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ABSTRACT: We present a detailed phenomenological study of the next-to-next-to-leading
order (NNLO) QCD corrections for ¢-channel single top (anti-)quark production and its
semi-leptonic decay at the CERN Large Hadron Collider (LHC). We find the NNLO cor-
rections for the total inclusive rates at the LHC with different center of mass energies are
generally smaller than the NLO corrections, indicative of improved convergence. How-
ever, they can be large for differential distributions, reaching a level of 10% or more in
certain regions of the transverse momentum distributions of the top (anti-)quark and the
pseudo-rapidity distributions of the leading jet in the event. In all cases the perturbative
hard-scale uncertainties are greatly reduced after the NNLO corrections are included. We
also show a comparison of the normalized parton-level distributions to recent data from
the 8 TeV measurement of the ATLAS collaboration. The NNLO corrections tend to shift
the theoretical predictions closer to the measured transverse momentum distribution of the
top (anti)-quark. Importantly, for the LHC at 13 TeV, we present NNLO cross sections in
a fiducial volume with decays of the top quark included.
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1 Introduction

The top quark (¢) is the heaviest particle in the standard model (SM). To date, it has been
observed at hadron colliders only through ¢ pair production or in single production. Single
top quark production provides a great opportunity to directly probe the electroweak Wtb
vertex, which is otherwise difficult to measure. There are three single-production channels:
the t-channel through the exchange of a spacelike W boson, the s-channel through the
exchange of a timelike W boson, and associated production of ¢ with an on-shell W boson.
Since all three channels are directly connected to the Wtb vertex, they can be used to
measure the Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vj;,. Besides, they can
be used to extract the top-quark mass [1, 2] or to constrain the ratio of u-quark to d-quark
parton distributions [3—5]. Single top-quark production is also sensitive to physics beyond
the SM [6], e.g., modified structure of Wtb vertex, new gauge bosons or new heavy quarks,
and top-quark flavor-changing neutral current, and so forth.

At a hadron collider such as the Fermilab Tevatron and CERN LHC, the dominant
mechanism for single top-quark production is through ¢-channel exchange of a W boson.
This process was first observed at the Tevetron [7, 8]. At the LHC, the t-channel cross
section has been measured by the ATLAS and CMS collaborations at /S = 7 TeV [9-12],
V'S = 8TeV [13, 14], and v/S = 13TeV [15, 16]. Recently, differential distributions and
fiducial cross section have also been measured [14]. The CKM matrix element Vj; and



the structure of the Wtb vertex have been probed by ATLAS and CMS [13, 17, 18]. The
polarization of top quark in ¢-channel production has also been measured [19].

Significant efforts have been made to improve the theoretical description of single top
quark production. The next-to-leading order (NLO) QCD corrections in the 5-flavor scheme
are calculated in refs. [20-29]. The NLO calculation in the 4-flavor scheme is carried out in
ref. [30]. Full NLO corrections including top quark leptonic decay are studied within the
on-shell top-quark approximation [29, 31, 32] and beyond [33-35]. Code for fast numerical
evaluation at NLO is provided in ref. [36]. Soft gluon resummation is considered in refs. [37—
40]. Matching NLO calculations to parton showers is done in the framework of POWHEG
and MCQ@NLO refs. [35, 41-43]. For experimental analyses at the LHC, predictions from
POWHEG or MC@QNLO are used for modeling of the signal process in unfolding to parton
level cross sections, as well as for comparison of data and theory. The cross sections from
either measurement or prediction can have a theoretical uncertainty of about 5-10% [14].
Predictions incorporating further higher-order or logarithmic corrections are desirable for
precision measurements.

Next-to-next-to-leading order (NNLO) QCD corrections with a stable top quark are
calculated in refs. [3, 5], with neglect of certain subleading contributions in color, namely in
the structure-function approximation. The calculation of ref. [5] also includes the top-quark
leptonic decay at NNLO within the on-shell top-quark approximation. Thus for the first
time a realistic parton-level simulation at NNLO is available. The NNLO QCD effects on
experimental fiducial cross sections at 13 TeV are reported in ref. [5]. The corrections are
found to be large, both from production and decay, owing mostly to the jet-veto condition
in the definition of the fiducial volume. In this paper we provide further elaboration of the
methods and numerical results of our NNLO calculation. We present NNLO results for the
LHC at 7, 8, and 14 TeV, in particular the total inclusive cross sections and differential
distributions with a stable top quark.

The rest of our paper is organized as follows. In section 2, we expand upon our
NNLO calculation presented in ref. [5] and its validation. In section 3, we present our
predictions for the total inclusive cross sections and the differential cross sections with a
stable top-quark in the final state. Section 4 provides results on fiducial cross sections
and distributions for which the top-quark decay is included through NNLO, enabling a
more refined comparison with data. Readers interested principally in comparisons with
experiment may chose to bypass section 2 on a first reading of this paper. Finally our
summary and conclusions are presented in section 5. Our results show that the NNLO
QCD corrections are large in certain regions of the differential distributions as well as for
fiducial cross sections with jet veto selections. They stabilize the theoretical predictions,
with residual scale variations of about one percent. The NNLO predictions provide an
improved description of the transverse momentum distribution of the top quark measured
by ATLAS collaboration.

2 Theoretical framework

We describe in this section our calculation of single top-quark production and decay at
hadron colliders through NNLO. The calculation for single antitop-quark production fol-



lows the same line of reasoning. Some of the results have been presented in our previous
publication [5].

The LO Feynman diagram for the process under consideration is depicted in fig-
ure 1. We first discuss the approximations we employed to make the calculation feasible,
namely, the on-shell top quark approximation [44, 45] and the structure-function approxi-
mation [22]. Thanks to these approximations, the calculation effectively factors into three
separate calculations with much simpler structure. We then present detailed formulas for
these three simpler calculations. We discuss the validation of our calculation toward the
end of this section.

2.1 On-shell top-quark approximation and structure-function approximation

In our calculation, we neglect interference between real radiation from the single top pro-
duction stage and the top-quark decay stage. We also neglect a term in which there is a
virtual gluon connecting the production and decay stages. This approximation is known
as the on-shell top-quark approximation, i.e., the top quark is on its mass shell in all the
diagrams when considered as an external state. For a generic inclusive enough infrared-
safe observable, the omitted corrections are suppressed by the width of the top quark,
I'y/my [44, 45]. In the SM, top quark has a relatively small width but a large mass,
I'y/m; < 1%, an the approximation should provide an excellent representation of the full
prediction. The on-shell approximation has been used in t-channel single top production
by different groups [20, 22, 25, 29, 31, 32] at NLO, and recently at NNLO [3, 5]. Effects
beyond the on-shell approximation have been explored only at NLO thus far [21, 28], owing
to the complexity of the calculation.
Through NNLO, the on-shell top-quark approximation can be written as
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where FEO)’(I)’(Q) and ¢(©:(1:(2) denote the Born, O(as), and O(a2) top-decay width and
production cross section, respectively. In eq. (2.1) we have expanded the QCD corrections
to both production and decay to the same order consistently. Equation (2.1) can be used
for a fully differential calculation. After integrating over phase space, one reproduces the
inclusive production cross section at a given order, as expected. For a correct treatment
of spin correlations, the production cross section do and the decay width dI'y must be
calculated for an on-shell polarized top quark. The symbol ® denotes the appropriate
summation over polarization.
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Figure 1. The LO Feynman diagram for single top-quark production and decay at hadron colliders.
Top quark is represented by a thick line. We show only one partonic channel in this figure.
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Figure 2. Examples of the color component of NLO and NNLO Feynman diagrams for ¢-channel
single top-quark production. Both virtual and real diagrams can be represented in this form. The
lower loop represents the heavy-quark line, whereas the upper loop represents the light-quark line.

Even with the on-shell top-quark approximation, the full NNLO QCD corrections to
the production stage remain very difficult. For example, the full two-loop diagrams involve
four different scales, the Mandelstam variables s and ¢, the top quark mass m¢, and the
W boson mass my. A full two-loop amplitude of this complexity has not been obtained
yet, either analytically or numerically, though interesting progress has been made [46, 47].
To bypass this complexity, we adopt the structure-function approximation [22], namely, we
systematically neglect virtual and real radiation interference between the light quark line
and the heavy quark line. These effects vanish exactly at NLO for squared amplitudes,
owing to the traceless-ness of Gell-Mann matrices. This result can be seen from the color
component of the real or virtual Feynman diagram for the NLO squared amplitudes with
interference between the light and the heavy quark line, figure 2a, which is proportional
to Tr[t*] Tr[t*] = 0. This result is true even for part of the NNLO diagrams, as long as
there is only one gluon exchanged between the light and the heavy quark line, such as
the diagram in figure 2b. However, it ceases to be true for the diagrams with two gluons
exchanged between the light and the heavy quark line, such as the diagram in figure 2c.
Such a diagram has a color factor Tr[t%’] Tr[t%¢’] = (N2 — 1)/4, which is suppressed by a
factor of 1/N? compared with those without light quark and heavy quark line interference.
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Figure 3. Schematic diagram for ¢-channel single top-quark production at hadron colliders in
the on-shell top quark approximation and the structure-function approximation. The full QCD
corrections are factored into three different parts with these approximations.

In the structure-function approximation, such diagrams are neglected, in both virtual and
a real corrections. These contributions are gauge invariant and IR finite by themselves,
justifying the structure-function approximation. This approximation has been employed in
the previous NNLO calculation for single top-quark production [3, 5]. We note finally that
the separation of single top-quark production into ¢-channel and s-channel terms could be
ambiguous at NNLO, because there exist NNLO contributions which are the interference
between one-loop s-channel and t-channel diagrams. These contributions fall into the
class of two-gluon exchange diagrams in figure 2c. These contributions are not present in
the structure-function approximation, consistent with the use of ¢-channel in the title of
this work.

The on-shell top quark approximation and structure-function approximation can be
summarized schematically in figure 3. Owing to these approximations, the full QCD correc-
tions are factored into a piece describing the decay of the top quark, Vy, DIS-like production
of the top quark, V4, and the DIS-like production of a light jet, V;. In the remainder of
this section, we shall discuss the QCD corrections to each of these three parts separately.

2.2 QCD corrections for decay of the top quark

In this subsection we discuss the calculation of the fully differential semi-leptonic decay
rate of a top quark through NNLO. These results were first presented in ref. [48]. We
provide more details here.

A typical QCD calculation beyond LO consists of virtual corrections, real emission
corrections, and also mixed real-virtual corrections in the case of NNLO or beyond. A
well-known feature of an on-shell perturbative QCD calculation is that individual piece of
the higher order QCD corrections contains infrared divergences. The divergences cancel
only in the sum of different contributions for infrared-safe observables. For example, the
virtual corrections contain explicit infrared poles as a result of soft or collinear modes of
the loop integrals. For real emission corrections, infrared poles result from integrating real
radiation terms over unresolved phase space regions. These implicit poles in the corrections
prevent a naive Monte-Carlo integral over the phase space in four space-time dimensions.



A successful higher order QCD calculation requires the use of procedures to regulate the
infrared singularities in the phase space integral.

