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We present a study of single top and single antitop quark production in the t-channel mode at the LHC

pp collider at 7 TeV, 10 TeV and 14 TeV, including next-to-leading order QCD corrections to the

production and decay of the top quark. We discuss the effects of different Oð�sÞ contributions on the

inclusive cross section and important kinematic distributions, after imposing the relevant cuts to select

t-channel single top quark events.
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I. INTRODUCTION

The top quark and its electroweak interaction are impor-
tant within the standard model and provide a window to
physics beyond the standard model. In particular, the pro-
duction of single top quarks through electroweak interac-
tions is a sensitive process at hadron colliders that is being
studied at both the Tevatron proton-antiproton collider and
the Large Hadron Collider (LHC) proton-proton collider.
Electroweak single top quark production proceeds through
the s-channel decay of a virtual W (q �q0 ! W� ! t �b), the
t-channel exchange of a virtualW (bq ! tq0 and b �q0 ! t �q,
shown in Fig. 1), and the associated production of a top
quark and a W boson (bg ! tW�). The single top cross
section is proportional to the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix element jVtbj2, and the single
top cross section measurement provides a direct determi-
nation of jVtbj without assumptions about the number of
quark generations. A study of spin correlations in single top
quark production can be used to test the left-handed nature
of the top quark charged-current weak interaction and to
look for anomalous top quark couplings [1–3].

The D0 and CDF collaborations at the Fermilab
Tevatron proton-antiproton collider have observed single
top quark production for the first time [4–6], following the
evidence for single top production from D0 [7,8], con-
firmed by CDF [9]. The Tevatron measurements combine
the s-channel and t-channel signals to maximize the sensi-
tivity to the single top quark signal. The D0 Collaboration
has also reported a separate measurement of the t-channel
cross section [10], independent of the s channel.
These measurements rely heavily on multivariate analysis
techniques [8,11,12] which require accurate modeling of

both the single top signals and the various background
processes.
At the LHC, single top quark production will play an

important role in searches for new physics, in the single top
quark final state and as background in other searches. All
three single top processes should be observed at the LHC,
where the t channel has the largest cross section, followed
by associated production and the s channel. It is important
to separate these processes from each other since they have
different systematic uncertainties and different sensitivities
to new physics [13–16].
The next-to-leading order (NLO) Oð�sÞ corrections to

single top quark production have already been carried out
in Refs. [17,18], which shows an uncertainty on the total
cross section of about 5% by varying the factorization and
renormalization scales. The differential cross sections for
on shell single top quark production have been calculated
[19,20], and the complete NLO calculations including both
the single top quark production and decay have been done
independently by several groups [21–28]. For the t-channel
process, the NLO corrections have also been calculated for
the 2 ! 3 process gq ! tq0 �b [29,30], and interference
between top quark production and decay have been in-
cluded [28]. The total cross section has been calculated
at NLO including higher-order soft gluon corrections
[31–33]. Recently, resummation effects on the s- and

FIG. 1. Representative Feynman diagram for t-channel single
top quark production.
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t-channel single top productions in the framework of soft-
collinear-effective-theory have been investigated [34,35].
In previous studies we presented a detailed phenomeno-
logical analysis, focusing on signal cross sections and
kinematical distributions, of t-channel single top quark
production at the Tevatron [24], and s-channel single top
quark production at the LHC [36]. Here we analyze
t-channel single top quark production at the LHC proton-
proton collider at center of mass (CM) energies of 7 TeV,
10 TeV and 14 TeV. Since the LHC is the pp collider, the
production cross sections and kinematic distributions are
different for b�tðjÞ and t �bðjÞ. We therefore consider the
production of a t quark separately from the production of
a t quark.

The paper is organized as follows. In Sec. II, we first
present the inclusive cross section for single top quark
production at the LHC in the t-channel mode. We then
investigate its dependence on the top quark mass, renor-
malization and factorization scales, and parton distribution
functions (PDF). In Sec. III, we examine the acceptance of
single top quark events for various sets of kinematic cuts.
In Sec. IV, we explore the kinematical information in the
final state objects. Section V contains our conclusions.

II. INCLUSIVE CROSS SECTION

The LHC will produce large samples of t-channel single
top quark events, already in the initial 7 TeV run and even
more so in 14 TeV running, and single top quark produc-
tion can be studied in detail. The accuracy of the cross
section and jVtbj measurements at the Tevatron is limited
by the statistical uncertainty of the small single top
samples collected and the large backgrounds [4,5]. The
situation will be drastically different at the LHC where
systematic uncertainties dominate. In particular the mea-
surement of jVtbj requires accurate theoretical predictions
of both the inclusive cross section and kinematic distribu-
tions. In this section, we show the inclusive production
rates and discuss their dependence on the factorization and
renormalization scales as well as the top quark mass.

We present numerical results for the production of single
top quark events considering the leptonic decay of the W
boson from the top quark decay at the LHC. We consider
three different CM energies for the LHC pp collider: the
start-up CM energy of 7 TeV, an intermediate energy of
10 TeV, and the design energy of 14 TeV. Unless otherwise
specified, we use the NLO PDF set CTEQ6.6M [37,38],

defined in the MS scheme, and the NLO (2-loop) running
coupling �s with �MS provided by the PDFs. For the

CTEQ6.6M PDFs,�ð4Þ
MS

¼ 0:326 GeV for four active quark

flavors. The values of the relevant electroweak parameters
are � ¼ 1=137:0359895, G� ¼ 1:16637� 10�5 GeV�2,

MW ¼ 80:40 GeV, MZ ¼ 91:1867 GeV, and sin2�W ¼
0:231 [39]. The square of the weak gauge coupling is

g2 ¼ 4
ffiffiffi
2

p
M2

WG�. We extend our previous Tevatron studies

[22–24] to the LHC proton-proton collider, including both
top and antitop production. We focus on the electron final
state, though our analysis procedure also applies to the
muon final state. Including Oð�sÞ corrections to the decay
W ! �qq0, the decay branching ratio of the W boson into
leptons is BrðW ! ‘þ�Þ ¼ 0:108 [39]. Unless otherwise
specified, we will choose the top quark mass to be
mt ¼ 173 GeV, consistent with the world average
[40–42], and the renormalization scale (�R) as well as the
factorization scale (�F) to be equal to the top quark mass.

A. Theoretical cutoff dependence

The NLO QCD differential cross sections are calculated
using the one-cutoff phase space slicing (PSS) method
[43,44]. This procedure introduces a theoretical cutoff
parameter (smin) in order to isolate soft and collinear
singularities associated with real gluon emission subpro-
cesses by partitioning the phase space into soft, collinear
and hard regions such that

jMrj2 ¼ jMrj2soft þ jMrj2collinear þ jMrj2hard: (1)

In the soft and collinear regions the cross section is pro-
portional to the Born-level cross section. Using dimen-
sional regularization, we evaluate the real gluon emission
diagrams in n dimensions under the soft gluon approxima-
tion in the soft region and under the collinear approxima-
tion in the collinear region, and integrate out the
corresponding phase space volume analytically. The result-
ing divergences are canceled by virtual corrections or
absorbed into the perturbative parton distribution functions
in the factorization procedure. For our study, we found a
cutoff value of smin ¼ 1 GeV2 to be appropriate for study-
ing the t-channel single top process. For comparison, we
also used a value of smin ¼ 1 GeV2 in our Tevatron
t-channel study [24], and a value of smin ¼ 5 GeV2 in
our Tevatron [23] and LHC [36] s-channel studies. A de-
tailed discussion of the phase space slicing method can be
found in Ref. [22].
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FIG. 2 (color online). Inclusive t-channel single top quark
cross section at the LHC proton-proton collider as a function
of CM energy for a top quark mass of 173 GeV.
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B. Inclusive cross section

The LHC has been designed for a CM energy of 14 TeV,
though during the initial start-up of the accelerator the
energy is only 7 TeV. Figure 2 shows the dependence of
the inclusive cross section on the CM energy.

At Born-level, the production cross section for top
quarks is about 3=2 larger than that for antitop quarks
due to the initial state configuration (up quark PDF vs
down quark PDF). The difference between top and antitop
is smaller at NLO, and the antitop production cross section
is larger at NLO compared to Born-level. This is in contrast
to the top quark production cross section, which is almost
identical between Born-level and NLO. This difference
between top and antitop quarks is due to the different b
quark and gluon PDF momentum fraction regions.

