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We present the final combination of CDF and D0 measurements of cross sections for single-top-
quark production in proton-antiproton collisions at a center-of-mass energy of 1.96 TeV. The data
correspond to total integrated luminosities of up to 9.7 fb~! per experiment. The t-channel cross
section is measured to be o, = 2.25J_r8'§€1) pb. We also present the combinations of the two-dimensional
measurements of the s- vs. t-channel cross sections and of the s+t channel cross section measurement
resulting in os4¢ = 3.307052 pb, without assuming the standard-model value for the ratio o /0.

The resulting value of the magnitude of the top-to-bottom quark coupling is |Vis| = 1.02f8:827
corresponding to |Vip| > 0.92 at the 95% C.L.

PACS numbers: 14.65.Ha; 12.15.Ji; 13.85.Qk; 12.15.Hh

The top quark is the heaviest elementary particle of
the standard model (SM). Detailed studies of top quark
production and decay provide stringent tests of strong
and electroweak interactions, as well as sensitivity to ex-
tensions of the SM [1]. At the Fermilab Tevatron collider,
protons (p) and antiprotons (p) collided at a center-of-
mass energy of /s = 1.96 TeV. Top quarks were pro-
duced predominantly in pairs (¢t) via the strong interac-
tion [2]. They were also produced singly via the elec-
troweak interaction. The cross section for single-top-
quark production depends on the square of the magni-
tude of the quark-mixing Cabibbo-Kobayashi-Maskawa
(CKM) matrix [3] element Vi, and consequently is
sensitive to contributions from a fourth generation of
quarks [4, 5], as well as other new phenomena [6], which
would lead to a measured strength of the Witb coupling
[Vip| different from the SM prediction. Non-SM phenom-
ena could also change the relative fraction of events pro-

duced in the various channels that contribute to the total
single-top-quark production cross section.

In pp scattering, single-top-quark production proceeds
in the t-channel via the exchange of a space-like virtual W
boson between a light quark and a bottom quark [7-9] in
the s-channel via the decay of a time-like virtual W boson
produced by quark-antiquark annihilation, which pro-
duces a top quark and a bottom quark [10] or in associa-
tion with a W boson (Wt) [11]. The predicted SM cross
section for the ¢-channel process o is 2.10 +0.13 pb [9],
while the s-channel cross section o is 1.05+0.06 pb [12],
both calculated at next-to-leading-order (NLO) in quan-
tum chromodynamics (QCD) including next-to-next-to-
leading log (NNLL) corrections, for a top-quark mass
of 172.5 GeV consistent with the current world-average
value [13]. The cross section for Wt production oy, is
negligibly small at the Tevatron and therefore is not con-
sidered in the combination described in this Letter. Since



the magnitude of the Wb coupling is much larger than
that of Wtd or of Wts [14], each top quark decays almost
exclusively to a W boson and a b quark.

Observation of single-top-quark production was re-
ported by the CDF [15-17] and DO [18, 19] collabora-
tions in the sum of the s- and the ¢-channels (hereinafter
s+t channel). The CDF collaboration subsequently mea-
sured a single-top-quark production cross section for the
sum of s, t, and Wt channels ogyriwe = 3.04705% pb
using data corresponding to 7.5 fb~! of integrated lu-
minosity [20] and for the sum of the s and ¢ chan-
nels o,y = 3.02709% pb using up to 9.5 fb~! of inte-
grated luminosity [21]. The DO collaboration obtained
05t = 4117552 pb using data corresponding to 9.7 fb~!
of integrated luminosity [22].

The cross sections for individual production modes
were also measured separately. The DO collaboration
observed the t-channel process [23] and measured its
cross section to be o, = 3.07f8:ig pb using data corre-
sponding to 9.7 fb~! of integrated luminosity [22]. The
CDF collaboration measured o1y = 1.66f8:i‘;’ pb us-
ing data corresponding to 7.5 fb~! of integrated luminos-
ity [20] and oy = 1.6570 3% pb using up to 9.5 fb~1 [21]
of integrated luminosity. The difference between the
results for oy is about two standard deviations (s. d.).
Based on the statistical evidence reported by both col-
laborations [22, 24, 25], CDF and DO furthermore com-
bined their results to observe the s-channel process with
o5 = 1.29102% pb [26].