In ref. [48], the phase space slicing method was employed to regulate the infrared
singularities in the phase space integral. The idea of phase space slicing method is simple.
For any infrared-safe observable O, the differential distribution can be written as

di - Pcut d d20- n /pmax d d20-
o~ )y “Paoda "), Paodp
do do
~ &7 Ll I (2.2)
dO unres. dO res.

where we have introduced a resolution variable p, and split the integral into an unresolved
part, the first term on the r.h.s., and an resolved part, the second term on the r.h.s. There
is no canonical definition for the resolution variable. The only requirement is that p — 0 in
the unresolved limit. In the resolved part, it is demanded that no phase space singularity
be presented in the matrix element, and the integral can be performed in four dimensions
using a Monte-Carlo method. The key idea of the phase space slicing method is that the
QCD matrix element in the unresolved part can be approximated by the soft or collinear
singular limit of the corresponding matrix element, known to have a universal factorized
form. Owing to the simplicity of the QCD matrix element and phase space in the soft
or collinear limit, it is sometimes possible to perform the unresolved phase space integral
analytically. The infrared poles from the unresolved phase space integral can then be
extracted in analytic form and cancelled against the corresponding infrared poles from the
virtual corrections. The approximation in the unresolved part introduces an O(peut In* Peut)
error compared with the true calculation. To reduce this error as much as possible, and not
modify the physical observable O significantly, it is desirable to choose a small cut-off pcyt
for the resolution variable. However, a small p.yx will also lead to a very steep integrand
for the resolved part, and therefore potentially large Monte-Carlo integration uncertainty.
Within the N-jettiness subtraction formalism [49, 50], progress has been made recently in
reducing the analytic error in the unresolved part by incorporating the leading logarithms
of the power suppressed terms [51, 52].

In ref. [48], the resolution variable is chosen as the inclusive jet mass, normalized to
the top-quark mass,

2

where the sum runs over all final-state QCD partons p;. We use a subscript d to denote
the resolution variable chosen in the decay calculation. It is easy to see that 74 satisfies the
requirement for a good resolution variable for phase space slicing, namely 7; — 0 when all
the final-state QCD partons are either soft or collinear with each other.

We write the differential decay rate as

d]_—‘t Td,cut d2rt Td,max d2rt
S d d
o Jo “Taodn " /Td T30 drg
ar, dar,
- Si 2.4
dO unres. dO res. ( )




The task is to compute the unresolved part using an approximated QCD matrix element
and phase space, and the resolved part using numerical Monte-Carlo integral. We stress
that eq. (2.4) holds for both the polarized and the unpolarized decay rate. Since our goal
is to combine production and decay at NNLO, we compute the polarized decay rate in this
work. For decay of the W boson we adopt the narrow-width approximation. Therefore, we
consider the decay of top quark to an on-shell W boson and a b quark at LO, while keeping
the full polarization information for both the top quark and the W boson. Because of the
simple form of the resolution variable, the integrand of the unresolved part can be written
in a convenient factorized form, up to error terms proportional to (’)(lnk Tq) with ks > 0,

d2r, _arl”

0dr, =0 Hd(a:,,u)/dm dksJ(m ,/L)Sd(ks,ﬂ)(;(Td

unres.

24 2E ks
m+2‘]>+(’)(lnk7d),

(2.5)

t

where z = m2,/m? characterizes the LO decay kinematics, and E; = (m? — m2,)/(2m;)

is the energy of the b jet at LO. Such a factorization formula was originally discussed
in inclusive B decay in the end point region [53-56] using Heavy Quark Effective The-
ory (HQET) and Soft-Collinear Effective Theory (SCET) [57-60]. The same factorization
formula can be used in top-quark decay since the observable is very similar, as long as its
use is restricted to the perturbative region. Equation (2.5) indicates that in the unresolved
region, the kinematic distributions for O follow exactly those at LO. The normalization
is determined in a factorization-friendly form in terms of a hard function Hy(z,u), a jet
function J(m?2, 1), and a heavy-quark decay soft function Sg(ks,p). The universality of
infrared dynamics of QCD implies that these functions for top decay can also be extracted
from those for inclusive B decay. Note that in eq. (2.5), the polarization information of the
top quark and the W boson is encoded in the LO decay rate and the hard function only.

The hard function is related to the operator resulting from matching the heavy-to-light
QCD form factor onto HQET and SCET. To leading power in the heavy quark limit and
to all orders in ag, the operator can be expanded in terms of three basis functions,

n-&e
Ow = C1(z, ) Xng (1 — v5)h + Ca(x, p)v - eXn(1 + v5)h + Cs(z, M)min(l +75)h, (2.6)

where n# = pf / pg and v* = p}'/my are the four-velocity of the b jet and the top quark at
LO in QCD; x,, is the gauge-invariant collinear b quark field; A is the heavy top quark field;
and ¢ is the polarization vector for the W boson. The Wilson coefficients C;(x, ) can be
extracted from the QCD form factor calculation. For example, at one-loop, the relevant
diagrams are shown in figure 4.

The Wilson coefficients C;(x, ;1) have been calculated through two loops for inclusive
B decay [61-64]. The corresponding Wilson coefficients for top-quark decay can be simply
read off from these studies. We quote the results through O(ays) below,

Ci(z,p) = 1—1—%(}'1: (—21n2 2 oam 2 log(1—z)—51n L Lig(1—z)—2log?(1—x)
4 m mi m

_bg(i_m)—i—?) log(1—x)+2log(1—x) 10g(x)—517;2—6> +0(a3), (2.7)
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Figure 4. One-loop QCD form factor for heavy-to-light decay.
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We refer readers to refs. [61-64] for the full two-loop results.
The hard function is defined as the squared matrix element of the effective operator
normalized to the Born level result,

(Wbl Ow[t) [
. 2
Jim (Wb|O[t)]

Hy(w, p) = (2.10)

The soft function is defined as a vacuum matrix element of Wilson loops, which is
independent of the top-quark spin. In a practical calculation, they can be obtained by
taking the eikonal limit of the real corrections, with the insertion of a measurement function
d(ks — k - n), where kg is the total momentum of the soft radiation in the final state. For
instance, the one-loop soft function is given by the integrals

4—2¢
S ) = 17 [ e (2O 5(0) 5k~ zgi\ \g
(2.11)

We use a double line to denote a timelike Wilson line, and a solid real line to denote a
lightlike Wilson line. Note that the definition for the soft function is not Lorentz invariant.
The violation of Lorentz invariance comes only from the measurement function 6(ks—k-n).
The full two-loop soft function for inclusive B decay in the rest frame of a B meson has
been computed in ref. [65]. The top quark decay soft function in the top quark rest frame
is exactly the same as the B decay soft function, owing to universality of QCD amplitudes
in the soft limit. We quote the result for the soft function through one loop below,

N (/) kil
Salk, ) = 5(k) + 2 Cr (—8 [”’Z/W] Ty m o 625(k)> +0(2), (2.12)

In our calculation, we use the result of ref. [62], kindly provided to us by Ben Pecjak in a convenient
computer readable form.



where the star distribution is defined as

a [le,11] .
/‘dkwum* g@o=1é dk £ ()(g(k) — g(0)). (2.13)

0

We refer to ref. [65] for the full two-loop soft function.

The jet function is defined as the vacuum matrix element of the gauge invariant
collinear field with the insertion of a measurement function §(m? — p?), where p? is the
virtuality of the collinear jet. In practice, it can be calculated by integrating the uninte-
grated splitting function with the above mentioned delta function inserted. At one-loop,
the quark jet function is given by the integral

4—2¢
Tk p) = i [ 5 Cr)O )3 1)

We use a hatched diamond to denote collinear Wilson line in SCET. The jet function is
completely factorized from the top quark, therefore also independent of top quark polariza-
tion. The overlap region of soft and collinear gluons is removed by the zero-bin subtraction
procedure [66]. For the inclusive jet function the zero-bin subtraction term vanishes to all
orders in ag. The one-loop jet function is

o n(m2/u2)1mw [m? 1]
J(m?, 1) = d6(m?) + Z;CF (4 [1(m2/'u)} -3 [12} + (7 - 7T2)5(m2)) :

(2.15)

For this work, we need the full two-loop quark jet function, which was computed in ref. [67].
After putting the one-loop hard, soft, and jet functions together, one can derive the
one-loop prediction for the unresolved integrand,
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dO dmy
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— & O | —a | 204 In(l—z)—7) |—
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6
where [f(x)]+ is the usual plus distribution. The p dependence cancels completely at this
order, once the one-loop hard function is inserted. This is equivalent to the statement that
the infrared divergences have been cancelled between virtual and real corrections at this
order. Note that up to power corrections, the 74 dependence of the unresolved integrand
is very simple and can be integrated out readily in eq. (2.4).

The factorized form of eq. (2.5) is very convenient for calculations at higher order.
Indeed, the only ingredients needed for a NNLO calculation of the unresolved part are the
corresponding two-loop hard, jet, and soft functions, which are available from the previous
precision study of inclusive B decay. This is one of the advantages of the phase space slicing
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Figure 5. LO diagram for single top quark production. We show only the part relevant for
corrections associated with the heavy quark line. The thick solid line denotes the top quark. The
wavy line denotes the off-shell W boson that couples to the light quark line.

method within the effective field theory framework, namely the convenient organization of
different perturbative ingredients and the ease of recycling existing universal functions.

For a small cut-off 74 ¢, integration of the unresolved distribution obtained from the
factorization formula results in large logarithmic dependence on the cut-off. At NLO, the
leading term scales as In? Tdcut @s is evident from eq. (2.15), whereas at NNLO it scales
as In* Tgcut- For sufficiently small cut-off, the large cut-off dependence is to be cancelled
by the resolved contribution, up to Monte-Carlo integration uncertainty. The resolved
contribution, as its name suggests, is free of infrared singularities at NLO. At NNLO, the
resolved contribution contains sub-divergences. These sub-divergences cannot be resolved
by our resolution variable 7;. They must be cancelled using other methods. Fortunately,
the infrared structure of sub-divergences is lower by one order in ag than the unresolved
part. For a NNLO calculation, we can use any existing subtraction method to cancel the
sub-divergences. In our calculation, we employ the dipole subtraction formalism [68] with
appropriate massive dipole terms [69] to remove the sub-divergences. We also need the one-
loop amplitudes for top quark decay to a W plus two partons, and tree-level amplitudes
for top decay to a W plus three partons. We extract the former from ref. [70]; for the latter
we use HELAS [71].

2.3 QCD corrections for production of a single top quark: heavy quark line

Having described decay of the top quark in the previous subsection, we turn now to QCD
corrections associated with its production. In this subsection we treat the heavy quark
line in the production process. In the structure-function approximation in which we work,
the heavy quark part of LO process is represented by the diagram in figure 5. The light
quark part is omitted in this step; it is treated in the next subsection. The light quark part
(the upper vertex of figure 1) can be thought effectively as the DIS “leptonic” part that is
invisible to the QCD corrections in the heavy quark line. The process now resembles charm-
quark production in deep-inelastic neutrino scattering, for which NNLO QCD corrections
were calculated in ref. [72]. We note that the process in figure 5 is related by crossing to
the top quark decay process we discuss in the previous section. Many of the ingredients in
the last section can be used here.