We group the higher-order QCD corrections into three
separate gauge invariant sets according to their origin:
corrections from the light quark line (LIGHT), corrections
from the heavy quark line (HEAVY), and corrections from

the top quark decay (TDEC). If appropriate we further
subgroup the HEAVY corrections into those with real
gluon emission (HEAVY(g)) and those with emission of
a �b-quark (HEAVY( �b), also called 2 ! 3), see also Fig. 6.
The explicit diagrams and definitions for these three sets
can be found in Ref. [22]. The inclusive cross section as
well as the individual Oð�sÞ contributions are listed in
Table I.
The effects of the finite widths of the top quark and W

boson have been included. The cross section is about twice
as large for top quark production compared to antitop
because there are two up quarks in the proton and only
one down quark. The ratio between top and antitop quark
production decreases at NLO due to the heavy quark
correction, which has opposite sign for top and antitop
quark production. In top quark production, the HEAVY
correction is negative, whereas in antitop quark production
it is positive. This is a reflection of the different gluon and b
quark momentum fractions that the two processes are

TABLE I. Inclusive t-channel single top production cross section for different subprocesses at the 7 TeV and 14 TeV LHC for a top
quark mass of 173 GeV.

Top quark production Antitop quark production

Cross section (pb) Fraction of NLO (%) Cross section (pb) Fraction of NLO (%)

7 TeV CM energy:

Born-level 38.6 96.6 19.1 87.2

Oð�sÞ HEAVY �3:6 �9:0 0.84 3.8

Oð�sÞ LIGHT 3.9 9.7 1.8 8.0

Oð�sÞ TDEC 1.1 2.7 0.22 1.0

Oð�sÞ sum 1.4 3.4 2.8 12.8

NLO 40.0 100 21.9 100

14 TeV CM energy:

Born-level 146.5 97.2 84.3 87.7

Oð�sÞ HEAVY �9:0 �6:0 6.9 7.2

Oð�sÞ LIGHT 9.0 6.0 3.9 4.1

Oð�sÞ TDEC 4.2 2.8 1.0 1.0

Oð�sÞ sum 4.2 2.8 11.8 12.3

NLO 150.7 100 96.1 100
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FIG. 3 (color online). Top quark mass dependence of the inclusive t-channel single top quark cross section (a) at 7 TeV and (b) at
14 TeV for the LHC proton-proton collider.
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sensitive to. The TDEC contribution is small compared to
the other two.

C. Top quark mass, PDF and
renormalization/factorization

scale dependence

The inclusive cross section as given in Table I has three
uncertainty components. The top quark mass is not known
exactly and a change in the mass results in a changing cross
section. The t-channel cross section is especially sensitive
to the PDFs, in particular, of the gluon and the b quark. The
renormalization and factorization scales also contribute to
the uncertainty of the theoretical prediction. The renormal-
ization scale �R is introduced when redefining the bare
parameters in terms of the renormalized parameters in the
Oð�sÞ corrections, while the factorization scale �F is
introduced when absorbing the collinear divergences into
parton distribution functions. Therefore, both �R and �F

are unphysical and the final predictions should not depend
on them. However, since we work at a fixed order in
perturbation theory, we indeed see a dependence of the
predicted cross section on�R and�F, which is formally of
higher order. Here, we examine the top quark mass, PDF,
and scale dependence of the t-channel inclusive cross
section.

Figure 3 shows the top quark mass dependence of the
cross section for top and antitop quark production, at Born-
level and NLO. Each cross section changes by about
�1:1% when the top quark mass mt is varied by its current
uncertainty of 1.1 GeV around 173 GeV [42]. The uncer-
tainty is larger for lower CM energies, as show in Table II.

The usual practice for estimating the yet-to-be calcu-
lated higher-order QCD correction to a perturbative cross
section is to vary both the factorization and renormaliza-
tion scales by a factor of 2 up and down compared to the
nominal scale. In Fig. 4 we show the variation of the
total cross section for t-channel single top production

for a range of scales around the nominal value
�F ¼ �R ¼ mt.

1 The figure shows that the NLO calcula-
tion reduces the scale dependence, which can also be seen
in Table II.
Figure 4 also shows that the NLO cross section is below

Born-level, except for top quark production with a large
scale.
We examine the PDF uncertainty following the standard

prescription using the 44 CTEQ Eigenvectors [37,38]. We
evaluate this uncertainty for Born-level and NLO, both top
and antitop production, and three different LHC CM en-
ergies in Table II. The PDF uncertainty is small and does
not change much with top quark mass or collider CM
energy.

III. KINEMATIC ACCEPTANCE STUDIES

In this section we explore the final state object kinemat-
ics of t-channel single top quark events. We focus on the
leptonic decay mode of the W boson from the top quark
decay because those are the focus of the LHC experiments
as well [46,47]. Therefore, the signature of t-channel single
top quark events which is accessible experimentally con-
sists of one charged lepton, missing transverse energy,
together with two or three jets. Since we are studying the
effects of NLO QCD radiative corrections on the produc-
tion rate and the kinematic distributions of single top quark
events at the parton level in this paper, we do not include

TABLE II. The top quark mass, PDF and scale uncertainties for the t-channel single top quark production cross section at the LHC
for top and antitop quark production, at Born-level and NLO, for a top quark mass of 173 GeV and various LHC CM energies.

cross section [pb] Mass (� 1:1 GeV) uncertainty (%) PDF uncertainty (%) Scale uncertainty (%)

7 TeV, top, Born 38.6 1.1 0.5 7.1

7 TeV, top, NLO 40.0 1.1 0.5 4.4

7 TeV, antitop, Born 19.1 1.2 0.5 7.2

7 TeV, antitop, NLO 21.9 1.1 0.5 3.9

10 TeV, top, Born 79.1 0.93 0.5 8.6

10 TeV, top, NLO 80.7 0.93 0.5 4.4

10 TeV, antitop, Born 42.6 1.0 0.5 8.8

10 TeV, antitop, NLO 48.7 0.93 0.5 3.9

14 TeV, top, Born 146.5 0.87 0.5 10.0

14 TeV, top, NLO 150.7 0.87 0.5 4.1

14 TeV, antitop, Born 84.3 0.91 0.5 10.0

14 TeV, antitop, NLO 96.1 0.87 0.5 3.7

1We vary the scales �F and �R together in this work, though
in general, they can be varied independently. The difference
between using a common scale �F ¼ �R and independent
scales (with the condition 1=2<�F=�R < 2) has been studied
in the calculation of NLO QCD corrections to the Wt associated
production [29,45], with the result that varying scales indepen-
dently give a somewhat larger uncertainty. However, scale
variation is merely an estimate of the unknown contributions
from higher order effects and can only be checked by the
complete higher order calculation.
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any detector effects, such as jet energy resolution or
b-tagging efficiency (all jets containing a b quark are b
tagged). Only an approximation of kinematic acceptances
of a generic detector are considered. In this section, we first
present the event topology of the t-channel single top quark
process, and then introduce a jet finding algorithm and the
various kinematical cuts used in studying event accep-
tance. Unless otherwise specified, figures and notation
refer to the production of top quarks, and we show antitop
quark distributions only when different from those for top
quarks. We show distributions for a CM energy of 7 TeV
unless otherwise noted.

A. Event topology

At Born-level, the collider signature of the t-channel
single top quark process includes two jets (one b-tagged
jet from the b quark from the top quark decay, and one
non-b-tagged jet from the light quark), one charged lepton,
and missing transverse energy (ET) in the final state. This
signature becomes more complicated beyond Born-level,
as Fig. 5 indicates. We use the same notation as in
Ref. [24]: the light quark jet is also called ‘‘spectator
jet’’, and the label ‘‘untagged jet’’ refers to all jets which
do not contain a b or �b quark.

At NLO, besides the charged lepton and ET , there may
be two jets (one b-tagged jet and one untagged jet) as for
the Born-level, or there may be three jets. The flavor
composition of the three-jet final state depends on the
origin of the third jet. When it is a gluon or antiquark
(cases (a-c) in Fig. 6), there is one b-tagged jet and two
untagged jets. When it is a �b quark (case (d) in Fig. 6, also
calledW-gluon fusion), there are two b-tagged jets and one
untagged jet. Therefore, prescriptions are needed to iden-
tify the b quark jet from the top quark decay and the light
quark jet produced with the top quark and to separate them
from the additional jet. Additionally, imperfect b tagging
can result inW-gluon fusion events where only one instead
of two jets are b tagged.
The unique signature of the t-channel single top quark

process is the spectator jet in the forward direction, and the
kinematics of this jet are used to suppress the copious
backgrounds from t�t and Wb �b production. Studying the
kinematics of this spectator jet is important in order to have
a better prediction of the acceptance of t-channel single top

FIG. 5. Pictorial illustration of the t-channel process and the
final state notation used in this paper.