At the CERN LHC proton-proton (pp) collider, t-
channel production was observed by the ATLAS and
CMS collaborations [27-30]. Furthermore, ATLAS has
found evidence for Wt associated production [31], fol-
lowed recently by an observation at the CMS experi-
ment [32]. All measurements are in agreement with SM
predictions [9, 12].

In this Letter, we report final combinations of single-
top-quark cross section measurements from analyses per-
formed by the CDF [21] and DO [22] collaborations using
up to 9.7 fb~! of integrated luminosity per experiment.
In particular, we present a combined ¢-channel cross sec-
tion, a combined two-dimensional measurement of the
s- vs. t-channel cross sections, and a combination of the
5+t-channel cross sections. The combination is obtained
by collecting the inputs from both experiments and re-
performing the statistical analysis. This approach allows
for a tighter constraint on the systematic uncertainties
that are common to both experiments, leading to a higher
precision than that achievable from averaging the indi-
vidual results. Here we do not include the combination
of the s-channel cross-section measurements, which was
reported in Ref. [26]. We also measure the magnitude of
the CKM matrix element V};, with no assumptions on the
number of quark flavors.

The CDF and DO detectors are large solenoidal
magnetic spectrometers surrounded by projective-tower-

geometry calorimeters and muon detectors [33, 34]. The
data were selected using a logical OR of many online se-
lection requirements that preserve high signal efficiency
for offline analysis. Both collaborations analyze events
with a lepton (¢ = e or ) plus jets and an imbalance in
the total event transverse energy Bt ({+jets), a topology
consistent with single-top-quark decays in which the de-
cay W boson subsequently decays to v [20, 22]. Events
were selected that contain (i) only one isolated lepton ¢
with large transverse momentum pr, (ii) large Er, (iii)
two or three clusters of energy in the calorimeters (jets)
with large pr, with (iv) one or two of these jets identi-
fied as having been due to the hadronization of a b quark
(b-tagged jets). Multivariate techniques were used to dis-
criminate jets coming from b quarks from jets originating
from light quarks and gluons [35, 36]. Additional selec-
tion criteria were applied to exclude kinematic regions
that were difficult to model and to minimize the back-
ground of multiple jets from QCD production (QCD mul-
tijet) in which one jet was misreconstructed as a lepton
and spurious K arose from mismeasurements.

The other final-state topology, analyzed by the CDF
collaboration, involves 7, jets, and no reconstructed
isolated charged leptons (Hr-+jets) [21]. In the CDF
Hr+jets analysis, overlap with the /+jets sample was
avoided by vetoing events with identified leptons. Large
FHr was required, and events with either two or three re-
constructed jets were accepted. This additional sample
increased the acceptance for signal events by including
those in which the W-boson decay produced a lepton that
is either not reconstructed or not isolated, or a 7 lepton
that decayed into hadrons and a neutrino, which were re-
constructed as a third jet. After the basic event selection,
QCD multijet events dominate the Hr+jets event sam-
ple. To reduce this background, a selection based on an
artificial neural network was optimized to preferentially
select signal-like events.

Events passing the /+jets and Fr+jets selections were
separated into independent channels based on the num-
ber of reconstructed jets as well as on the number and
quality of b-tagged jets. Each of the channels has a dif-
ferent background composition and signal-to-background
ratio, and analyzing them separately enhances the sen-
sitivity to single-top-quark production by approximately
10% [21, 22].

Several differences in the properties of s- and ¢-channel
events were used to distinguish them from one another.
Events originating from t¢-channel production typically
contain one light-flavor jet at large pseudorapidity mag-
nitude |n|, which is useful for separating them from events
associated with s-channel production and other SM back-
ground processes. Events from the s-channel process are
more likely to yield two b jets within the central region
of the detector.