~10 -



Following the previous section, we define a resolution variable to isolate the unresolved
part. As discussed in ref. [72], the appropriate resolution variable in this case is a fully
inclusive version of beam thrust [73] or N-jettiness [74],

2px " pn . _ nt
==, with = ( . — )— 2.17
Th % q2 1 Pn n (pt Q) 9 ( )

It differs from the standard beam thrust or N-jettiness in that no partition is imposed in the
phase space of final-state radiation, as there is only one collinear direction in the problem.
This collinear direction is the beam (proton) direction associated with the bottom quark
which enters the Wtb vertex. In eq. (2.17), px is the momentum of total QCD radiation
in the final state, and p, is a momentum aligned with the incoming beam whose large
lightcone component equals the large lightcone component of the incoming momentum
entering the Wb vertex. Here the lightcone direction n is chosen as the direction of the
incoming beam, and 7 = (1, —7), not to be confused with the jet direction used in the
last section. Given the definition for 73, the differential cross section for any infrared-safe
observable O can be separated into resolved and unresolved parts,

do-h Th,cut d2o—h Th,max d2 o
S _ d d
a0 ~ J, %dOdm_%l ™30 dm,

h,cut

don,
dO

_dop

= (2.18)

unres. res.

We use the subscript “h” to denote that QCD corrections to the light quark line are
neglected.

Similar to the case of top quark decay, we can write a factorization formula for the
unresolved contribution, up to power corrections of the form 74 ¢y In” Thcut

dO'h dO'}(lO) (Z) Th,cut
- — 7H SB , , s
dO | res. /dz do h(y,,u)/o drp, dt dks By(t, z, 1) Sp(ks, 1)
t+ 2k, E
0 (Th B 22b) + O(Th,cut 0" T cu) (2.19)
my —4q

where Ej is the energy of the b quark entering the Wtb vertex. The derivation of this
factorization formula is very similar to the derivation of beam thrust in N-jettiness factor-
ization. In eq. (2.19), do,(lo)(z) /dO is the Born level partonic differential cross section for
the process

b(zPn) +W*(q) = t(pt) (2.20)

where Py is the momentum of the incoming hadron associated with the bottom quark.
The definition of variable y is y = ¢2/m? < 0. The hard function for top quark production
can be related through analytic continuation in a straightforward way to the hard function
for top quark decay, defined in eq. (2.10),

Hp(y,p) = Ha(y + 10, p1) . (2.21)
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It is also possible to relate the heavy quark soft function to the decay soft function
of section 2.2. They both involve a timelike Wilson line and a lightlike Wilson line and
a very similar measurement function. At one-loop the heavy quark soft function can be
calculated from the diagrams

4—2¢
s;ﬁ”(ks,u)zu*/(d ji lze(2w)@(k0)6(k2) 5(ks —k-n ;‘&\ \i
(2.22)

where the lightlike direction n points in the incoming beam direction. Comparing with
eq. (2.11), one may note that the timelike Wilson line has been crossed from the initial
state to the final state, whereas the lightlike Wilson line from the final state to the initial
state. This crossing leads only to a change of +ie to Fie in the Feynman prescription. The
difference in the ie terms leads to a sign difference in the Glauber phase exp(=£imf(e)) for
the amplitudes, irrelevant at the cross section level.

We must also deal with frame dependence of the soft function. The frame dependence
of the heavy quark soft function arises from the measurement function, 6(ks — k - n), just
as for the decay soft function. Note that ks enters the observable through the combination
2F ks for the top decay soft function, and 2FEyk, for the heavy quark soft function. These
combinations are Lorentz invariant, as we may see from writing the measurement function
for top decay as

2EJ6<2EJkS — 2k - pb) 5 (223)
and for heavy quark production as
2Ey6(2Epks — 2k - pp) - (2.24)

Therefore, we can choose to define the heavy quark soft function in the heavy quark rest
frame, instead of the usual center of mass frame.

Sh(ks, 1) = Salks, 1), (2.25)

in the heavy quark rest frame through all orders. Moreover,
mi — ¢

E, = (2.26)

th

in the heavy quark rest frame. Now we can simply reuse the two-loop soft function of
ref. [65] for our heavy-quark-line calculation.

The beam function is defined as the matrix element of a collinear field in a hadron

state (proton in our case), with the virtuality ¢ = 2p,, - p. of the measured beam jet [73],

where p. is the momentum of final state collinear radiation, and p,, is defined in eq. (2.17).

The beam function can be written as the convolution of a perturbative coefficient function
and the usual PDF,

Bi(t, v, 1) = 2/‘“ AGHES u>+0<AafD). (2.27)

- 12 —



The one-loop quark-to-quark coefficient function can be calculated through the diagrams

4—2¢
TG (tz,p) = / (;)4_26(%)@(10)6([2)6@ —2p, - D)(1-7— (1= 2)p, - )

l 2

x ﬁ + % . (2.28)
Pn —===== —===® pp—————-

We also need the gluon-to-quark coefficient function at this order. The quark beam function
has been calculated through two loops [75]. We quote the result to one-loop here

-2+ 1]

t

[t,u?] (1+ 22)

ln(t/,u,z)] [t.1?]
* [1 - Z]+

Toq(t, 2, 1) = 6()8(1 — 2) + g‘—;cF {2 [ t

*

+5(t) [m - 7:5(1 — )+ (1 L 11+_Zj lnz>] } +0(a?),
Tyt 2) = 92T { mw] (1= 22 +2:2) + 5(t) {(1 — 904 227) <ln ! - 1> 4 1} }
+ 0(a?). (2.29)

After substituting the expansion of hard, soft, and beam functions into the factorization
formula in eq. (2.19), one obtains the unresolved distribution to leading power in 73,. Again,
the dependence on 7, is very simple and can be integrated analytically.

The calculation for the resolved contribution follows closely the decay calculation in
section 2.2. In fact, all the matrix elements can be recycled from the last section. Again,
we use dipole subtraction to remove those sub-divergences which cannot be resolved by 7.

2.4 QCD corrections for production of a single top quark: light quark line

For the QCD corrections associated with the light-quark line (the upper vertex of figure 1),
we adopt the method of “Projection-to-Born” in ref. [76]. The key ingredients in this
approach are the inclusive NNLO DIS coefficient functions [77-79], for which a conveniently
parametrized version is available [80, 81]. The hadronic tensor can be expressed in terms
of three scalar form factors [82]

a8

q 2
mFS(fE,Q ). (2.30)

v BB, .
Wi (. Q%) = <—g,w +4 ) Fi(e, @)+ Fa(w, @) +ieuas

Here P is the momentum of the incident proton at the light-quark vertex, ¢ is the momen-
tum transfer carried by the virtual W boson, €, is the completely antisymmetric tensor,
Q? = —¢?, and Bjorken variable 2 = Q?/2P - Q. The momentum P is defined as

. P.
P,=P, - ?qqu. (2.31)
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(©) (d)

Figure 6. Schematic diagrams of the “Projection-to-Born” method, including the inclusive contri-
butions, followed by separate contributions from the double-unresolved region, the single-unresolved
region, and the fully-resolved region.

F; are structure functions for charged-current DIS which can be expressed as convolutions
of the parton distributions and the DIS coefficient functions. In our case both z and ¢
can be determined by kinematics at the heavy-quark vertex. By contracting this hadronic
tensor with the squared matrix element for the heavy-quark vertex, keeping phase space
unintegrated for the top quark, we can calculate the total cross sections and differential
distributions of the top quark. This procedure is similar to the NNLO calculations of Higgs
boson production via vector boson fusion in the double DIS approximation [83].

The method of “Projection-to-Born” was used later in ref. [76] to retain the jet activity
at the light-quark vertex and applied to Higgs boson production. The spirit of the method
is illustrated in figure 6. The full NNLO corrections can be separated into contributions
from the double-unresolved region, single-unresolved region, and fully-resolved region de-
pending on the phase space of real radiation, as sketched in the last three diagrams in
figure 6. Expressions for diagrams (c) and (d) can be obtained from the NLO results for
processes with one more hard radiation at Born level, similar to the phase space slicing
method. For the remaining contributions from the double-unresolved region, diagram (b),
expressions can be obtained by subtracting diagrams (c) and (d) from the inclusive results
represented by diagram (a). Furthermore, since all radiation is unresolved there, the final
state jet has Born-like kinematics and is uniquely determined by = and q. In practice, by
a rearrangement of the different pieces, the final results consist of two components. First
is the NNLO structure function contribution from eq. (2.30) with Born-like kinematics
determined by z and g. Second is the contribution from 2-jet production at NLO supple-
mented by a counter-term contribution. The counter-term is constructed in such a way
that for every event in the Monte Carlo integration of the 2-jet NLO piece, a counter-
event is generated with opposite weight and with Born-like kinematics determined by =z
and ¢g. The counter-events remove contributions from the resolved region in the inclusive
structure functions, as well as make the NLO calculation numerically stable. For the real-
virtual corrections needed for the 2-jet NLO calculation, we extracted the one-loop helicity
amplitudes from DIS 2 jet production in ref. [84].

2.5 Validation of the calculation

In the phase-space slicing method, we check the stability of various analytical expressions
as well as the numerical implementations under variation of the small cut-off parameter.
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Figure 7. Various components of the NNLO corrections from the heavy-quark line for the total
inclusive cross section as a function of the cut-off, for single top-quark production at 13 TeV.

We should expect the results to converge smoothly to the true NNLO corrections after
large cancellations of individual pieces. We demonstrate the cancellations for the heavy-
quark line in figure 7 for the case of NNLO corrections to the total inclusive cross sections.
In the upper panel we show three contributions to the NNLO corrections: the below-cut-

off unresolved contribution cr‘(f‘)/, the real-virtual part of the resolved contribution ag‘)/,

and double-real parts of the resolved contribution 0’5%2])%. The individual contributions vary
considerably with 7, cu¢, but the total contribution, shown in the lower panel, is stable and
converges to a stable NNLO correction when 7y, ¢y is small. The cancellation of the three
pieces is about one part out of a hundred. One may notice that the power corrections
are rather small even for 7, .. as large as 10~!. This small overall power correction
results from an accidental cancellation of the power corrections from different partonic
channels at large 7j, cut, as shown in figure 8. Results for the b-quark and the gluon channel
show considerable dependence on the cutoff when 7 ¢y ~ 10~!. However these power
corrections have a different sign and cancel largely in the sum. In figure 9 we examine
the dependence on the cut-off in the differential distributions without decay. We show
the transverse momentum of the stable top quark and the pseudorapidity of the leading
jet. The corrections are normalized to the LO distributions. The error bars represent the
estimated statistical uncertainties from the numerical integration. There is good agreement
of the results when the cut-off is small. In practice we find optimal values of 7, ¢ at about
10~* ~ 103 where the power corrections are negligible and numerical integration stability
is preserved.