(d) (e)

(a) (b) (c)

FIG. 6 (color online). Representative diagrams of the real-
emission corrections to t-channel single top quark production:
(a) and (b) represent the real radiative corrections to the LIGHT
quark line, while (c) and (d) represent the real radiative correc-
tions to the HEAVY quark line, and (e) represents the real
radiative corrections to the top quark decay. The NLO QCD
corrections are indicated by the large shaded ellipse. Detailed
Feynman diagrams can be found in Ref. [22].
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FIG. 4 (color online). Inclusive t-channel single top quark production cross section at a CM energy of (a) 7 TeVand (b) 14 TeVat the
LHC for mt ¼ 173 GeV, versus the ratio of the factorization scale �F to its typical value �0 ¼ mt.
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quark events and of the distribution of several important
kinematic variables. In this work, we study the impact of
the NLO QCD corrections on the kinematic properties
of the spectator jet at the LHC. As pointed out in
Ref. [48], in the effective W approximation, a high-energy
t-channel single top quark event is dominated by the fusion
diagram of a longitudinal W boson and a b quark. This
effective longitudinal W boson is also found in the pro-
duction of a heavy Higgs boson via theWW fusion process,
hence understanding the effective longitudinal W boson
and the kinematics of the light quark jet in t-channel single
top quark production is essential to better predict the
kinematics of Higgs boson events via WW fusion. We
will show that the spectator jet is not uniquely identified
anymore at NLO and will compare proposed solutions to
this problem. In our Tevatron study [24], we differentiated
three categories of events, based on final state jet multi-
plicity and flavor composition. Here we will explore the
same three cases:

(i) Born-level-type exclusive two-jet events (containing
the b quark and the light quark), which have unique
quark-jet assignments because the b-tagged jet is
identified as the b quark jet, and the untagged jet is
assigned to the spectator jet.

(ii) Exclusive three-jet events where the additional jet is
a gluon. In this case it is straightforward to identify
the b quark jet from the top quark decay correctly,
but the spectator jet is not uniquely identified
anymore.

(iii) Exclusive three-jet events where the additional jet
is a �b quark. This is the 2 ! 3 process for which
NLO corrections have been calculated [29]. If both
of these jets are b tagged, then the spectator jet is
uniquely identified but the b quark jet from the top
quark decay is not. If only one of the jets is b
tagged, then both the spectator quark and the b
quark from the top quark decay are potentially
misidentified.

We will demonstrate that the fraction of events in these
three categories shows significant variation depending on
the event reconstruction details.

B. Acceptance

In order to meaningfully discuss the effects of gluon
radiation in single top quark events, we must define a jet as
an infrared-safe observable. In this study, we adopt the
cone-jet algorithm [49] as explained in our previous
work [23,24]. More specifically, we adopt the E-scheme
cone-jet approach (4-momenta of particles in a cone are

simply added to form a jet) with radius R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ ��2

p
in order to define b, q and possibly extra g, �q, or �b jets,
where �� and �� are the separation of particles in the
pseudorapidity � and the azimuthal angle �, respectively.
In recent studies, the LHC collaborations ATLAS

and CMS have used cone sizes of R ¼ 0:4 and R ¼ 0:5,
respectively [46,50,51]. We will consider both in this pa-
per, as well as a larger cone size R ¼ 1:0 for comparison.
The same R value will also be required for the separation
between the lepton and each jet, i.e., lepton isolation.
The kinematic cuts imposed on the final state objects are

P‘
T � 25 GeV; j�‘j � �max

‘ ; ET � Emin
T ;

Ej1;2
T � Ej1;2 min

T ; Ej3
T � 15 GeV; j�jj � 5:0;

�R‘j � Rcut; �Rjj � Rcut; (2)

where the jet cuts are applied to both the b and light quark
jets as well as any additional gluon or quark jets in the final
state. We consider two different sets of cuts in the follow-
ing: a loose set of cuts corresponding to the basic experi-
mental event selection, and a tight set of cuts used by the
experiments to separate t-channel single top events from
the backgrounds. The loose cuts utilize a lepton pseudor-
apidity corresponding to the full detector,�max

‘ ¼ 2:5 and

require Emin
T ¼ 25 GeV and Ej1;2 min

T ¼ 25 GeV for the
leading two jets. The tight cuts restrict leptons to the
central detector, �max

‘ ¼ 1:5, and require Emin
T ¼ 40 GeV

and Ej1;2 min
T ¼ 50 GeV for the leading two jets in order to

suppress backgrounds. Each event is furthermore required
to have at least one lepton and two jets passing all selection
criteria. The cut on the separation in R between the lepton
and the jets as well as between different jets is given by
Rcut. In addition, the b quark jet from the top decay is
required to be in the central detector (j�b-jetj< 2:5), and
the other high ET jet is required to be at a high pseudor-
apidity, j�jetj> 2:5.
Table III shows the single top quark production cross

sections in pb for the loose and tight set of cuts listed in
Eq. (2) for different CM energies and jet cone sizes. The
acceptance for the loose cuts is about 4.3%, similar for top
and antitop quarks and slightly higher at NLO than at
Born-level. Differences between LO and NLO come out
when going to the tight set of cuts. From loose to tight, the
Born-level top (antitop) quark acceptance goes down by a
factor of 10 (twelve). The decrease is slightly smaller at
NLO and for exclusive three-jet events. Changing Rcut

from 0.4 to 0.5 does not change the acceptance very
much, but it reduces the number of three-jet events, mainly
because more gluon radiation is clustered into the b quark
and light quark jets. For the loose cuts, the increase from
Born-level to NLO is comparable to the inclusive cross
section increase; whereas for the tight cuts, the increase
from Born-level to NLO is larger, 20% for top quarks and
25% for antitop quarks. This is due to the HEAVY correc-
tion, which contributes 20% of the NLO cross section after
tight cuts, and is positive for both top and antitop. For the
loose set of cuts, the HEAVY correction contributes about
10% of the NLO cross section, again with a positive sign
for both top and antitop quarks.
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Figure 7(a) shows how the cross section changes as a
function of the jet ET cut when applying the loose set of
cuts (without lepton requirements but including a require-
ment of there being at least two jets in the event). The
figure also shows the dependence of the fraction of two-jet
events and three-jet events on the jet ET cut. There are only
two-jet events at Born-level, whereas Oð�sÞ corrections
can produce an additional soft jet. The fraction of
events with these additional jets is as high as 83% for a
jet threshold of 15 GeV (and a jet clustering cone size
of 0.4), and drops off to about 10% for a jet threshold
of 100 GeV. Since the typical jet ET thresholds considered
by experiments are in the range of 15 GeV to 25 GeV, the
fraction of three-jet events will be very high, and it will be
important to study three-jet t-channel single top quark
events at the LHC in detail.

For antitop quark events the distribution is similar, but
the fraction of two-jet events for the lowest threshold of
15 GeV is higher, 33% (compared to 26% for top quarks).
At a CM energy of 14 TeV (10 TeV), the fraction of two-jet
events in top quark production decreases to 17% (21%) as a
result of the additional available phase space for gluon
radiation.
We will use the loose set of cut values for the following

discussion: �max
l ¼ 2:5, �max

j ¼ 5:0, and Rcut ¼ 0:4,

Emin
Tj ¼ 15 GeV, cf. Eq. (2).

IV. EVENT DISTRIBUTIONS

In this section we examine the kinematic properties of
t-channel single top quark events. The t-channel final state
includes one b-tagged jet, one untagged jet, one charged
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FIG. 7 (color online). Cross section and fraction of three-jet events at the 7 TeV LHC at NLO for varying jet pT cuts, requiring only
that njets � 2, and not making any cuts on the electron or neutrino. Shown is the total cross section for events with two or three jets as a

function of the jet ET cut for three different jet pseudorapidity cuts (a) and the fraction of two-jet and three-jet events as a function of
jet pT (b). The jet cone size is 0.4 and the lowest threshold considered is 15 GeV.

TABLE III. The t-channel single top (antitop) quark production cross sections times decay branching ratio t ! bWþ ! beþ� (�t !
�bW� ! �be� ��) at the 7 TeV and 14 TeV LHC under various cut scenarios listed in the text.