Both collaborations used Monte Carlo (MC) event gen-
erators to simulate kinematic properties of signal and



background events, except for multijet production, which
was modeled using data. CDF modeled single-top-quark
signal events at NLO accuracy in the strong coupling
strength a; using the POWHEG [37] generator. DO used
the SINGLETOP [38] event generator, based on NLO QCD
COMPHEP calculations that match the kinematic features
predicted by other NLO calculations [39, 40]. Spin infor-
mation in the decays of the top quark and the W boson
is preserved in both POWHEG and SINGLETOP.

Kinematic properties of background events from pro-
cesses in which a W or Z boson is produced in associ-
ation with jets (W+jets or Z+jets) were simulated us-
ing the ALPGEN leading-order MC generator [41]; those
from diboson contributions (WW, WZ and ZZ) were
modeled using PYTHIA [42]. The tf process was mod-
eled using PYTHIA at CDF and ALPGEN at DO. The
mass of the top quark in simulated events was set to
my = 172.5 GeV. Higgs-boson processes were modeled
using simulated events generated with PYTHIA for a Higgs
boson mass of my = 125 GeV [43-45]. In all of the above
cases, PYTHIA was used to model proton remnants and
to simulate the hadronization of all generated partons.
The presence of additional pp interactions was modeled
by overlaying events selected from random beam cross-
ings matching the instantaneous luminosity profile in the
data. All MC events were processed through GEANT-
based detector simulations [46], and reconstructed using
the same computer programs as used for data.

Data were used to normalize W-boson production asso-
ciated with both light- and heavy-flavor jet contributions
in samples enriched in W +-jets processes, which have neg-
ligible signal content [17, 22, 25]. All other simulated
background samples were normalized to their theoret-
ical cross sections, i.e., tf at next-to-NLO QCD [47],
Z+jets and diboson production at NLO QCD [48], and
Higgs-boson production including all relevant higher-
order QCD and electroweak corrections [49]. For the
measurement of o;, the s-channel single-top-quark pro-
duction sample was considered as background and nor-
malized to the NLO QCD cross section combined with
NNLL resummations [12].

Multivariate discriminants were optimized to separate
signal events from large background contributions. To
combine the results from the two experiments we use the
s- and t-channel discriminants from the CDF [24] and
DO [22] single-top-quark measurements. We perform a
likelihood fit to the binned distribution of the final dis-
criminants. We combine the various channels of the dif-
ferent analyses from each experiment by taking the prod-
uct of their likelihoods and simultaneously varying the
correlated uncertainties and by comparing data to the
predictions for each contributing signal and background
process. Using a Bayesian statistical analysis [50], we
then derive combined Tevatron cross section measure-
ments, taking the prior density for the signal cross sec-
tions to be uniform for non-negative cross sections.

For the sources of uncertainties we follow Ref. [26].
We consider the following systematic uncertainties: the
integrated luminosity from detector-specific sources and
from the the inelastic and diffractive cross sections. We
also consider systematic uncertainties on the signal mod-
eling, the simulation of background, data-based methods
to estimate background, detector modeling, b-jet tagging,
and the measurement of the jet-energy scale. Table I of
Ref. [26] summarizes the categories that contribute to the
uncertainties on the shape of the output of the multivari-
ate discriminants distributions and the range of uncer-
tainties applied to the predicted normalizations for sig-
nal and background contributions. Reference [26] gives
the sources of systematic uncertainty common to mea-
surements of both collaborations that are assumed to be
fully correlated, and lists uncertainties that are assumed
to be uncorrelated. The dependence of the results on
these correlation assumptions is negligible.

A two-dimensional (2D) posterior-probability density
is constructed as a function of o4 and o; in analogy to
the one-dimensional (1D) posterior probability described
in Ref. [26]. The measured cross section is quoted as
the value at the position of the maximum, and the 68%
probability contour defines the measurement uncertainty.