For the resolved parts of all three NNLO calculations, we have cross checked our
implementations with Gosam [85] and Sherpa [86] and found full agreement. The code for
the calculation involving top-quark decay is based on our previous one used for calculation
of the differential width [48]. An independent calculation based on a different infrared
subtraction method was performed in ref. [87], and it confirms our results. We also checked
explicitly that if we do not apply any selection cut, the NNLO corrections from decay do
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Figure 8. Cut-off dependence of different partonic channel contributions at NNLO from the heavy-
quark line for the total inclusive cross section for top-quark production at 13 TeV.
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Figure 9. NNLO corrections from the heavy-quark line for the transverse momentum distribution
of the top quark (left), and the pseudorapidity distribution of the leading jet (right), for top-quark
production at 13 TeV, with different choices of the cut-off.

not change the total event rate in our numerical calculation, as expected from eq. (2.1).
For implementation of the structure functions needed for the calculation of light-quark line,
we have compared our results with APFEL [88] and found good agreement. To compare
our results with those in ref. [3] for the case of a stable top (anti-)quark, we calculated the
NNLO total inclusive cross sections at 8 TeV using the same choices of parameters. We
found a difference of ~ 1% on the NNLO cross sections. With a refined comparison through
private communications, we traced the source of this discrepancy to NNLO contributions
associated with the heavy-quark line, with the b-quark initial state. All other parts in the
NNLO corrections and all parts of the NLO contributions agree between the two results
within numerical uncertainties. It has not been possible to further pin down the differences.
We leave this issue for possible future investigation.

In calculations of the fiducial cross sections we also need a theoretically well-defined
flavor-jet algorithm for the b-quark jet. At the parton level, the definition of a b-quark jet
has some level of ambiguity. Naively, the b-jet can be defined as a conventional jet whose
total b-flavor number is non-zero (counting the b quark with b-flavor number 1, and b anti-
quark with b-flavor number —1). However, the resulting jet cross section is not infrared
safe in the zero-mass case. In a partonic configuration in which a soft gluon splits into a bb
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Figure 10. Feynman diagrams with a soft gluon splitting into a bb pair, for NNLO corrections at
the light-quark line, the heavy-quark line, and the top quark decay, respectively. The green fermion
line represents a b quark or anti-quark.

pair with large separation angle, the a b quark may be clustered with other hard radiation
and identified as a b-quark jet. A modification of the kr algorithm to address the IR safety
problem of a b-quark jet is proposed in [89]. However, current experimental measurements
of single top-quark production at the LHC use the anti-kr algorithm [90]. We do not adopt
the flavor-jet algorithm in [89]. In our NNLO corrections, the specific configurations which
can lead to infrared safety issues appear in the diagrams shown in figure 10. In the first two
diagrams, the splitting does not involve the primary b quark from decay of the top quark.
We simply assign a zero b-flavor number for the bottom (anti-)quark in this splitting while
keeping a non-zero b-flavor number for the primary b quark. For the case of top quark
decay there can be two b quarks and one b anti-quark in the final state, as shown by the
third diagram. In this case we first find a pair of b quarks and an anti-quark, computing
the invariant masses of the two bb pairs. Then we assign a zero b-flavor number for each
b/b quark in the pair with the smaller invariant mass and a non-zero b-flavor number for
the other b quark. After combining this modified flavor assignment with the anti-kr jet
algorithm, one can verify the infrared safety of our NNLO cross sections. An interesting test
of infrared safety is made by checking the dependence of the cross sections on the cut-off
parameter. In figure 11 we show the NNLO corrections from top-quark decay on the fiducial
cross section, as a function of the cut-off 7 .. We can see the incomplete cancellation of
cut-off dependence with the naive flavor assignment, an indication of infrared problems of
the algorithm. In the modified case we observe convergence similar to that in figure 8.

3 Cross sections and distributions for a stable top quark

In this section we present predictions for the total inclusive cross sections and differential
cross sections for a top quark treated as an observable stable object. The parameters used in
our numerical calculations are listed here. We use a top quark mass of 172.5GeV and a W
boson mass of 80.385 GeV. We choose |Vy| = 1, G = 1.166379x 1075 GeV~2 and the CT14
parton distribution functions (PDFs) [91] with as(Mz) = 0.118. We specify below which
perturbative order we use for the PDFs (LO, NLO, NNLO). The nominal perturbative
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Figure 11. NNLO correction from top-quark decay on the fiducial cross section as a function of the
cut-off, for top-quark production at 13 TeV. Error bars represent a scan over different cut-off values.
The curves show fits to the points in the small cut-off region for two different flavor assignments.

hard-scale choice is ugr = ur = m; with scale uncertainty evaluated by varying the two
together over the range 0.5 < p/p, < 2.

3.1 Total inclusive cross section

In figure 12 we plot the total inclusive cross sections for single top-quark production at the
LHC with different energies. For 7 and 8 TeV, the scale of cross sections is shown on the
left-vertical axis; for 13 and 14 TeV the scale on the right-vertical axis is appropriate. The
predictions in the left side of figure 12 are obtained with CT14 NNLO PDFs throughout
even though the hard matrix elements are computed at LO, NLO, and NNLO respectively.
The QCD corrections are negative when the same PDF's are used. The NNLO corrections
are about 2 ~ 3% in general compared to 3 ~ 5% at NLO. The error bars represent
perturbative scale variations at different orders. Scale variations are reduced by a factor of
about 3 after the NNLO corrections are included. The remaining uncertainties are generally
at a level of one percent at NNLO, e.g., +1.0% and —0.6% for top quark production at
13 TeV and +1.1% and —0.5% for top anti-quark production. The predictions shown in the
plot on the right side of figure 12 are obtained with CT14 PDFs at the associated orders,
meaning with LO PDFs for LO predictions and so on. In this case the LO predictions
drop significantly owing to the relatively smaller bottom-quark PDFs from one-loop QCD
evolution. The NNLO corrections are small possibly because the process studied consists of
similar components as for the deep inelastic scattering (DIS) process used for determination
of PDFs. Thus it is expected that at least part of the QCD effects have been absorbed
into the fitting of PDFs. Figure 13 shows results for top anti-quark production at the
LHC. Conclusions concerning the size of QCD corrections and scale variations are similar
to those for the top quark.

We display the sum and ratio of the top quark and anti-quark production cross sec-
tions in figure 14 and figure 15, for 7 and 8 TeV with the scale on left-vertical axis, and
13 and 14 TeV with the scale on right-vertical axis. In both figures the scale variations
are calculated by setting scales in top quark and anti-quark production be the same and
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Figure 12. Inclusive cross sections for t-channel single top quark production at LO, NLO and
NNLO with CT14 NNLO PDFs (left) and CT14 PDFs at same order (right), at the LHC with
different center of mass energies. Error bars represent scale uncertainties obtained by varying the
renormalization and factorization scale from pur = ur = m;/2 to 2m;.

changing them simultaneously. The behavior can be understood inasmuch as the QCD
corrections in top quark and anti-quark production are strongly correlated, as shown in
figures 12 and 13. The cross section ratios in figure 15 are rather stable against QCD
corrections. They change by at most 1% from LO to NNLO if the same PDFs are used.
The differences induced by PDFs at different orders are larger than the QCD corrections
in general. For completeness we provide numerical values of predictions with CT14 NNLO
PDFs in table 1.

We show dependence of the total inclusive cross sections and their ratios on different
choices of PDFs in figures 16 and 17, all calculated at NNLO and with NNLO PDFs. The
PDFs sets include CT14 [91], MMHT2014 [92], and NNPDF3.0 [93], all with as(Mz) =
0.118, and ABM12 [94] with the default as(Mz) values. The error bars represent the
1o PDF uncertainties of individual groups. The MMHT2014 results have the smallest
PDF uncertainties among all groups. The spread of predictions from different PDFs are
especially large for the top anti-quark production. The spread can reach more than 10%, as
shown by differences of the ABM12 and NNPDF3.0 predictions, amounting to deviations
of about 30, even if both error estimates are taken into account. The discrepancies are
even more pronounced in predictions of the cross section ratios as shown in figure 17.
The ABM12 PDFs yield a much higher ratio compared to other three groups. Precise
measurements of the cross section ratio from the LHC Run 2 can further differentiate
among these PDFs.

In figure 18 we show the fractional QCD corrections of different gauge invariant pieces,
including contributions from the light-quark line, the heavy-quark line, and products of the
two. The latter starts at NNLO. We observe cancellations of QCD corrections from the
light and the heavy-line, driving the full corrections to moderate negative values. The con-
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Figure 13. Inclusive cross sections for ¢-channel single top anti-quark production, similar to
figure 12.
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Figure 14. Sum of inclusive cross sections for ¢-channel single top quark and anti-quark production,
similar to figure 12.

tributions from the heavy-quark line dominate the NNLO corrections, while contributions
from the light-quark vertex and the products are almost negligible.

3.2 Stable top quark differential cross sections

We present transverse momentum distributions of the top quark and anti-quark at 8 and
13 TeV in figure 19. We show the distributions at various orders in the upper panel, and
the ratios of NLO and NNLO predictions to the LO ones in the lower panel, with scale
variations. The QCD corrections can be negative or positive, depending on values of the
transverse momentum, and are smallest near 70 GeV. The corrections are especially large in
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Figure 15. Ratio of inclusive cross sections for ¢-channel single top quark and anti-quark produc-

tion, similar to figure 12.
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Figure 16. Inclusive cross sections for t-channel single top quark (left) and anti-quark (right)
production at NNLO with various NNLO PDFs, for the LHC with different center of mass energies.
Error bars represent 10 PDF uncertainties.

the regions of low and high pr top. The NNLO corrections can be as large as 10%. The scale
variations are greatly reduced over the entire range of pr op. The error bands from NLO
and NNLO overlap over most of the region, suggesting that the scale variations provide a
reasonable estimation of the remaining perturbative uncertainties in this case. The QCD
corrections are slightly larger for top anti-quark production at high pr o, compared to top
quark production. Dependence of the QCD corrections on the center of mass energies is
\/ m% + p'QI‘,top
is more appropriate for computations of the transverse momentum distribution, but we

weak. It may be argued that a pr i, dependent dynamical scale such as
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inclusive LO NLO NNLO
o(t) [pb] 4455288 | 43.14729% | 42 0511 2%
TV o b 23.20733% | 22.57129% | 219511 2%
o(t+1)[pb] | 67.84723% | 65.7172%% | 64.0011 2%
o(t)/o (D) 1.913701% | 1.91270%,, | 1.91670,1%
a(t) [pb] 58.41739% | 56.46729% | 55.01112%
STV @bl | 8152709 | 30.41729% | 29557127
o(t+1)[pb] | 89.93739% | 86.87729% | 84.5711 2%
o(t)/o(t) 1.854101% | 1.85670%,, | 1.86170;%
o(t) [pb] 144.5%8% | 138.8729% | 135111 0%
BIV s mbl | 86345330 | 80.28739% | 79.73+11%
o(t+1) [pb] | 230.9782% | 221.173:9% | 214.8F10%
o(t)/o(t) | 1.674705% | 1.68770%, | 1.69410%,
a(t) [pb] 16447547 | 157.8730% | 153 371 1%
HeV o(t) [pb] 99.6018,7% | 94.7773:0% | 91.8111-0%
o(t+1) [pb] | 264.0785% | 252.5730% | 945111 1%
o(t)/o(D) 1.651103% | 1.66570%,, | 1.670170;%

Ur = mg/2 to 2my.