�� Br [pb] 7 TeV 14 TeV

top antitop top antitop

LO NLO LO NLO LO NLO LO NLO

loose cuts, Rcut ¼ 0:4

tqþ tqj 1.66 1.75 0.83 0.96 6.2 6.6 3.6 4.2

tqj 1.28 0.64 5.5 3.2

loose cuts, Rcut ¼ 0:5

tqþ tqj 1.65 1.75 0.82 0.96 6.1 6.6 3.6 4.2

tqj 1.19 0.60 5.1 3.0

tight cuts, Rcut ¼ 0:4

tqþ tqj 0.12 0.14 0.06 0.07 0.61 0.72 0.29 0.36

tqj 0.089 0.05 0.60 0.29

tight cuts, Rcut ¼ 0:5

tqþ tqj 0.12 0.14 0.05 0.06 0.61 0.73 0.29 0.36

tqj 0.084 0.03 0.57 0.27
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lepton, and missing energy at Born-level, thus it is straight-
forward to reconstruct the top quark from the b-tagged jet
and the reconstructed W boson, and to identify the light
quark jet as the untagged jet. At NLO, however, an addi-
tional jet can be radiated, which will complicate the re-
construction of the top quark final state. First, the
additional jet can be either a b-tagged jet or an untagged
jet. When it is a b-tagged jet, we need to select which of the
two b-tagged jets corresponds to the b quark jet from the
top quark decay. Here we always choose the highest pT

b-tagged jet. Similarly, when the additional jet is an un-
tagged jet, we need to select which of the two untagged jets
is the spectator jet. We will explore two different methods
to resolve this ambiguity: selecting the leading untagged
jet and selecting the most forward untagged jet. Second,
the additional untagged jet can come from either the pro-
duction or the decay of the top quark. Production stage
emission occurs before the top quark goes on shell, thus the
W boson and b quark momenta will combine to give the
top quark momentum. Decay stage emission occurs only
after the top quark goes on shell, thus the gluon momentum
must also be included in order to reconstruct the top quark
momentum properly.

We also examine various kinematic distributions of the
final state particles and then study the effects of NLO
corrections on distributions concerning the reconstructed

top quark, in particular, spin correlations between the final
state particles. Finally, we explore the impact of the radi-
ated jet in exclusive three-jets events. We use only the
loose set of cuts to maximize the efficiency when examin-
ing the distributions and efficiencies in detail.

A. Final state object distributions

1. Charged lepton and missing transverse energy

In this section we examine various kinematic distribu-
tions of final state objects after event reconstruction and
after applying the loose set of cuts, cf. Table I and Eq. (2).
We concentrate on inclusive two-jet events in this section
because they give more reliable infrared-safe predictions.
Figure 8 shows the transverse momentum of the electron

and its pseudorapidity as well as the missing transverse
energy for top quark events. The antitop quark distributions
are very similar. The lepton transverse momentum is typi-
cally smaller than the missing transverse energy because
the neutrino from theW-boson decay moves preferentially
along the direction of the top quark, both for top and
antitop quark production. This is due to the left-handed
nature of the charged-current interaction and can easily
be seen when examining the spin correlations between the
charged lepton and the top quark in the top quark
rest frame. The Oð�sÞ corrections do not change the
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FIG. 8 (color online). (a) transverse momentum of the electron and (b) its pseudorapidity and (c) missing transverse energy, after
selection cuts, comparing Born-level to Oð�sÞ corrections, for top quark production at the 7 TeV LHC.
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distributions much. The pseudorapidity distribution of the
electron is given in Fig. 8(b). Since the LHC is a proton-
proton collider, all pseudorapidity (�) distributions will be
symmetric about zero and we thus present distributions of
the absolute value j�j. This distribution is more central for
NLO events than for Born-level events because the LIGHT
and HEAVY Oð�sÞ corrections tend to reduce the
z-momentum imbalance of the two initial state partons.
We will comment more on the subject of angular correla-
tions in Sec. IVD.

2. Spectator jet

One of the unique features of t-channel single top quark
production is the light quark jet. This spectator jet can be
used to disentangle t-channel single top quark events from
the copious backgrounds. Therefore, its kinematic distri-
butions need to be well studied, especially the impact of
Oð�sÞ corrections. The transverse momentum and energy
of the spectator jet are shown in Fig. 9.

Since the spectator jet comes from the initial state quark
after emitting the effective W boson, its transverse mo-
mentum peaks around �MW=2 as can be seen in Fig. 9.
The spectator jet pT distribution in top quark events is
slightly higher than in antitop quark events due to the
typically harder PDF for up quarks versus down quarks.
TheOð�sÞ corrections lower the transverse momentum and
energy distributions of the spectator jet in both cases due to

the LIGHT correction. The spectator jet pT distributions
also have a jump at 25 GeV due to events with a spectator
jet pT < 25 GeV which fail the loose selection cuts unless
a third jet from real emission has pT > 25 GeV. The
spectator jet distributions for a CM energy of 14 TeV are
similar, except that the tail at high spectator jet energies
extends farther.
The pseudorapidity distribution of the spectator jet is

shown in Fig. 10. The distribution is peaked in the forward
direction and only a few light quark jets appear in the
central detector. This is comparable to the Tevatron case
which has an asymmetric light quark-jet pseudorapidity
distribution [24,48]. The Oð�sÞ corrections shift the spec-
tator jet to even more forward pseudorapidities due to
additional gluon radiation, though the different contribu-
tions have opposite effects. The INIT correction is respon-
sible for the shift to forward pseudorapidities due to the
additional gluon radiation from the initial state up or down
quark. The effect of the HEAVY correction is indirect,
though noticeable. The HEAVY correction is largest for
central light quark jets because in that case the initial state
heavy quark has a higher momentum fraction x. The decay
correction has no significant effect on the spectator jet, as
expected. Since the Oð�sÞ corrections are small compared
to the Born-level contribution, the overall shift is small.
Comparing top to antitop quark production, Fig. 10(a) also
shows that the antitop quark production cross section is
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FIG. 9 (color online). (a, c) transverse momentum and (b, d) energy of the spectator jet after selection cuts, comparing Born-level to
Oð�sÞ corrections, (a, b) for top quarks and (c, d) antitop quarks at the 7 TeV LHC.
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nearly as large as the top quark production cross section in
the central region, while the top quark production cross
section is significantly larger than the antitop quark one for
forward pseudorapidities. Central light quark jets come
from events where the pz of the two initial state partons
is approximately balanced. This corresponds to small light
quark momentum fraction x values, where the difference
between up and down quark PDFs is small.

Figure 10(d) compares the spectator jet pseudorapidity
distribution for different collider CM energies. As the
collider energy goes down, the spectator jet becomes
more central and the peak in the forward region is less
pronounced because the initial state light quark energy is
reduced.

3. b quark jet

Compared to the lepton and ET , the effects of the Oð�sÞ
corrections on the reconstructed b quark jet are more
pronounced. Figure 11 shows a comparison of the pT of
the b quark before cuts and the b quark jet after cuts
between Born-level and Oð�sÞ corrections for top quark
production. The antitop quark distributions are similar. The
pT distribution of the b quark is predominantly determined
by the top quark mass and therefore peaks at �mt=3. The
NLO QCD corrections shift the peak position to lower

values, both at parton level and after selection cuts. At
parton level, the only Oð�sÞ correction that changes the
shape is the TDEQ correction, which tends to shift the
distribution to lower pT values because a gluon radiated
from the top quark decay tends to move along the b quark
direction due to collinear enhancements. The LIGHT and
HEAVY corrections leave the distribution approximately
unchanged and their magnitudes cancel each other.
The selection cuts change the shape of the pT distribu-

tion by removing events in the peak region around
60–70 GeV. For these events the top quark is produced
with low pT , hence the light quark also has low pT and
the events fail the requirement of at least two jets. The
selection cuts also affect the Oð�sÞ corrections shown in
Fig. 11(d). The TDEC correction is the largest contribu-
tion, similar to the parton level in Fig. 11(b), and it also
shows the effect of the selection cuts because the top quark
and thus light quark pT is unchanged. The HEAVY cor-
rection shows a similar behavior; because it is an initial
state correction it does not change the pT balance between
light quark and top quark. Real gluon emission in the
LIGHT correction does change this balance, thus the effect
is not visible as clearly anymore.
The b quark-jet pseudorapidity distribution in top quark

events is less affected by the Oð�sÞ corrections, as can be
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FIG. 10 (color online). Absolute value of the spectator jet pseudorapidity at the 7 TeV LHC, (a) comparing Born-level to NLO, (b, c)
for individual contribution of the Oð�sÞ corrections for top and antitop quarks, respectively, and (d) for different CM energies for top
quarks.
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seen in Fig. 12. The top quark is so heavy that it is mostly
produced in the central rapidity region and thus the b quark
jet from its decay also peaks around a pseudorapidity of
zero. The shape of the b quark-jet pseudorapidity distribu-
tion remains almost unchanged compared to the Born-level
because it comes from the top quark decay. The difference
between Born-level and Oð�sÞ is larger for antitop quark
events. While the Born-level contribution and the LIGHT
corrections are smaller for antitop quarks, the HEAVYand
TDEC corrections are similar in size for top and antitop
quarks. These distributions are similar at a CM energy of
14 TeV.

