

Mijer: The invariant mass of the jets.

° Mgﬁ *: The transverse mass of the first two leading jets.

M;,,¢: The invariant mass of the system consisting of the second leading jet, the neutrino and the lepton.

A¢(L, Er): The separation in azimuth between the lepton and the direction of Frp.

e Fp: Missing transverse momentum.

e n'°Pton: The rapidity of the lepton.

e A¢(j!,7"): The minimum separation in azimuth between the leading and any other jet.

e ZL°P: Missing transverse momentum perpendicular to the direction of the lepton.
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