The NNLO corrections are moderate and at most 6%.
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Table 1. Inclusive cross sections and their ratio for ¢-channel single top (anti-)quark production at
LO, NLO and NNLO with CT14 NNLO PDFs at the LHC with different center of mass energies.
Scale uncertainties are obtained by varying the renormalization and factorization scale from pp =

retain the central scale choice m; used elsewhere in this paper. Differences from figure 19
would be negligible at small pr 1o, and more apparent in the region where pr op > my/2.

In figure 20 we show the transverse momentum distributions of the leading jet in top
quark and anti-quark production. We adopt the anti-kr jet algorithm with a distance
parameter of D = 0.5. At LO these are the same as those in figure 19 since the top quark
and jet are balanced in transverse momentum at LO. The QCD corrections show a similar
strong shape dependence as the ones in figure 19 but are smaller in general.

Figures 21 and 22 show the rapidity distributions of the top quark and anti-quark, and
the pseudo-rapidity distributions of the leading jet in top quark and anti-quark production,
respectively. The QCD corrections have only a mild effect on the rapidity distributions.
The scale variations at NNLO are
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Figure 17. Sum (left) and ratio (right) of inclusive cross sections for ¢-channel single top quark
and anti-quark production, similar to figure 16.
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Figure 18. Fractional corrections for the inclusive cross sections of ¢-channel single top quark
and anti-quark production at NLO and NNLO at the LHC with different center of mass energies,
computed with CT14 NNLO PDFs, and separated into component contributions.

almost contained within the NLO variation bands and are much smaller. On the hand, the
QCD corrections distort the shapes of the pseudo-rapidity distributions of the leading jet
with respect to LO. They fill in the cross sections in the central region and decrease them
in the forward region. The NNLO corrections can be more than 10%. In the central region
of pseudo-rapidity of the leading jet the QCD corrections are more pronounced for a top
quark than for an anti-quark. The scale variations are greatly reduced in all cases.
Measurements are available of parton-level differential distributions for ¢-channel single
top-quark production at 8 TeV from the ATLAS collaboration with a total luminosity
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Figure 19. Predicted transverse momentum distribution of the top (anti-)quark from ¢-channel
single top-quark production at 8 and 13 TeV.

of 20.2fb~1 [14]. We compare our theoretical predictions based on CT14 NNLO PDFs
with the ATLAS measurements of the transverse momentum and rapidity distributions in
figures 23 and 24. We choose to compare with the normalized experimental distributions
for which the theoretical predictions are less sensitive to the PDFs. Ratios of predictions
to the central values of the NLO prediction are shown in lower panels of all the plots.
The error bars in these plots represent the total experimental uncertainties. The hatched
bands show the scale variations. The transverse momentum distributions presented in
figure 23 indicate better agreement of the NNLO predictions with the central values of the
ATLAS data compared to the NLO predictions. The last bin is the only exception, but the
experimental uncertainties are large. Scale variations at NNLO are negligible compared to
the experimental uncertainties. As noted earlier the QCD corrections have rather small
effects on the rapidity distributions of the top (anti-)quark. The lower panels of figure 24
show good agreement of both the NLO and NNLO predictions with the ATLAS data.
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Figure 20. Predicted transverse momentum distribution of the leading-jet from ¢-channel single
top-quark production at 8 and 13 TeV.

We should remark that the measured parton level distributions rely on an unfolding
procedure, which depends on Monte Carlo (MC) event generators at NLO matched with
parton showering [43]. A more consistent comparison of the NNLO predictions with the
data should be made with unfolded measurements based on the NNLO acceptance, even
if the current experimental uncertainties may already take into account part of the bias
introduced by the NLO unfolding procedure.

4 Fiducial cross section

The fully differential nature of our calculation permits the computation of cross sections
in a fiducial volume that matches closely the kinematic region of an experimental analysis.
Such comparisons are potentially less subject to extrapolation uncertainties. Experimental
measurements of fiducial cross sections show a much weaker dependence on MC event
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Figure 21. Predicted rapidity distribution of the top (anti-)quark from ¢-channel single top-quark
production at 8 and 13 TeV.

generators and thus suffer less from the related systematics. For calculations of the fiducial
cross sections we assume the top quark decays 100% to bW ™ and set the W boson leptonic
decay branching ratio to 0.1086 for one lepton family. We use a slightly different top quark
mass of 173.3 GeV here.

We define the following fiducial phase space for the LHC at 13 TeV. We use the anti-kr
jet algorithm [90] with a distance parameter D = 0.5. Jets are required to have transverse
momentum pr > 40 GeV and pseudorapidity || < 5. Following the CMS and ATLAS
analyses, we require exactly two jets in the final state, meaning that events with additional
jets are vetoed, and we require at least one of these to be a b-jet with |n| < 2.4 [95]. We
demand the charged lepton to have a pr greater than 30 GeV and rapidity |n| < 2.4. For
the fiducial cross sections reported below we include top-quark decay to only one family of
leptons. Some of the numerical results shown in this section are also reported in our earlier
publication [5].
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Figure 22. Predicted pseudorapidity distribution of the leading-jet from ¢-channel single top-quark
production at the LHC 8 and 13 TeV.

4.1 Total rate in the fiducial volume

Table 2 shows our predictions of the fiducial cross sections at different perturbative orders,
with scale variations shown in percentages. We vary the renormalization and factorization
scales urp = pr in the top-quark production stage, and the renormalization scale in the
decay stage, independently by a factor of two around the nominal scale choice. The resulting
scale variations are added in quadrature to obtain the numbers shown in table 2. We also
show the QCD corrections from production and decay separately as defined in eq. (2.1).
All results shown in table 2 pertain to the central scale choice my, as for the inclusive cross
sections. The NNLO corrections from the product of O(ag) production and O(ayg) decay
can be derived by subtracting the above two contributions from the full NNLO corrections.

The NLO correction amounts to a decrease of the fiducial cross section by almost 30%
for top quark production. A change this large requires investigation of the NNLO QCD
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Figure 23. Predicted transverse momentum distribution of the top (anti-)quark from ¢-channel
single top-quark production at 8 TeV compared with the ATLAS data.
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Figure 24. Predicted rapidity distribution of the top (anti-)quark from ¢-channel single top-quark
production at 8 TeV compared with the ATLAS data.

corrections to examine convergence of the series. The numbers in the table indicate that the
full NNLO correction drops the fiducial cross section by another 8.5% relative to the NLO
value. The corrections from decay are half of the corrections from production in general.
The NNLO corrections from products of production and decay are similar in size to those
from decay, but with different sign. The scale variations have been reduced by a factor of
about 3 to ~ 1% at NNLO. However, for fiducial cross sections, the error bands from LO,
NLO, and NNLO do not overlap each other suggesting that scale variations underestimate
the true perturbative uncertainties in this case. The size of QCD corrections are similar for
top anti-quark production. The ratio of fiducial cross sections for top quark and anti-quark
production are 1.661, 1.657, and 1.667 at LO, NLO, and NNLO, respectively. Therefore
these charge ratio observables are stable against QCD corrections even in the fiducial phase
space.
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fiducial [pb] LO NLO NNLO

+7.6% +4.1% +1.2%

total 4.07 g | 2.957, 50 | 2.707 575
t quark corT. in pro. —0.79 —0.24
corr. in dec. —-0.33 —-0.13

+7.8% +3.9% +1.2%

) total 2457 00 | 178750 | 1627 5o
t quark corr. in pro. —0.46 —0.15
corr. in dec. —0.21 —0.08

Table 2. Fiducial cross sections for top (anti-)quark production with decay at 13 TeV at various
orders in QCD with a central scale choice of m; in both production and decay. The scale uncer-
tainties correspond to a quadratic sum of variations from scales in production and decay, and are
shown in percentages. Corrections from purely production and purely decay are also shown.

In experimental analyses, the total inclusive cross sections are usually determined
through extrapolation of the fiducial cross sections based on acceptance estimates obtained
from MC simulations. We can use the numbers shown in tables 1 and 2 to derive the
parton-level acceptance at various orders. For top quark production, the acceptances are
0.0283, 0.0214, and 0.0201 at LO, NLO, and NNLO respectively. The NNLO corrections
can change the acceptance by 6% relative to the NLO value. This change also propagates
into the measurement of the total inclusive cross section through extrapolation.

A comment here is appropriate on the size of QCD corrections and the choice of the
QCD hard scale. With fiducial cuts applied, the jet veto introduces another hard scattering
scale of pr veto = 40 GeV in addition to m;. A QCD scale choice (pT,Vetomt)l/ 2 ~ my/2 may
therefore be appropriate, especially at lower perturbative orders where the gluon splitting
contributions are absorbed into the bottom-quark PDF. Alternative results with a central
scale choice of m;/2 in production, with the central scale m; retained in decay, show better
convergence of the series, although the NNLO predictions are almost unchanged. It would
be worthwhile to resum the logarithmic contributions related to the scales pr yeto and mg.

4.2 Distributions within the fiducial region

Predicted kinematic distributions within the fiducial volume can be used to compare di-
rectly with measurements without unfolding procedures. In figure 25 we plot the pseudo-
rapidity distribution of the charged lepton, without and with normalization to the total
rate for top quark production. The QCD corrections are almost constant over the full
range for the unnormalized distribution. The NNLO corrections are about —6% and re-
duce the scale variations significantly. We observe the large gaps between the NLO and
NNLO error bands. For the normalized distributions the QCD corrections are small and
within 1% in general. In the lower panel of the plot on the normalized distribution, the
NNLO results show MC integration fluctuations at the level of a few per mil, also shown
by the error bars. In figure 26 we show results for the same unnormalized distribution but
with QCD corrections only from the production or from the decay. Both corrections show
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Figure 25. Predicted pseudo-rapidity distribution of the charged lepton from ¢-channel single
top-quark production and decay at 13 TeV after fiducial cuts, including full corrections, with and
without normalization respectively.
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Figure 26. Predicted pseudo-rapidity distribution of the charged lepton from t-channel single top-
quark production and decay at 13 TeV after fiducial cuts, including corrections from production
and decay, respectively.

little dependence on the pseudo-rapidity, just as for the full corrections. The size of the
corrections from decay are about one-half those from production.

In figures 27 and 28 we show similar results for the transverse momentum distribution
of the system composed of the charged lepton and b-jet. The QCD corrections from decay
do not change the shape of the distribution. The size of the corrections from production
tend to be enhanced in the tail region. The QCD corrections induce a nontrivial change in
the shape of the normalized distribution, as can be seen from the plot of the right side of
figure 27. The NNLO corrections can reach 5% in the tail region.
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Figure 27. Predicted transverse momentum distribution of the charged lepton and b-jet system
from t-channel single top-quark production at 13 TeV after fiducial cuts, with full corrections in-
cluded, with and without normalization respectively.
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Figure 28. Predicted transverse momentum distribution of the charged lepton and b-jet system
from t-channel single top-quark production at 13 TeV after fiducial cuts, including corrections from
production and decay respectively.