4. Event kinematics

The impact that different Oð�sÞ corrections have on the
pT of the jets is also reflected in event-wide energy vari-
ables such as the total transverse energy in the event (HT)
or the reconstructed invariant mass of all final state objects.
The total transverse energy is defined as

HT ¼ plepton
T þ ET þX

jets

pjet
T : (3)

The distribution of HT for t-channel single top quark
events is shown in Fig. 13. The Born-level HT distribution
peaks around 200 GeVat a CM energy of 7 TeVand shifts
to slightly higher values for larger CM energies. The

HEAVY contribution decreases the height of the peak
and shifts it to higher values, while the LIGHT and
TDEC contributions are small. All three Oð�sÞ contribu-
tions broaden the distribution. The antitop quark produc-
tion distributions as well as those for lower CM energies
are very similar because the shape is determined mainly by
the top quark mass.

B. Distributions for three-jet events

As Fig. 7 shows, the majority of t-channel events at the
LHC contain three reconstructed jets rather than two. This
is the main difference between t-channel single top quark
production at the Tevatron and the LHC, other than that the
LHC collider is not CP symmetric. This is also true for
events passing the loose selection cuts. In this section we
focus on the properties of these three-jet events and spe-
cifically the additional jet. As expected, the effect is not
quite as large when only jets within a very small � range
are considered because the extra jet typically has higher �.
In order to studyOð�sÞ effects it is thus important to set the
jet � cut as high as possible and the jet ET cut as low as
possible.

1. Abundance of three-jet events

Additional light quark jets arise in the LIGHT quark line
corrections, in the TDEC corrections, and in the gluon
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FIG. 11 (color online). Transverse momentum of (a, b) the b quark before selection cuts and (c, d) the b quark jet after cuts, (a, c)
comparing Born-level to Oð�sÞ corrections and (b, d) the individual Oð�sÞ contributions, at the 7 TeV LHC.
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FIG. 12 (color online). Pseudorapidity of the b quark jet after selection cuts at the 7 TeV LHC, (a, b) comparing Born-level to Oð�sÞ
corrections and (c, d) individual Oð�sÞ contributions, in (a, c) for top quarks and in (b, d) for antitop quarks.

 [GeV]TH

100 200 300 400 500 600

 [
fb

/6
G

eV
]

T
/d

H
σd

-20

0

20

40

60

80

100
Top

NLO
Born

) sumsαO(

(a)

 [GeV]TH

100 200 300 400 500 600

 [
fb

/6
G

eV
]

T
/d

H
σd

-20

-15

-10

-5

0

5

10

Top
) sumsαO(

HEAVY
LIGHT
TDEC

(b)

 [GeV]TH

100 200 300 400 500 600

 [
fb

/6
G

eV
]

T
/d

H
σd

0

2

4

6

8

10

12

14 Top, Born
Top, NLO
Antitop, Born
Antitop, NLO

(c)

 [GeV]TH

100 200 300 400 500 600

 [
fb

/6
G

eV
]

T
/d

H
σd

0

5

10

15

20

25

30

35

40 Top
 = 14 TeVCME
 = 10 TeVCME
 = 7 TeVCME

(d)

FIG. 13 (color online). Total event transverse energy HT after selection cuts, (a) comparing Born-level to Oð�sÞ corrections and
(b) the individual Oð�sÞ contributions, (c) comparing top to antitop quark production, for top quark production at the 7 TeV LHC, and
(d) comparing different CM energies.
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radiation diagrams of the HEAVY correction. An addi-
tional b-tagged jet arises as the �b quark in the W-gluon
fusion HEAVY process. Since we assume fully efficient,
perfect b tagging we consider events with one b-tagged
jet and two b-tagged jets separately. This separation is
reduced if the b-tagging efficiencies is less than 100%
and some of the W-gluon fusion HEAVY events only
have one b-tagged jet.

From Fig. 7 it is clear that the jet multiplicity at NLO
depends strongly on the jet pT cut. Figure 14 shows that it
also depends on the jet reconstruction cone size. The
dependence of the total cross section on the jet pseudor-
apidity cut is different between Born-level and NLO,
mostly as a result of the presence of a third jet.
Figure 15 compares the momentum of the b quark jet

from the top quark decay and the �b quark from the HEAVY
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FIG. 14 (color online). Fraction of three-jet events as a function of the jet pT threshold at the 7 TeV LHC for different jet cone sizes,
(a) for the loose set of cuts and (b) for the tight set of cuts.
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FIG. 15 (color online). (a) pT of the b and �b jets in top quark production, (b) fraction of events with one or two b-tagged jets as a
function of jet pT threshold and (c) as a function of jet j�j threshold, for both inclusive two-jet and exclusive three-jet events, at the
7 TeV LHC.
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correction and examines the fraction of events containing
one or two b-tagged jets in the final state. Events with both
b and �b jets originate from theW-gluon fusion subprocess,
qg ! q0 �btð! bWð! ‘þ�ÞÞ. The fraction of events with
two b-tagged jets is about 40% for low jet pT , and remains
high even for higher jet pT . Even for jet pT above 100 GeV,
the fraction of events with both a b and a �b jet is above
10%. Figure 15 also shows that for exclusive three-jet
events, the fraction of events with two b-tagged jets is
even higher. The fraction of b-tagged jets also depends
on the jet j�j threshold, as shown in Fig. 15(c). Since the �b
quark from theW-gluon fusion subprocess typically moves
in the forward direction, a high j�j threshold results in two
b-tagged jets per event, whereas a low jet j�j threshold
results in only one.

2. Third jet

Here we consider the kinematic distribution of the third
jet and its flavor composition.

Figure 16 shows the transverse momentum and pseudor-
apidity of the different contributions to the third jet. The
HEAVY correction is broken up into its two components,

one where the third jet originates from a gluon [Fig. 6(c)]
and one where the third jet originates from a �b quark
(W-gluon fusion, Fig. 6(d)]. The �b-quark case accounts
for about half of the total three-jet cross section, more at
higher pT and higher j�j. The gluon case accounts for
about 15% of the total three-jet cross section, but the gluon
jet is more central and typically at lower pT . The LIGHT
correction shows the same forward pseudorapidity peak as
the spectator jet (as expected) and contributes about 23%.
The TDEC correction contributes about 12%, mostly at
low pT and in the central pseudorapidity region. This
limited range is the direct result of the phase space avail-
able to the b quark in the top quark decay. Figure 16 shows
that all of the contributions are important and none can be
neglected when modeling t-channel events. While the
conventional wisdom that W-gluon fusion dominates the
t channel holds true, nevertheless all diagrams contribute.
Normally an extra jet from decay stage radiation should

be included in the top quark reconstruction in order to
include all top quark decay products. Figure 17(a) shows
that jets from the TDEC contribution are close to the b
quark jet, thus at least in principle easily identified. Extra
jets from the production stage radiation (LIGHT and
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FIG. 16 (color online). Third jet (a) pT and (b) j�j for loose selection cuts in top quark production at the 7 TeV LHC.
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FIG. 17 (color online). Separation between the third jet and (a) the tagged jet and (b) the untagged jet after selection cuts for the
various Oð�sÞ corrections at the 7 TeV LHC.
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HEAVY corrections) are typically farther away from the
b-tagged jet. However, the HEAVY correction is large,
significantly larger than the TDEC correction for �R val-
ues larger than about 0.8. The higher pT cuts for the tight
selection make this situation worse because they increase
the relative size of the production emission, and the situ-
ation is similar for antitop quarks and for higher CM
energies. Decay stage radiation can more easily be identi-
fied when an additional top mass constraint is used to
choose a jet pairing, see Sec. IVC.