Figure 1 shows the distributions of the bin mean val-
ues from the discriminants sorted by the s-channel mi-
nus t-channel expected signal contributions divided by
the background expectation. We show the data, the SM
predictions for the s- and t-channel processes, and the
predicted backgrounds separated by source. The dis-
tribution for large negative values is dominated by the
content of the bins that show a higher ¢-channel contri-
bution, while large positive values are dominated by the
content of the bins with a higher s-channel contribution.
The abscissa extends to larger negative values since we
expect more t-channel events than s-channel events and
the separation from background is better for t-channel
events than for s-channel events. The region correspond-
ing to discriminant values near zero is dominated by the
background.

The resulting 2D posterior probability distribution as a
function of oy and o is presented in Fig. 2. The value and
uncertainty in the individual cross sections are derived
through the 1D posterior probability functions obtained
by integrating the 2D posterior probability over the other
variable. The most probable value of o; is 2.25702) pb.
The measurement of o4y is performed without making
assumptions on the ratio of os/0y by forming a 2D poste-
rior probability density distribution of o versus o; and
then integrating over all possible values of o; to extract
the 1D estimate of osy¢. The combined cross section
is 0,1+ = 3.307032 pb. The total expected uncertainty
on ey is 13%, and the expected uncertainty without
considering systematic uncertainties is 8%. The system-
atic uncertainty from the uncertainty on the top-quark
mass is negligible compared with the other uncertain-
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FIG. 1: (Color online) Distribution of the discriminant his-
tograms, summed over bins with similar ratios of (s-channel
— t-channel) signals divided by background yields. The data,
predicted SM s- and t-channel yields, and expected back-
ground are displayed. The total expected background (black
solid line) is shown with its uncertainty (grey shaded band).
A nonlinear scale is used on the abscissa to better display the
range of the discriminant output values.
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FIG. 2: (Color online) Two-dimensional posterior probabil-
ity as a function of o; and os with one, two, and three s.
d. probability contours for the combination of the CDF and
DO analysis channels compared with the NLO+NNLL theo-
retical prediction of the SM [9, 12]. Several BSM predictions
are shown, a model with four quark generations with top-to-
strange quark coupling |Vis| = 0.2 [51], a top-flavor model
with new heavy bosons with mass m, = 1 TeV [6], a model
of charged top-pions with mass m_ .+ = 250 GeV [6], and a
model with flavor-changing neutral currents with a 0.036 cou-
pling k. /A between up-quark top-quark and gluon [6, 52].

ties [17, 22]. Figure 2 also shows the expectation from
several beyond the SM (BSM) models. Figure 3 shows
the individual [21, 22] and combined (this Letter) mea-
surements of the ¢- and s + ¢-channel cross sections in-
cluding previous measurements of the individual [22, 24]
and combined [26] s-channel cross sections. All measure-
ments are consistent with SM predictions.
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FIG. 3: (Color online) Measured single-top-quark production
cross sections from the CDF and DO collaborations in dif-
ferent production channels and the Tevatron combinations of
these analyses compared with the NLO+NNLL theoretical
prediction [9, 12].

The SM single-top-quark production cross section is
approximately proportional to the square of the CKM
matrix element Vi, thus providing a measurement of |V, |
directly without any assumption on the number of quark
families or the unitarity of the CKM matrix [53]. We
extract |Vip| assuming that top quarks decay exclusively
to Wb final states.

We start with the multivariate discriminants for the s
and t channels for each experiment and form a Bayesian
posterior probability density for |V;;|? assuming a uni-
form prior probability distribution in the region [0, co].
Additionally, the uncertainties on the SM predictions for
the s- and t-channel cross sections [9, 12] are considered.
The resulting posterior probability distribution for |V;;|?
is presented in Fig. 4. We obtain |Vi| = 1.027058. If
we restrict the prior to the SM region [0,1], we extract a
limit of V4| > 0.92 at the 95% C.L.