In the plot on the left of figure 29 we show the predicted lepton charge ratio as a
function of the pseudo-rapidity. It is sensitive to the ratio u/d of PDFs at different mo-
mentum fractions. Predictions at different orders in the upper panel are all based on the
CT14 NNLO PDFs. The ratio increases with the pseudo-rapidity because the u-valence
PDF is harder, extending into the region of higher x than the d valence PDF, where the
sea-quark contributions are also smaller. The QCD corrections are small in general. The
NNLO corrections are within 1% over the entire kinematic range. There are four hatched
bands in the lower panel representing the spread of the LO predictions from CT14 [91],
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Figure 29. Predicted lepton charge ratio as a function of the pseudo-rapidity (left plot), and
normalized angular distribution between the charged lepton and the non-b jet in the rest frame of
the top quark (right plot), from ¢-channel single top-quark production at 13 TeV after fiducial cuts,
including full corrections.

MMHT2014 [92], NNPDF3.0 [93], and ABM12 [94] PDFs with individual 1 ¢ PDF un-
certainties. Similar to the inclusive charge ratio shown previously, the dependence of the
ratio on PDFs is much larger than the size of QCD corrections. These results indicate
that sufficiently precise experimental measurements of the lepton charge ratio will further
constrain the PDFs without much effect from perturbative uncertainties.

In the plot on the right side of figure 29 we show a normalized angular distribution
in top quark production. The angle 0 is defined in the reconstructed top quark rest frame
between the charged lepton and the non-b jet. This type of distribution is used typically
for measurements of the top-quark polarization. At LO the top quark is produced highly
polarized along direction of the spectator quark.? Ideally one should see almost a straight
line from 0 to 1 as cos@ is varied from —1 to +1. Acceptance affects the distribution in
the forward region since the charged lepton tends to be soft there. The QCD corrections
can be large at both forward and backward angles, as can be seen in the lower panel. The
conventional forward-backward asymmetry of the angular distribution is proportional to
the top-quark polarization. The predictions are 0.383, 0.362, and 0.346 at LO, NLO, and
NNLO, respectively. Thus the NNLO correction is about —4% on the forward-backward

asymimetry.

5 Summary

We presented a detailed phenomenological study of the next-to-next-to-leading order QCD
corrections for t-channel single top (anti-)quark production including its semi-leptonic de-
cay at the LHC. The calculations are carried out under the on-shell top-quark and the

?We might remark that a spectator quark is not well defined at higher orders in QCD since there is
additional radiation which is indistinguishable from the light quark initiated from the EW vertex.
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structure-function approximations, allowing the QCD corrections to be factored into three
simpler pieces. The neglected corrections are suppressed either by the width of the top
quark or by a color factor of 1/N2.

The NNLO corrections are generally about —3% for the total inclusive rates at LHC
with different center of mass energies. The NNLO corrections can be much larger for
differential distributions. They can reach a level of 10% or more in certain regions of
the transverse momentum distributions of the top (anti-)quark and the pseudo-rapidity
distributions of the leading jet. In all cases the scale variations are greatly reduced by the
NNLO corrections. We also show a comparison of the normalized parton-level distributions
to the recent data from the ATLAS 8 TeV measurement. The NNLO corrections tend to
move theoretical predictions closer to the measured transverse momentum distribution of
the top (anti)-quark, though the reported 8 TeV data still have large uncertainties.

After top quark decay is included, we calculate and present cross sections in a restricted
fiducial volume at 13 TeV, approximating experimental selections. The QCD corrections
are more pronounced in this case. The NNLO corrections are about —6% for the total rate
and similarly for the kinematic distributions in the fiducial volume. The corrections from
pure decay are generally half the size of corrections from pure production. For normalized
distributions the QCD corrections are small in general. Our predictions of the lepton charge
ratio are stable against QCD corrections. Experimental measurements of this ratio can
potentially provide further constraints on the ratio of the w/d parton distributions in the
proton. Lastly we point out that the NNLO QCD corrections can induce about 6% shift on
the acceptance defined as ratio of fiducial to inclusive cross sections. They may have effects
of a similar level for the unfolded inclusive cross sections in experimental measurements,
which are used for extraction of the electroweak coupling strength. Further studies are
required to refine the exact effects of the NNLO QCD corrections on the acceptance used
in experimental analyses. These can include a detailed comparison of the NNLO QCD
predictions with the NLO predictions matched with parton showering, or even a possible
match of the NNLO predictions with parton showering. Phenomenologcal studies such as
these and detailed comparisons with data are left for future work.

Acknowledgments

ELB’s work at Argonne is supported in part by the U.S. Department of Energy under
Contract No. DE-AC02-06CH11357. The work of JG is sponsored by the Shanghai Pu-
jiang Program. H.X.Z was supported in part by the Office of Nuclear Physics of the U.S.
Department of Energy under Contract No. DE-SC0011090. We thank K. Melnikov and
F. Caola for private communications on aspects of their NNLO calculations. We acknowl-
edge valuable conversations with T. Gehrmann, P. Nadolsky, A. Papanastasiou, A. Signer,
Z. Sullivan, and C.-P. Yuan. We thank Southern Methodist University for the use of the
High Performance Computing facility ManeFrame.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

— 33 —


https://creativecommons.org/licenses/by/4.0/

References

1]

S. Alekhin, S.-O. Moch and S. Thier, Determination of the top-quark mass from
hadro-production of single top-quarks, Phys. Lett. B 763 (2016) 341 [arXiv:1608.05212]
[INSPIRE].

CMS collaboration, Measurement of the top quark mass from single-top production events,
CMS-PAS-TOP-15-001 (2016) [iNSPIRE].

M. Brucherseifer, F. Caola and K. Melnikov, On the NNLO QCD corrections to single-top
production at the LHC, Phys. Lett. B 736 (2014) 58 [arXiv:1404.7116] [INSPIRE].

S. Alekhin, J. Bliimlein, S.-O. Moch and R. Placakyté, Isospin asymmetry of quark
distributions and implications for single top-quark production at the LHC, Phys. Rev. D 94
(2016) 114038 [arXiv:1508.07923] [INSPIRE].

E.L. Berger, J. Gao, C.P. Yuan and H.X. Zhu, NNLO QCD Corrections to t-channel Single
Top-Quark Production and Decay, Phys. Rev. D 94 (2016) 071501 [arXiv:1606.08463]
[INSPIRE].

T.M.P. Tait and C.P. Yuan, Single top quark production as a window to physics beyond the
standard model, Phys. Rev. D 63 (2000) 014018 [hep-ph/0007298] [INSPIRE].

CDF collaboration, T. Aaltonen et al., First Observation of Electroweak Single Top Quark
Production, Phys. Rev. Lett. 103 (2009) 092002 [arXiv:0903.0885] [INSPIRE].

DO collaboration, V.M. Abazov et al., Observation of Single Top Quark Production, Phys.
Rev. Lett. 103 (2009) 092001 [arXiv:0903.0850] [NSPIRE].

CMS collaboration, Measurement of the t-channel single top quark production cross section
in pp collisions at \/s =T TeV, Phys. Rev. Lett. 107 (2011) 091802 [arXiv:1106.3052]
[INSPIRE].

ATLAS collaboration, Measurement of the t-channel single top-quark production cross
section in pp collisions at \/s =7 TeV with the ATLAS detector, Phys. Lett. B 717 (2012)
330 [arXiv:1205.3130] [INSPIRE].

CMS collaboration, Measurement of the single-top-quark t-channel cross section in pp
collisions at /s =7 TeV, JHEP 12 (2012) 035 [arXiv:1209.4533] [INSPIRE].

ATLAS collaboration, Comprehensive measurements of t-channel single top-quark
production cross sections at /s =7 TeV with the ATLAS detector, Phys. Rev. D 90 (2014)
112006 [arXiv:1406.7844] [INSPIRE].

CMS collaboration, Measurement of the t-channel single-top-quark production cross section
and of the |Vip| CKM matriz element in pp collisions at \/s = 8 TeV, JHEP 06 (2014) 090
[arXiv:1403.7366] [INSPIRE].

ATLAS collaboration, Fiducial, total and differential cross-section measurements of
t-channel single top-quark production in pp collisions at 8 TeV using data collected by the
ATLAS detector, Eur. Phys. J. C 77 (2017) 531 [arXiv:1702.02859] [INSPIRE].

ATLAS collaboration, Measurement of the inclusive cross-sections of single top-quark and
top-antiquark t-channel production in pp collisions at /s = 13 TeV with the ATLAS detector,
JHEP 04 (2017) 086 [arXiv:1609.03920] [ixSPIRE].

CMS collaboration, Cross section measurement of t-channel single top quark production in
pp collisions at /s = 13 TeV, Phys. Lett. B 772 (2017) 752 [arXiv:1610.00678] [INSPIRE].

— 34 —


https://doi.org/10.1016/j.physletb.2016.10.062
https://arxiv.org/abs/1608.05212
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.05212
http://cds.cern.ch/record/2138689
http://inspirehep.net/record/1427341
https://doi.org/10.1016/j.physletb.2014.06.075
https://arxiv.org/abs/1404.7116
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7116
https://doi.org/10.1103/PhysRevD.94.114038
https://doi.org/10.1103/PhysRevD.94.114038
https://arxiv.org/abs/1508.07923
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.07923
https://doi.org/10.1103/PhysRevD.94.071501
https://arxiv.org/abs/1606.08463
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.08463
https://doi.org/10.1103/PhysRevD.63.014018
https://arxiv.org/abs/hep-ph/0007298
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0007298
https://doi.org/10.1103/PhysRevLett.103.092002
https://arxiv.org/abs/0903.0885
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0885
https://doi.org/10.1103/PhysRevLett.103.092001
https://doi.org/10.1103/PhysRevLett.103.092001
https://arxiv.org/abs/0903.0850
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0850
https://doi.org/10.1103/PhysRevLett.107.091802
https://arxiv.org/abs/1106.3052
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.3052
https://doi.org/10.1016/j.physletb.2012.09.031
https://doi.org/10.1016/j.physletb.2012.09.031
https://arxiv.org/abs/1205.3130
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3130
https://doi.org/10.1007/JHEP12(2012)035
https://arxiv.org/abs/1209.4533
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.4533
https://doi.org/10.1103/PhysRevD.90.112006
https://doi.org/10.1103/PhysRevD.90.112006
https://arxiv.org/abs/1406.7844
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.7844
https://doi.org/10.1007/JHEP06(2014)090
https://arxiv.org/abs/1403.7366
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.7366
https://doi.org/10.1140/epjc/s10052-017-5061-9
https://arxiv.org/abs/1702.02859
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.02859
https://doi.org/10.1007/JHEP04(2017)086
https://arxiv.org/abs/1609.03920
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.03920
https://doi.org/10.1016/j.physletb.2017.07.047
https://arxiv.org/abs/1610.00678
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.00678

[17]

[18]

[19]

ATLAS collaboration, Search for anomalous couplings in the Wtb vertex from the
measurement of double differential angular decay rates of single top quarks produced in the
t-channel with the ATLAS detector, JHEP 04 (2016) 023 [arXiv:1510.03764] [InSPIRE].

ATLAS collaboration, Probing the Wtb vertex structure in t-channel single-top-quark
production and decay in pp collisions at /s = 8 TeV with the ATLAS detector, JHEP 04
(2017) 124 [arXiv:1702.08309] [INSPIRE].

CMS collaboration, Measurement of top quark polarisation in t-channel single top quark
production, JHEP 04 (2016) 073 [arXiv:1511.02138] [InSPIRE].