Figure 17(b) shows the equivalent distribution in �R
between the extra jet and the untagged jet. In this case the
LIGHT radiation peaks close to the untagged jet as ex-
pected from gluon radiation in the final state. There is an
additional LIGHT contribution at higher �R from produc-
tion stage radiation of the light quark line.

Note that there are entries at zero in the distributions in
Fig. 17. These correspond to events where the third jet is
the leading b-tagged jet (i.e., there are two higher pT

untagged jets) or the leading untagged jet (i.e., there are
two higher pT tagged jets). The third jet corresponds to the
b-tagged jet in 13% (12%) of the top (antitop) quark
events. It corresponds to the untagged jet in 17% (18%)
of the top (antitop) quark events.

3. Identifying the spectator jet in three-jet events

In events containing two untagged jets, it is not clear
which of the two is the light quark jet and which is the
gluon (or �b-quark) jet. Two approaches are currently in
use: choosing the more forward jet in pseudorapidity (as
used, for example, by the LHC experiments ATLAS and
CMS, see Sec. 3.4 in Ref. [46]), and choosing the highest
pT jet that is not b tagged (as used, for example, by the
Tevatron collaborations D0 [8,11] and CDF [12]). Here we
explore the accuracy of these two methods, i.e., the fraction
of events for which the light quark jet is correctly identified
in three-jet events by each algorithm.

Figure 18 shows the pT of the untagged jet for these two
cases, together with its composition in terms of spectator

jet or gluon jet. When the highest j�j jet is chosen, the
spectator jet is correctly identified in only 80% of the
events. By contrast, when the highest pT jet is chosen, it
is correctly identified in 92% of the events after loose cuts.
These efficiencies are similar for antitop files and about 2%
lower at a CM energy of 14 TeV. Figure 18 shows that for
untagged jet pT above 70 GeV, the correct jet is chosen in
95% of the events, approaching 100% as the jet pT

increases.

4. Identifying the b quark jet in three-jet events

At Born-level, there is only one b-tagged jet, which is
identified with the b quark from the top quark decay. In
events containing both a b quark and a �b quark, this
unambiguous association is not possible anymore.
However, the additional jet typically has lower pT than
the b quark from the top quark decay, we therefore choose
the highest pT b-tagged jet as the b quark from the top
quark decay.
Figure 19 shows the pT of the b quark jet from the top

quark decay, for all events and for three different algo-
rithms to identify the b quark jet: a) choosing the leading
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FIG. 18 (color online). Transverse momentum of the untagged jet that is (a) highest in j�j and (b) highest in pT , for all events and
separately for those where it is the spectator jet or a gluon jet, at the 7 TeV LHC.
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FIG. 19 (color online). Transverse momentum of the b quark
jet, for all events and for different b quark-jet reconstruction
choices, after selection cuts at the 7 TeV LHC.

SINGLE TOP QUARK PRODUCTION AND DECAY IN THE . . . PHYSICAL REVIEW D 83, 034019 (2011)

034019-15



jet in the event (highest pT), b) choosing the leading
b-tagged jet, and c) choosing the jet or jet pair that, when
combined with the reconstructed W boson, gives a top
quark mass closest to 173 GeV. The overall fraction of
correctly identified b quark jets is 49% for the leading jet,
87% for the leading b-tagged jet and 90% for the best jet,
for top quark production. These fractions for antitop quarks
are 40%, 83% and 91%, respectively, slightly lower for the
leading jet and the leading b-tagged jet and unchanged for
the best jet. They are similar for higher CM energies and
different cone sizes. Algorithm a) is the most inefficient
because there are two high pT jets in each event. Simply
choosing the leading b-tagged jet is an obvious choice but
requires b tagging which reduces the acceptance.
Algorithm c) improves upon b) slightly because it also
accounts for decay stage radiation by considering a two-
jet system as the b quark jet. We can investigate this decay
stage radiation further by looking only at events where a
two-jet system is chosen. Figure 20 shows the angle be-
tween the two jets in this case, where both have been
boosted into the top quark rest frame.

Figure 20 shows that in those events in which the third
jet is included in the top quark reconstruction it is close in
angle to the b quark from the top quark decay as expected.
At the parton level, shown in Fig. 20(a), decay stage
radiation peaks very closely to the b quark from the top
quark decay, and is clearly distinguishable from the other
Oð�sÞ corrections. After event reconstruction and selec-
tion, the cos� distribution for decay radiation is broader,
but still clearly peaks in the direction aligned with the
b-tagged jet.

Nevertheless, the difference between algorithm b) and c)
is small, and moreover algorithm c) will do worse when
detector resolution effects are included. Choosing the
leading b-tagged jet does not suffer from detector resolu-
tion problems and is almost as efficient. We will therefore

identify the leading b-tagged jet with the b quark jet from
the top quark decay for the remainder of this paper.

C. Top quark reconstruction

The complete reconstruction of the single top quark final
state, including the W boson and the top quark itself, is
necessary in order to not only take advantage of simple
single-object kinematics but also of correlations between
objects when separating the signal from the backgrounds.
We use parton level information for the W boson, i.e., we
reconstruct it from the lepton and the neutrino.
Experimentally, the z momentum of the neutrino (p�

z ) is
not known and typically obtained from a W boson mass
constraint. Here we use the parton level p�

z to focus our
studies on the effects of jet-related processes. We then
combine the W boson with the leading b-tagged jet to
form the top quark.
Figure 21 shows the invariant mass of the reconstructed

top quark for the different Oð�sÞ corrections. As expected,
the LIGHT and HEAVY corrections do not impact the
shape of the invariant mass distribution. The TDEC cor-
rection shifts the invariant mass to lower values due to real-
emission events where the additional jet is not included in
the top quark reconstruction.
Figure 22 shows the transverse momentum distribution

of the reconstructed top quark. At Born-level, this is iden-
tical to the spectator jet pT , but at Oð�sÞ additional real
emission changes that. TDEC emission shifts the top quark
pT down, whereas LIGHT and HEAVY emission tend to
shift it up. The distributions for antitop quarks and different
CM energies are similar.
Figure 23 compares the rapidity of the top quark after

selection cuts between top and antitop quark production.
For top quark production, shown in Figs. 23(a) and 23(b),
the HEAVY corrections shift the top quark to more central

top rest frame
(gluon,b)θcos

-1 -0.5 0 0.5 1

 [
fb

/0
.0

2]
θ

/d
co

s
σd

20

40

60

80

100

120

310×
), excluding TDECsαO(

TDEC

(a)

top rest frame
(jet 3, b-tagged jet)θcos

-1 -0.5 0 0.5 1

 [
fb

/0
.0

2]
θ

/d
co

s
σd

0

50

100

150

200

250

300

350 ), excluding TDECsαO(

TDEC

(b)

FIG. 20 (color online). Cosine of the angle (a) between the gluon from the TDEC radiation and the b quark from the top quark decay
and (b) between the third jet and the b-tagged jet if the third jet is included in the top quark reconstruction, both in the top quark rest
frame, after selection cuts at the 7 TeV LHC.
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rapidities, similar to the light quark pseudorapidity distri-
bution in Fig. 10. The LIGHT and TDEC corrections have
little to no effect as expected. The rapidity distribution is
more narrow in antitop quark production due to the smaller
parton momentum fraction of the incoming down quark
compared to the incoming up quark that results in a top
quark. At NLO, the top quark rapidity distribution is
widened, while the antitop quark rapidity distribution is
only shifted up in magnitude. This is mainly a result of the
different contributions from the HEAVY correction in the
two cases. This difference between top and antitop quark
production is similar for different CM energies.