In summary, using pp collision samples corresponding
to an integrated luminosity of up to 9.7 fb~! per experi-
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FIG. 4: (Color online) Posterior probability distribution as a
function of \th|2 for the combination of CDF and DO analysis
channels. The arrow indicates the allowed values of |Vip|?
corresponding to the limit of [Vy,| > 0.92 at the 95% C.L.

ment, we report the final combination of single-top-quark
production cross sections from CDF and D0 measure-
ments assuming m; = 172.5 GeV. The cross section for
t-channel production is found to be

oy = 2.257037 pb.

With no assumption on the relative s- and t-channel con-
tributions, the total single-top-quark production cross
section is

Ot = 3.307552 pb.

Together with the combined s-channel cross section [26],
this completes single-top-quark cross-section measure-
ments accessible at the Tevatron. All measurements
are consistent with SM predictions [9, 12]. Finally, we
extract a direct limit on the CKM matrix element of
[Vis] > 0.92 at the 95% C.L. As a result, there is no
indication of sources of new physics beyond the SM in
the measured strength of the Wtb coupling.

Acknowledgments

We thank the Fermilab staff and technical staffs of
the participating institutions for their vital contributions.
We acknowledge support from the Department of Energy
and the National Science Foundation (United States of
America), the Australian Research Council (Australia),
the National Council for the Development of Science

and Technology and the Carlos Chagas Filho Founda-
tion for the Support of Research in the State of Rio de
Janeiro (Brazil), the Natural Sciences and Engineering
Research Council (Canada), the China Academy of Sci-
ences, the National Natural Science Foundation of China,
and the National Science Council of the Republic of
China (China), the Administrative Department of Sci-
ence, Technology and Innovation (Colombia), the Min-
istry of Education, Youth and Sports (Czech Repub-
lic), the Academy of Finland, the Alternative Energies
and Atomic Energy Commission and the National Center
for Scientific Research/National Institute of Nuclear and
Particle Physics (France), the Bundesministerium fir
Bildung und Forschung (Federal Ministry of Education
and Research) and the Deutsche Forschungsgemeinschaft
(German Research Foundation) (Germany), the Depart-
ment of Atomic Energy and Department of Science and
Technology (India), the Science Foundation Ireland (Ire-
land), the National Institute for Nuclear Physics (Italy),
the Ministry of Education, Culture, Sports, Science and
Technology (Japan), the Korean World Class University
Program and the National Research Foundation of Korea
(Korea), the National Council of Science and Technol-
ogy (Mexico), the Foundation for Fundamental Research
on Matter (Netherlands), the Ministry of Education and
Science of the Russian Federation, the National Research
Center ”Kurchatov Institute” of the Russian Federation,
and the Russian Foundation for Basic Research (Rus-
sia), the Slovak R&D Agency (Slovakia), the Ministry of
Science and Innovation, and the Consolider-Ingenio 2010
Program (Spain), the Swedish Research Council (Swe-
den), the Swiss National Science Foundation (Switzer-
land), the Ministry of Education and Science of Ukraine
(Ukraine), the Science and Technology Facilities Council
and the The Royal Society (United Kingdom), the A.P.
Sloan Foundation (USA), and the European Union com-
munity Marie Curie Fellowship contract 302103.

* Deceased

! With visitors from ®University of British Columbia, Van-
couver, BC V6T 1Z1, Canada, ‘Istituto Nazionale di
Fisica Nucleare, Sezione di Cagliari, 09042 Monserrato
(Cagliari), Italy, “University of California Irvine, Irvine,
CA 92697, USA, “Institute of Physics, Academy of Sci-
ences of the Czech Republic, 182 21, Czech Republic,
°CERN, CH-1211 Geneva, Switzerland, fCornell Uni-
versity, Ithaca, NY 14853, USA, YUniversity of Cyprus,
Nicosia CY-1678, Cyprus, "Office of Science, U.S. De-
partment of Energy, Washington, DC 20585, USA,
{University College Dublin, Dublin 4, Ireland, ETH,
8092 Ziirich, Switzerland, *University of Fukui, Fukui
City, Fukui Prefecture, Japan 910-0017, 'Universidad
Iberoamericana, Lomas de Santa Fe, México, C.P. 01219,
Distrito Federal, ™University of Iowa, Iowa City, TA
52242, USA, "Kinki University, Higashi-Osaka City,