G. Bordes and B. van Eijk, Calculating QCD corrections to single top production in hadronic
interactions, Nucl. Phys. B 435 (1995) 23 [iInSPIRE].

R. Pittau, Final state QCD corrections to off-shell single top production in hadron collisions,
Phys. Lett. B 386 (1996) 397 [hep-ph/9603265] [INSPIRE].

T. Stelzer, Z. Sullivan and S. Willenbrock, Single-top-quark production via W -gluon fusion at
next-to-leading order, Phys. Rev. D 56 (1997) 5919 [hep-ph/9705398] [NSPIRE].

T. Stelzer, Z. Sullivan and S. Willenbrock, Single top quark production at hadron colliders,
Phys. Rev. D 58 (1998) 094021 [hep-ph/9807340] [INSPIRE].

B.W. Harris, E. Laenen, L. Phaf, Z. Sullivan and S. Weinzierl, Fully differential QCD
corrections to single top quark final states, Int. J. Mod. Phys. A 16S01a (2001) 379
[hep-ph/0102126] [INSPIRE].

B.W. Harris, E. Laenen, L. Phaf, Z. Sullivan and S. Weinzierl, The Fully differential single
top quark cross-section in next to leading order QCD, Phys. Rev. D 66 (2002) 054024
[hep-ph/0207055] [INSPIRE].

Z. Sullivan, Understanding single-top-quark production and jets at hadron colliders, Phys.
Rev. D 70 (2004) 114012 [hep-ph/0408049] [INSPIRE].

Z. Sullivan, Angular correlations in single-top-quark and W;; production at next-to-leading
order, Phys. Rev. D 72 (2005) 094034 [hep-ph/0510224] [INSPIRE].

P. Falgari, P. Mellor and A. Signer, Production-decay interferences at NLO in QCD for
t-channel single-top production, Phys. Rev. D 82 (2010) 054028 [arXiv:1007.0893]
[INSPIRE].

R. Schwienhorst, C.P. Yuan, C. Mueller and Q.-H. Cao, Single top quark production and
decay in the t-channel at next-to-leading order at the LHC, Phys. Rev. D 83 (2011) 034019
[arXiv:1012.5132] [INSPIRE].

J.M. Campbell, R. Frederix, F. Maltoni and F. Tramontano, Next-to-Leading-Order
Predictions for t-Channel Single-Top Production at Hadron Colliders, Phys. Rev. Lett. 102
(2009) 182003 [arXiv:0903.0005] [INSPIRE].

J.M. Campbell, R.K. Ellis and F. Tramontano, Single top production and decay at
next-to-leading order, Phys. Rev. D 70 (2004) 094012 [hep-ph/0408158] [INSPIRE].

Q.-H. Cao, R. Schwienhorst, J.A. Benitez, R. Brock and C.P. Yuan, Nezt-to-leading order
corrections to single top quark production and decay at the Tevatron: 2. t~ channel process,
Phys. Rev. D 72 (2005) 094027 [hep-ph/0504230] [INSPIRE].

P. Falgari, F. Giannuzzi, P. Mellor and A. Signer, Off-shell effects for t-channel and
s-channel single-top production at NLO in QCD, Phys. Rev. D 83 (2011) 094013
[arXiv:1102.5267] [INSPIRE].

— 35 —


https://doi.org/10.1007/JHEP04(2016)023
https://arxiv.org/abs/1510.03764
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.03764
https://doi.org/10.1007/JHEP04(2017)124
https://doi.org/10.1007/JHEP04(2017)124
https://arxiv.org/abs/1702.08309
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.08309
https://doi.org/10.1007/JHEP04(2016)073
https://arxiv.org/abs/1511.02138
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.02138
https://doi.org/10.1016/0550-3213(94)00460-V
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B435,23%22
https://doi.org/10.1016/0370-2693(96)00942-2
https://arxiv.org/abs/hep-ph/9603265
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9603265
https://doi.org/10.1103/PhysRevD.56.5919
https://arxiv.org/abs/hep-ph/9705398
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9705398
https://doi.org/10.1103/PhysRevD.58.094021
https://arxiv.org/abs/hep-ph/9807340
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9807340
https://doi.org/10.1142/S0217751X0100698X
https://arxiv.org/abs/hep-ph/0102126
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0102126
https://doi.org/10.1103/PhysRevD.66.054024
https://arxiv.org/abs/hep-ph/0207055
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0207055
https://doi.org/10.1103/PhysRevD.70.114012
https://doi.org/10.1103/PhysRevD.70.114012
https://arxiv.org/abs/hep-ph/0408049
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0408049
https://doi.org/10.1103/PhysRevD.72.094034
https://arxiv.org/abs/hep-ph/0510224
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0510224
https://doi.org/10.1103/PhysRevD.82.054028
https://arxiv.org/abs/1007.0893
https://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0893
https://doi.org/10.1103/PhysRevD.83.034019
https://arxiv.org/abs/1012.5132
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.5132
https://doi.org/10.1103/PhysRevLett.102.182003
https://doi.org/10.1103/PhysRevLett.102.182003
https://arxiv.org/abs/0903.0005
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0005
https://doi.org/10.1103/PhysRevD.70.094012
https://arxiv.org/abs/hep-ph/0408158
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0408158
https://doi.org/10.1103/PhysRevD.72.094027
https://arxiv.org/abs/hep-ph/0504230
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0504230
https://doi.org/10.1103/PhysRevD.83.094013
https://arxiv.org/abs/1102.5267
https://inspirehep.net/search?p=find+EPRINT+arXiv:1102.5267

[34]

[35]

[36]

[50]

A.S. Papanastasiou, R. Frederix, S. Frixione, V. Hirschi and F. Maltoni, Single-top t-channel
production with off-shell and non-resonant effects, Phys. Lett. B 726 (2013) 223
[arXiv:1305.7088] [INSPIRE].

R. Frederix, S. Frixione, A.S. Papanastasiou, S. Prestel and P. Torrielli, Off-shell single-top
production at NLO matched to parton showers, JHEP 06 (2016) 027 [arXiv:1603.01178]
[INSPIRE].

P. Kant et al., HatHor for single top-quark production: Updated predictions and uncertainty
estimates for single top-quark production in hadronic collisions, Comput. Phys. Commun.
191 (2015) 74 [arXiv:1406.4403] [INSPIRE].

J. Wang, C.S. Li, H.X. Zhu and J.J. Zhang, Factorization and resummation of t-channel
single top quark production, arXiv:1010.4509 [INSPIRE].

N. Kidonakis, Next-to-nezt-to-leading-order collinear and soft gluon corrections for t-channel
single top quark production, Phys. Rev. D 83 (2011) 091503 [arXiv:1103.2792] [InSPIRE].

J. Wang, C.S. Li and H.X. Zhu, Resummation prediction on top quark transverse momentum
distribution at large pr, Phys. Rev. D 87 (2013) 034030 [arXiv:1210.7698] [INSPIRE].

N. Kidonakis, Single-top transverse-momentum distributions at approximate NNLO, Phys.
Rev. D 93 (2016) 054022 [arXiv:1510.06361] INSPIRE].

S. Frixione, E. Laenen, P. Motylinski and B.R. Webber, Single-top production in MC@QNLO,
JHEP 03 (2006) 092 [hep-ph/0512250] [INSPIRE].

S. Alioli, P. Nason, C. Oleari and E. Re, NLO single-top production matched with shower in
POWHEG: s- and t-channel contributions, JHEP 09 (2009) 111 [Erratum JHEP 02 (2010)
011] [arXiv:0907.4076] INSPIRE].

R. Frederix, E. Re and P. Torrielli, Single-top t-channel hadroproduction in the four-flavour
scheme with POWHEG and aMC@NLO, JHEP 09 (2012) 130 [arXiv:1207.5391] [INSPIRE].

V.S. Fadin, V.A. Khoze and A.D. Martin, How suppressed are the radiative interference
effects in heavy instable particle production?, Phys. Lett. B 320 (1994) 141
[hep-ph/9309234] [INSPIRE].

K. Melnikov and O.I. Yakovlev, Top near threshold: All a corrections are trivial, Phys. Lett.
B 324 (1994) 217 [hep-ph/9302311] [INSPIRE].

M. Assadsolimani, P. Kant, B. Tausk and P. Uwer, Calculation of two-loop QCD corrections
for hadronic single top-quark production in the t channel, Phys. Rev. D 90 (2014) 114024
[arXiv:1409.3654] [INSPIRE].

C. Meyer, Transforming differential equations of multi-loop Feynman integrals into canonical
form, JHEP 04 (2017) 006 [arXiv:1611.01087] [INSPIRE].

J. Gao, C.S. Li and H.X. Zhu, Top Quark Decay at Next-to-Next-to Leading Order in QCD,
Phys. Rev. Lett. 110 (2013) 042001 [arXiv:1210.2808] INSPIRE].

R. Boughezal, C. Focke, X. Liu and F. Petriello, W -boson production in association with a
jet at next-to-next-to-leading order in perturbative QCD, Phys. Rev. Lett. 115 (2015) 062002
[arXiv:1504.02131] [INSPIRE].

J. Gaunt, M. Stahlhofen, F.J. Tackmann and J.R. Walsh, N-jettiness Subtractions for NNLO
QCD Calculations, JHEP 09 (2015) 058 [arXiv:1505.04794| [INSPIRE].

— 36 —


https://doi.org/10.1016/j.physletb.2013.07.062
https://arxiv.org/abs/1305.7088
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.7088
https://doi.org/10.1007/JHEP06(2016)027
https://arxiv.org/abs/1603.01178
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.01178
https://doi.org/10.1016/j.cpc.2015.02.001
https://doi.org/10.1016/j.cpc.2015.02.001
https://arxiv.org/abs/1406.4403
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.4403
https://arxiv.org/abs/1010.4509
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.4509
https://doi.org/10.1103/PhysRevD.83.091503
https://arxiv.org/abs/1103.2792
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.2792
https://doi.org/10.1103/PhysRevD.87.034030
https://arxiv.org/abs/1210.7698
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.7698
https://doi.org/10.1103/PhysRevD.93.054022
https://doi.org/10.1103/PhysRevD.93.054022
https://arxiv.org/abs/1510.06361
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.06361
https://doi.org/10.1088/1126-6708/2006/03/092
https://arxiv.org/abs/hep-ph/0512250
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0512250
https://doi.org/10.1088/1126-6708/2009/09/111
https://doi.org/10.1007/JHEP02(2010)011
https://doi.org/10.1007/JHEP02(2010)011
https://arxiv.org/abs/0907.4076
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.4076
https://doi.org/10.1007/JHEP09(2012)130
https://arxiv.org/abs/1207.5391
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5391
https://doi.org/10.1016/0370-2693(94)90837-0
https://arxiv.org/abs/hep-ph/9309234
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9309234
https://doi.org/10.1016/0370-2693(94)90410-3
https://doi.org/10.1016/0370-2693(94)90410-3
https://arxiv.org/abs/hep-ph/9302311
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9302311
https://doi.org/10.1103/PhysRevD.90.114024
https://arxiv.org/abs/1409.3654
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3654
https://doi.org/10.1007/JHEP04(2017)006
https://arxiv.org/abs/1611.01087
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.01087
https://doi.org/10.1103/PhysRevLett.110.042001
https://arxiv.org/abs/1210.2808
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2808
https://doi.org/10.1103/PhysRevLett.115.062002
https://arxiv.org/abs/1504.02131
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.02131
https://doi.org/10.1007/JHEP09(2015)058
https://arxiv.org/abs/1505.04794
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.04794

[51]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

I. Moult, L. Rothen, I.W. Stewart, F.J. Tackmann and H.X. Zhu, Subleading Power
Corrections for N-Jettiness Subtractions, Phys. Rev. D 95 (2017) 074023
[arXiv:1612.00450] [INSPIRE].