D. Top quark polarization

In this section we study angular correlations expected
from event kinematics, reconstructing the top quark using
the leading b-tagged jet and the W boson. Since single top
quark production in the SM is a weak interaction process,
the top quark is highly polarized in a suitable basis, and this
polarization can be measured. Detailed studies of the top
quark polarization and of angular correlations in the top
quark electroweak coupling to other particles is a sensitive

probe to new physics [1]. The spin correlations were also
recently explored at the parton level for the 14 TeV LHC
[52]. Here we study angular correlations between top quark
production and decay. In particular, the charged lepton is
maximally correlated with the top quark spin [53,54]. We
can thus obtain the most distinctive distribution by plotting
the angle between the charged lepton and the spin axis of
the top quark in its rest frame.
Three different axes for the spin polarization have been

studied, each in the top quark rest frame: the helicity basis,
the spectator basis, and the beam line basis [54]. Figure 24
illustrates the production and decay of the top quark from a
spin correlation perspective, with the top quark at rest in
the center of the figure. Just as the lepton from the top
quark decay is maximally correlated with the top quark
spin, so is the down-type quark in the top quark production.
This down-type quark typically corresponds to the specta-
tor quark in t-channel top quark production. Hence the
spectator basis should produce the largest spin correlation
for top quark production. In the beam line basis, the top
quark spin is measured along the direction of one of the
incoming protons. In t-channel antitop quark production
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FIG. 22 (color online). Transverse momentum of the reconstructed top quark, (a) comparing Born-level to Oð�sÞ corrections and
(b) the individual Oð�sÞ contributions at the 7 TeV LHC.

M(top) [GeV]

160 170 180 190

 [
fb

/0
.5

G
eV

]
σ

-200

-100

0

100

200

300

Top
NLO
Born

) sumsαO(

(a)

M(top) [GeV]

160 170 180 190

 [
fb

/0
.5

G
eV

]
σ

-200

-150

-100

-50

0

Top
) sumsαO(

HEAVY
LIGHT
TDEC

(b)

FIG. 21 (color online). Invariant mass of the W boson and the leading b-tagged jet at the 7 TeV LHC, (a) comparing Born-level to
NLO and (b) the individual Oð�sÞ corrections.
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the down-type quark typically comes from one of the two
incident protons, but since the LHC is a proton-proton
collider, a choice of direction needs to be made. It has
been proposed to simply choose the proton that is most
likely to have produced the spectator jet based on the

sign of � of the spectator jet [54]. Here we also explore
choosing based on the sign of pz of the c.m. system. In the
commonly used helicity basis, the top quark spin is mea-
sured along the top quark direction of motion in the center
of mass frame, which is chosen as the frame of the (re-
constructed top quark, spectator jet) system after event
reconstruction. We will examine all three bases for both
top and antitop quark production here.
In the helicity basis, the c.m. frame needs to be recon-

structed in order to define the top quark momentum direc-
tion. This is straightforward at Born-level but complicated
by additional jet radiation at NLO. Therefore, choosing the
appropriate frame is necessary to maintain the best spin
correlation. In this study, two options for reconstructing the
c.m. frame are investigated:
(i) tqðjÞ frame: the c.m. frame of the incoming partons.

This is the rest frame of all the final state objects
(reconstructed top quark and all others jets). In ex-
clusive three-jet events, this frame is reconstructed
by summing over the 4-momenta of top quark, spec-
tator jet and third jet.

(ii) tq frame: the c.m. frame of the top quark
and spectator jet. In this case, even in exclusive

FIG. 24 (color online). Illustration of the spin correlation
between top quark production and top quark decay. The circle
denotes the top quark rest frame and light colored arrows
indicate the spin direction.

top rapidity
-2 0 2

 [
fb

/0
.0

6]
σ

0

5

10

15

20

25

30

35

40 Top
NLO
Born

) sumsαO(

(a)

top rapidity
-2 0 2

 [
fb

/0
.0

6]
σ

-1

0

1

2

3

4

Top
) sumsαO(

HEAVY
LIGHT
TDEC

(b)

top rapidity
-2 0 2

 [
fb

/0
.0

6]
σ

2
4
6
8

10
12
14
16
18
20
22 Antitop

NLO
Born

) sumsαO(

(c)

top rapidity
-2 -1 0 1 2

 [
fb

/0
.0

6]
σ

-1

-0.5

0

0.5

1

1.5

2

Antitop
) sumsαO(

HEAVY
LIGHT
TDEC

(d)

FIG. 23 (color online). Rapidity of the top quark after selection cuts, (a, c) comparing Born-level to Oð�sÞ corrections and (b, d) the
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SCHWIENHORST et al. PHYSICAL REVIEW D 83, 034019 (2011)

034019-18



three-jet events, the reference frame is constructed
by summing over only the 4-momenta of the top
quark and spectator jet.

In exclusive two-jet events, the two frames are identical,
they only differ for exclusive three-jet events. At the
Tevatron, it was found that the tq frame gives a larger
degree of polarization. This is also true at the LHC as
shown in Table IV and discussed below. We therefore
choose the tq frame when calculating the top quark polar-
ization in the helicity basis.

In the helicity basis, the polarization of the top quark is
examined as the angular distribution ( cos�hel) of the lepton
in the top quark frame relative to the moving direction of
the top quark in the c.m. frame. The angular correlation in
this frame is given by

cos�hel ¼
~pt � ~p�

‘

j ~ptjj ~p�
‘j
; (4)

where ~p�
‘ is the charged lepton three-momentum defined in

the rest frame of the top quark, whose three-momentum is
denoted as ~pt, which is in turn defined in the c.m. frame.
For a left-handed top quark, the angular correlation of the
lepton ‘þ is given by ð1� cos�helÞ=2, and for a right-
handed top quark, it is ð1þ cos�helÞ=2. Figure 25(a) shows
that this linear relationship for cos�hel is indeed a valid
description for t-channel single top quark events at the
parton level. The figure also shows that the top quark is
almost completely polarized in the helicity basis at
Born-level, and that this polarization is weakened when
including Oð�sÞ corrections. Figure 25(b) shows that this
weakening is amplified after event reconstruction, where
the effect of the lepton-jet separation cut can also be seen,
as the drop-off of the cos�hel distribution close to a value of
�1. This corresponds to the events in which the top quark
is back-to-back with the lepton, hence the spectator jet is
aligned with the lepton.

In the spectator basis, the relevant angular correlation
for the t-channel process is cos�spec, defined as

cos�spec ¼
~p�
spec � ~p�

‘

j ~p�
specjj ~p�

‘j
; (5)

where ~p�
spec is the spectator jet three-momentum in the top

quark rest frame and ~p�
‘ is the lepton three-momentum in

the top quark rest frame. For top quark production, this
basis picks the wrong spin axis direction for the �db and b �d
initial states, but as pointed out in Ref. [54], the spectator
jet is almost parallel to the initial state light quark, thus
some spin correlation is preserved even in that case. At
Born-level the polarization is identical between the helicity
basis and the spectator basis because the spin quantization
axes point in opposite directions (in the c.m. frame, the
light quark and the top quark are back-to-back). This is also
true at NLO when the tq frame is used as the c.m. frame.
In the beam line basis, the relevant angular correlation

for the t-channel process is cos�beam, defined as

cos�beam ¼ ~p�
p � ~p�

‘

j ~p�
pjj ~p�

‘j
; (6)

where ~p�
p is the three-momentum of one of the protons in

the top quark rest frame and ~p�
‘ is the lepton three-

momentum in the top quark rest frame. For a top quark
polarized in the positive z direction, the angular distribu-
tion of the lepton ‘þ is ð1þ cos�beamÞ=2, while for a
top quark polarized in the negative z direction it is
ð1� cos�beamÞ=2. Since the LHC is a proton-proton col-
lider, it is unknown which of the two protons provided the
light quark in each event. Three different approaches are
explored here to solve this ambiguity: a) choosing the
positive z direction for every event (simply called beam
line basis), b) choosing the z direction of the spectator
quark (� beam line basis) [54], and c) choosing the z
direction of the c.m. frame of all particles in the lab frame
(ŝ beam line basis). Figure 26 shows the linear relationship
for cos�beam in the beam line basis. The distribution is
much more flat than that in the helicity basis, and Fig. 26
demonstrates that the ŝ beam line basis and the� beam line
basis both significantly improve this situation because the
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FIG. 25 (color online). Top quark polarization in the helicity basis, (a) using the full parton information and (b) after event
reconstruction with selection cuts, comparing Born-level to NLO (normalized to Born-level), at the 7 TeV LHC.
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correct down quark direction is picked more often. After
event reconstruction the situation is similar: the spin cor-
relation is further reduced and shows a drop-off close to 1
due to the limited lepton � range.