Japan 577-8502, °Kansas State University, Manhattan,
KS 66506, USA, PBrookhaven National Laboratory, Up-
ton, NY 11973, USA, ?Istituto Nazionale di Fisica Nu-
cleare, Sezione di Lecce, Via Arnesano, 1-73100 Lecce,
Italy, "Queen Mary, University of London, London, E1
4NS, United Kingdom, ®University of Melbourne, Vic-
toria 3010, Australia, “Muons, Inc., Batavia, IL 60510,
USA, “Nagasaki Institute of Applied Science, Nagasaki
851-0193, Japan, “National Research Nuclear Univer-
sity, Moscow 115409, Russia, “ Northwestern University,
Evanston, IL 60208, USA, “University of Notre Dame,
Notre Dame, IN 46556, USA, YUniversidad de Oviedo,
E-33007 Oviedo, Spain, *CNRS-IN2P3, Paris, F-75205
France, ““Universidad Tecnica Federico Santa Maria,
110v Valparaiso, Chile, **The University of Jordan, Am-
man 11942, Jordan, ““Universite catholique de Lou-
vain, 1348 Louvain-La-Neuve, Belgium, ““University of
Zirich, 8006 Ziirich, Switzerland, ““Massachusetts Gen-
eral Hospital, Boston, MA 02114 USA, //Harvard Medi-
cal School, Boston, MA 02114 USA, 9“Hampton Univer-
sity, Hampton, VA 23668, USA, ""Los Alamos National
Laboratory, Los Alamos, NM 87544, USA, “Universita
degli Studi di Napoli Federico I, I-80138 Napoli, Italy
With visitors from 77 Augustana College, Sioux Falls,
SD, USA, **The University of Liverpool, Liverpool,
UK, YDESY, Hamburg, Germany, ™™ CONACyT, Mex-
ico City, Mexico, ""Universidad Michoacana de San
Nicolas de Hidalgo, Morelia, Mexico, °°SLAC, Menlo
Park, CA, USA, PPUniversity College London, Lon-
don, UK, %YCentro de Investigacion en Computacion
- IPN, Mexico City, Mexico, " Universidade Estadual
Paulista, Sao Paulo, Brazil, **Karlsruher Institut fiir
Technologie (KIT) - Steinbuch Centre for Computing
(SCC), "Office of Science, U.S. Department of Energy,
Washington, D.C. 20585, USA, ““American Associa-
tion for the Advancement of Science, Washington, D.C.
20005, USA, ““National Academy of Science of Ukraine
(NASU) - Kiev Institute for Nuclear Research (KINR),
WWUniversity of Maryland, College Park, MD 20742,
*?European Organization for Nuclear Research (CERN),
[1] C. E. Gerber and C. Vellidis, arXiv:hep-ex/1409.5038.
[2] T. A. Aaltonen et al. (CDF and DO Collaborations),
Phys. Rev. D 89 072001 (2014).
[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963);
M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973).
[4] M. S. Chanowitz, Phys. Rev. D 79, 113008 (2009).
[5] J. Alwall et al., Eur. Phys. J. C 49, 791 (2007).
6] T. M. P. Tait and C.-P. Yuan, Phys. Rev. D 63, 014018
(2000).
[7] S. S. D. Willenbrock and D. A. Dicus, Phys. Rev. D 34,
155 (1986).
[8] C.-P. Yuan, Phys. Rev. D 41, 42 (1990).
[9] N. Kidonakis, Phys. Rev. D 83, 091503 (2011).
[10] S. Cortese and R. Petronzio, Phys. Lett. B 253, 494
(1991).
[11] T. M. P. Tait, Phys. Rev. D 61, 034001 (2000).
[12] N. Kidonakis, Phys. Rev. D 81, 054028 (2010).
[13] The ATLAS, CDF, CMS and DO Collaborations,
arXiv:hep-ex/1403.4427.
[14] K. A. Olive et al. (Particle Data Group), Chin. Phys. C
38, 090001 (2014).
[15] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
103, 092002 (2009).