To better quantify the change in polarization, it is useful
to define the degree of polarization D of the top quark.
This is given as the ratio

D ¼ N� � Nþ
N� þ Nþ

;

where N� (Nþ) is the number of left-handed (right-
handed) polarized top quarks in the helicity basis.
Similarly, in the spectator (beam line) basis, N� (Nþ) is
the number of top quarks with polarization against (along)
the direction of the spectator jet (proton) three-momentum
in the top quark rest frame. The angular distribution is then
given by [55]

1

�

d�

dðcos�Þ ¼
N�

N� þ Nþ
1þ cos�

2
þ Nþ

N� þ Nþ
1� cos�

2

¼ 1

2
ð1þD cos�iÞ:

Simple algebra leads to the following identity:

D ¼ �3
Z 1

�1
x
d�

�dx
dx; (7)

where d�
�dx is the normalized differential cross section as a

function of the polar angle x. Here, x denotes cos�hel in the
helicity basis, etc. The polarization fraction and asymme-
try are not given here but can be calculated easily from the
numbers provided [24].
Table IV shows D for inclusive two-jet events at parton

level and after the loose set of selection cuts. The result for
exclusive three-jet events is shown in Table V. As ex-
plained above, the degree of polarization is the same in
the helicity basis using the tq frame and the spectator basis
as a result of the event kinematics. This is true even after
reconstruction. The top quark is almost completely polar-
ized in the helicity and spectator bases, and the Oð�sÞ
corrections only degrade that picture slightly. At the parton
level, the degree of top quark polarization in the helicity
basis is larger in the tq frame than in the tqðjÞ frame. After
event reconstruction there is a dependence on the selection
cuts. For the loose selection cuts, the tq frame is better than
the tqðjÞ frame, whereas for the tight selection cuts the
tqðjÞ frame is better. The tight selection cuts require a
forward untagged jet and a central, large b-tagged jet pT ,
thus modifying the event kinematics, suppression the
HEAVY correction and enhancing the LIGHT corrections,
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FIG. 26 (color online). Top quark polarization (a, b) in the beam line basis, (a) using parton information and (b) after event
reconstruction with selection cuts, comparing Born-level to NLO (normalized to Born-level). (c) comparison of the beam line basis to
the ŝ beam line basis and the � beam line basis at the 7 TeV LHC.
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see Figs. 10 and 12. As a result the degree of polarization in
the tqðjÞ frame is increased. The beam line basis produces
only small degrees of polarization as expected. This gets
better when choosing a direction in the � beam line basis.
Especially for tight cuts which require the spectator jet to
be forward, the polarization in the � beam line basis

improves, but even then it is still smaller than in the helicity
or spectator basis.D is also consistently smaller for antitop
quarks than for top quarks for all methods. In the exclusive
three-jet sample, the degree of polarization is further re-
duced because the third jet affects the kinematics of either
the spectator jet or the top quark. The spin polarization
measurements at higher CM energies show the same result.
Our study shows that the helicity basis (using the tq

frame) and the spectator basis are equally good to study the
top quark polarization. In the s-channel process, the mea-
sured polarization could be enhanced significantly by
choosing a direction for the incoming down-type quark
based on the boost of the virtual W boson [36]. In the t
channel this is also useful for the beam line basis. However,
even after such a choice that basis still produces a smaller
degree of polarization than the helicity or spectator bases.

V. CONCLUSIONS

We have presented a next-to-leading order study of
t-channel single top and antitop quark production at the
LHC proton-proton collider for several CM energies, in-
cludingOð�sÞ QCD corrections to both the production and
decay of the top quark. The Oð�sÞ corrections affect top
and antitop quark production differently and also show a
dependence on the CM energy. The inclusive t-channel
cross section for the production of a single top (antitop)
quark with a mass of 173 GeV at 7 TeV is 40:0� 4:6 pb
(21:9� 4:1 pb), where the uncertainty includes scale, top

TABLE IV. Degree of polarizationD for inclusive two-jet single top quark events, at parton level before cuts and after selection cuts
in the t-channel process at the 7 TeV LHC. The tqðjÞ frame in the helicity basis denotes the c.m. frame of the incoming partons, while
the tq frame denotes the rest frame of the top quark and spectator jet.

Top Antitop

LO NLO LO NLO

Helicity basis:

Parton level (tq frame) 0.99 0.91 0.93 0.86

Parton level (tqðjÞ frame) 0.66 0.62

Loose selection (tq frame) 0.70 0.60 0.63 0.56

Loose selection (tqðjÞ frame) 0.58 0.54

Tight selection (tq frame) 0.71 0.72 0.69 0.73

Tight selection (ðtqðjÞ frame) 0.76 0.76

Spectator basis:

Parton level �0:99 �0:91 0.93 0.86

Reconstructed events �0:70 �0:60 0.63 0.56

Beam line basis:

Parton level �0:20 �0:15 0.14 0.11

Loose selection �0:14 �0:09 0.07 0.06

Tight selection �0:28 �0:26 �0:20 �0:21
� beam line basis:

Parton level �0:64 �0:64 �0:77 �0:67
Loose selection �0:56 �0:49 �0:62 �0:49
Tight selection �0:61 �0:50 �0:63 �0:53
ŝ beam line basis:

Loose selection �0:41 �0:26 �0:38 �0:14

TABLE V. Degree of polarization D at for exclusive three-jet
t-channel events after selection cuts at the 7 TeV LHC. The tqðjÞ
frame in the helicity basis denotes the c.m. frame of the incom-
ing partons, while the tq frame denotes the rest frame of the top
quark and spectator jet.

Top Antitop

Helicity basis:

Loose cuts (tq frame) 0.60 0.53

Loose cuts (tqðjÞ frame) 0.58 0.50

Tight cuts (tq frame) 0.67 0.66

Tight cuts (tqðjÞ frame) 0.73 0.71

Spectator basis:

Loose cuts �0:60 �0:53
Beam line basis:

Loose cuts �0:14 �0:08
Tight cuts �0:28 �0:35
� beam line basis:

Loose cuts �0:47 �0:48
Tight cuts �0:60 �0:59
ŝ beam line basis:

Loose cuts �0:29 �0:22
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quark mass, and PDF components. For top quark produc-
tion this is only an increase of 4% compared to Born-level.
For antitop quark production the increase compared to
Born-level is larger at 15%. The behavior is similar for
higher collider CM energies. The impact of kinematical
cuts on the acceptances has been studied for a loose and a
tight set of cuts, corresponding to typical event selections
used by the ATLAS and CMS collaborations at the LHC.
We find that the acceptances are sensitive to the �Rcut we
imposed on the jet cone size and the lepton isolation. With
the choice of �Rcut ¼ 0:4, the difference between the
Born-level and NLO acceptances is about 5% for a loose
cut set and slightly larger when changing �Rcut from 0.4 to
0.5. For antitop quark production the difference between
the Born-level and NLO acceptances is about 15%, and
again slightly larger when increasing �Rcut from 0.4 to 0.5.

We have categorized the Oð�sÞ contributions to the
t-channel single top process into three gauge invariant
sets: the light quark line corrections, the heavy quark line
corrections and the top quark decay corrections. This
allows us to analyze the Oð�sÞ corrections in detail and
facilitates comparisons with event generators. The correc-
tions affect the shape of some of the important kinematic
distributions and result in a large fraction of events con-
taining three reconstructed jets in the final state for the
loose set of kinematic cuts. The acceptance for t-channel
single top quark events and the fraction of three-jet events
depend strongly on the jet pT cut. The kinematic distribu-
tions affected by the radiative corrections include those
that separate the t-channel single top signal from the
various backgrounds, such as the pseudorapidity distribu-
tion of the spectator jet. We find that theOð�sÞ LIGHTand
HEAVY corrections have almost opposite effects on vari-
ous pseudorapidity distributions, due to the difference in
the parton distribution functions between the valence
quarks and sea quarks. The former shifts the spectator
jet to even higher pseudorapidities, while the later shifts
it to more central pseudorapidity regions. The summed

contributions cause the spectator jet to be even more for-
ward which will change the prediction of the acceptance
for t-channel single top quark events. Also, a large fraction
of three-jet events contain two b jets due to the collinear
enhancement in the W þ g fusion process. This also im-
pacts the experimental choice of the light quark jet in three-
jet events. Choosing the most forward jet (highest j�j) is
correct in only 80% of the events, while choosing the
highest pT jet is correct in over 90% of the events.
In order to study top quark properties such as the top

quark polarization, induced from the effective t-b-W cou-
plings, we reconstruct the top quark by combining the W
boson with the leading b-tagged jet. We use the top quark
thusly reconstructed to explore spin correlations in three
different bases: the helicity basis, the spectator basis and
the beam line basis. The degree of polarization is very large
in the helicity and spectator bases. Its reduced after event
reconstruction, especially for antitop quark production.
The radiative corrections reduce the degree of polarization
further, both at parton level and after event reconstruction.
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