10

[16] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
81 072003 (2010).

[17] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
82, 112005 (2010).

[18] V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett.
103, 092001 (2009).

[19] V. M. Abazov et al. (DO Collaboration), Phys. Rev. D
84, 112001 (2011).

[20] T. A. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 113, 261804 (2014).

[21] T. A. Aaltonen et al. (CDF Collaboration), arXiv:hep-
ex/1410.4909.

[22] V. M. Abazov et al. (DO Collaboration), Phys. Lett. B
726, 656 (2013).

[23] V. M. Abazov et al. (DO Collaboration), Phys. Lett. B
705, 313 (2011).

[24] T. A. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 112, 231804 (2014).

[25] T. A. Aaltonen et al. (CDF Collaboration), Phys. Rev.
Lett. 112, 231805 (2014).

[26] T. A. Aaltonen et al. (CDF and DO Collaborations),
Phys. Rev. Lett. 112, 231803 (2014).

[27] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 717,
330 (2012).

[28] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90,
112006 (2014).

[29] S. Chatrchyan et al. (CMS Collaboration), J. High En-
ergy Phys. 12 (2012) 035.

[30] V. Khachatryan et al. (CMS Collaboration), J. High En-
ergy Phys. 06 (2014) 090.

[31] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716,
142 (2012).

[32] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev.
Lett. 112, 231802 (2014).

[33] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[34] V. M. Abazov et al. (DO Collaboration), Nucl. Instrum.
Methods A 565, 463 (2006).

[35] J. Freeman et al., Nucl. Instrum. Meth. in Phys. Res. A
697, 64 (2013).

[36] V. M. Abazov et al. (DO Collaboration), Nucl. Instrum.
Meth. in Phys. Res. A 620, 490 (2010); V. M. Abazov
et al. (DO Collaboration), Nucl. Instrum. Meth. in Phys.
Res. A 763, 290 (2014).

[37] S. Alioli, P. Nason, C. Oleari, and E. Re, J. High Energy
Phys. 09 (2009) 111.

[38] E. E. Boos, V. E. Bunichev, L. V. Dudko, V. I. Savrin,
and V. V. Sherstnev, Phys. Atom. Nucl. 69, 1317 (2006).
We use SINGLETOP version 4.2pl.

[39] Z. Sullivan, Phys. Rev. D 70, 114012 (2004).

[40] J. M. Campbell, R. Frederix, F. Maltoni, and F. Tramon-
tano, Phys. Rev. Lett. 102, 182003 (2009).

[41] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and
A.D. Polosa, J. High Energy Phys. 07 (2003) 001. We use
ALPGEN version 2.11.

[42] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026. We use PYTHIA version 6.409.

[43] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90,
052004 (2014).

[44] V. Khachatryan et al. [CMS Collaboration|, Eur. Phys.
J. C 74, 3076 (2014).

[45] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D
89, 092007 (2014);

G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716,



11

1 (2012). 064; G. Ferrera, M. Grazzini and F. Tramontano, Phys.
[46] R. Brun and F. Carminati, CERN Program Library Long Rev. Lett. 107, 152003 (2011).
Writeup, Report No. W5013, 1993. [50] I. Bertram et al., FERMILAB-TM-2104 (2000).

[47] S. Moch and P. Uwer, Phys. Rev. D 78, 034003 (2008). [51] J. Alwall et al., Eur. Phys. J. C 49, 791 (2007).
The top-quark-pair production cross section is 7.46 + [62] V. M. Abazov et al. (DO Collaboration), Phys. Rev. Lett.

0.75 pb (m: = 172.5 GeV). 99, 191802 (2007).
[48] R. K. Ellis, Nucl. Phys. Proc. Suppl. 160, 170 (2006). [53] V. M. Abazov et al. (DO Collaboration), Phys. Rev. D
We use MCFM version 5.1. 78, 012005 (2008).

[49] J. Baglio and A. Djouadi, J. High Energy Phys. 10 (2010)