R. Boughezal, X. Liu and F. Petriello, Power Corrections in the N-jettiness Subtraction
Scheme, JHEP 03 (2017) 160 [arXiv:1612.02911] [INSPIRE].

G.P. Korchemsky and G.F. Sterman, Infrared factorization in inclusive B meson decays,
Phys. Lett. B 340 (1994) 96 [hep-ph/9407344| [INSPIRE].

R. Akhoury and I.Z. Rothstein, The Extraction of Vi, from inclusive B decays and the
resummation of end point logs, Phys. Rev. D 54 (1996) 2349 [hep-ph/9512303] [INSPIRE].

C.W. Bauer and A.V. Manohar, Shape function effects in B — Xy and B — X, lv decays,
Phys. Rev. D 70 (2004) 034024 [hep-ph/0312109] [INSPIRE].

S.W. Bosch, B.O. Lange, M. Neubert and G. Paz, Factorization and shape function effects in
inclusive B meson decays, Nucl. Phys. B 699 (2004) 335 [hep-ph/0402094] [INSPIRE].

C.W. Bauer, S. Fleming and M.E. Luke, Summing Sudakov logarithms in B — Xs7v in
effective field theory, Phys. Rev. D 63 (2000) 014006 [hep-ph/0005275] [INSPIRE].

C.W. Bauer, S. Fleming, D. Pirjol and I.W. Stewart, An Effective field theory for collinear
and soft gluons: Heavy to light decays, Phys. Rev. D 63 (2001) 114020 [hep-ph/0011336]
[INSPIRE].

C.W. Bauer, D. Pirjol and I.W. Stewart, Soft collinear factorization in effective field theory,
Phys. Rev. D 65 (2002) 054022 [hep-ph/0109045] [INSPIRE].

C.W. Bauer, S. Fleming, D. Pirjol, I.Z. Rothstein and I.W. Stewart, Hard scattering
factorization from effective field theory, Phys. Rev. D 66 (2002) 014017 [hep-ph/0202088|
[INSPIRE].

R. Bonciani and A. Ferroglia, Two-Loop QCD Corrections to the Heavy-to-Light Quark
Decay, JHEP 11 (2008) 065 [arXiv:0809.4687] [INSPIRE].

H.M. Asatrian, C. Greub and B.D. Pecjak, NNLO corrections to B — X, (v in the
shape-function region, Phys. Rev. D 78 (2008) 114028 [arXiv:0810.0987] [INnSPIRE].

M. Beneke, T. Huber and X.Q. Li, Two-loop QCD correction to differential semi-leptonic
b — u decays in the shape-function region, Nucl. Phys. B 811 (2009) 77 [arXiv:0810.1230]
[INSPIRE].

G. Bell, NNLO corrections to inclusive semileptonic B decays in the shape-function region,
Nucl. Phys. B 812 (2009) 264 [arXiv:0810.5695] [INSPIRE].

T. Becher and M. Neubert, Toward a NNLO calculation of the B — X,y decay rate with a
cut on photon energy: I. Two-loop result for the soft function, Phys. Lett. B 633 (2006) 739
[hep-ph/0512208] [INSPIRE].

A.V. Manohar and IL.W. Stewart, The Zero-Bin and Mode Factorization in Quantum Field
Theory, Phys. Rev. D 76 (2007) 074002 [hep-ph/0605001] [INSPIRE].

T. Becher and M. Neubert, Toward a NNLO calculation of the B — Xy decay rate with a
cut on photon energy. II. Two-loop result for the jet function, Phys. Lett. B 637 (2006) 251
[hep-ph/0603140] [INSPIRE].

S. Catani and M.H. Seymour, A General algorithm for calculating jet cross-sections in NLO
QCD, Nucl. Phys. B 485 (1997) 291 [Erratum ibid. B 510 (1998) 503] [hep-ph/9605323]
[INSPIRE].

- 37 —


https://doi.org/10.1103/PhysRevD.95.074023
https://arxiv.org/abs/1612.00450
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.00450
https://doi.org/10.1007/JHEP03(2017)160
https://arxiv.org/abs/1612.02911
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.02911
https://doi.org/10.1016/0370-2693(94)91304-8
https://arxiv.org/abs/hep-ph/9407344
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9407344
https://doi.org/10.1103/PhysRevD.54.2349
https://arxiv.org/abs/hep-ph/9512303
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9512303
https://doi.org/10.1103/PhysRevD.70.034024
https://arxiv.org/abs/hep-ph/0312109
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0312109
https://doi.org/10.1016/j.nuclphysb.2004.07.041
https://arxiv.org/abs/hep-ph/0402094
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0402094
https://doi.org/10.1103/PhysRevD.63.014006
https://arxiv.org/abs/hep-ph/0005275
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0005275
https://doi.org/10.1103/PhysRevD.63.114020
https://arxiv.org/abs/hep-ph/0011336
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0011336
https://doi.org/10.1103/PhysRevD.65.054022
https://arxiv.org/abs/hep-ph/0109045
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0109045
https://doi.org/10.1103/PhysRevD.66.014017
https://arxiv.org/abs/hep-ph/0202088
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0202088
https://doi.org/10.1088/1126-6708/2008/11/065
https://arxiv.org/abs/0809.4687
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.4687
https://doi.org/10.1103/PhysRevD.78.114028
https://arxiv.org/abs/0810.0987
https://inspirehep.net/search?p=find+EPRINT+arXiv:0810.0987
https://doi.org/10.1016/j.nuclphysb.2008.11.019
https://arxiv.org/abs/0810.1230
https://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1230
https://doi.org/10.1016/j.nuclphysb.2008.12.018
https://arxiv.org/abs/0810.5695
https://inspirehep.net/search?p=find+EPRINT+arXiv:0810.5695
https://doi.org/10.1016/j.physletb.2006.01.006
https://arxiv.org/abs/hep-ph/0512208
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0512208
https://doi.org/10.1103/PhysRevD.76.074002
https://arxiv.org/abs/hep-ph/0605001
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0605001
https://doi.org/10.1016/j.physletb.2006.04.046
https://arxiv.org/abs/hep-ph/0603140
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603140
https://doi.org/10.1016/S0550-3213(96)00589-5
https://arxiv.org/abs/hep-ph/9605323
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605323

[69] K. Melnikov, A. Scharf and M. Schulze, Top quark pair production in association with a jet:
QCD corrections and jet radiation in top quark decays, Phys. Rev. D 85 (2012) 054002
[arXiv:1111.4991] [NSPIRE].

[70] J.M. Campbell and F. Tramontano, Next-to-leading order corrections to Wt production and
decay, Nucl. Phys. B 726 (2005) 109 [hep-ph/0506289] [INSPIRE].

[71] H. Murayama, I. Watanabe and K. Hagiwara, HELAS: HELicity amplitude subroutines for
Feynman diagram evaluations, KEK-91-11 (1992) [INSPIRE].

[72] E.L. Berger, J. Gao, C.S. Li, Z.L. Liu and H.X. Zhu, Charm-Quark Production in
Deep-Inelastic Neutrino Scattering at Next-to-Next-to-Leading Order in QCD, Phys. Rev.
Lett. 116 (2016) 212002 [arXiv:1601.05430] [INSPIRE].

[73] I.W. Stewart, F.J. Tackmann and W.J. Waalewijn, Factorization at the LHC: From PDFs to
Initial State Jets, Phys. Rev. D 81 (2010) 094035 [arXiv:0910.0467] [INSPIRE].

[74] I.W. Stewart, F.J. Tackmann and W.J. Waalewijn, N-Jettiness: An Inclusive Event Shape to
Veto Jets, Phys. Rev. Lett. 105 (2010) 092002 [arXiv:1004.2489] [INSPIRE].

[75] J.R. Gaunt, M. Stahlhofen and F.J. Tackmann, The Quark Beam Function at Two Loops,
JHEP 04 (2014) 113 [arXiv:1401.5478] [INSPIRE].

[76] M. Cacciari, F.A. Dreyer, A. Karlberg, G.P. Salam and G. Zanderighi, Fully Differential
Vector-Boson-Fusion Higgs Production at Next-to-Next-to-Leading Order, Phys. Rev. Lett.
115 (2015) 082002 [arXiv:1506.02660] [INSPIRE].

[77) W.L. van Neerven and E.B. Zijlstra, Order a% contributions to the deep inelastic Wilson
coefficient, Phys. Lett. B 272 (1991) 127 [InSPIRE].

[78] E.B. Zijlstra and W.L. van Neerven, Order a% QCD corrections to the deep inelastic proton
structure functions Fy and Fr,, Nucl. Phys. B 383 (1992) 525 [INSPIRE].

[79] E.B. Zijlstra and W.L. van Neerven, Order o correction to the structure function Fs(x,Q?)
in deep inelastic neutrino-hadron scattering, Phys. Lett. B 297 (1992) 377 [INSPIRE].

[80] W.L. van Neerven and A. Vogt, NNLO evolution of deep inelastic structure functions: The
Nonsinglet case, Nucl. Phys. B 568 (2000) 263 [hep-ph/9907472] [INSPIRE].

[81] W.L. van Neerven and A. Vogt, NNLO evolution of deep inelastic structure functions: The
Singlet case, Nucl. Phys. B 588 (2000) 345 [hep-ph/0006154] [INSPIRE].

[82] P. Bolzoni, F. Maltoni, S.-O. Moch and M. Zaro, Vector boson fusion at NNLO in QCD: SM
Higgs and beyond, Phys. Rev. D 85 (2012) 035002 [arXiv:1109.3717] [INSPIRE].

[83] P. Bolzoni, F. Maltoni, S.-O. Moch and M. Zaro, Higgs production via vector-boson fusion at
NNLO in QCD, Phys. Rev. Lett. 105 (2010) 011801 [arXiv:1003.4451] [INSPIRE].

[84] T. Gehrmann and E.W.N. Glover, Two-Loop QCD Helicity Amplitudes for (24 1)-Jet
Production in Deep Inelastic Scattering, Phys. Lett. B 676 (2009) 146 [arXiv:0904.2665]
[INSPIRE].

[85] G. Cullen et al., GoSam-2.0: a tool for automated one-loop calculations within the Standard
Model and beyond, Eur. Phys. J. C 74 (2014) 3001 [arXiv:1404.7096] [INSPIRE].

[86] T. Gleisberg et al., Event generation with SHERPA 1.1, JHEP 02 (2009) 007
[arXiv:0811.4622] [INSPIRE].

[87] M. Brucherseifer, F. Caola and K. Melnikov, O(a?2) corrections to fully-differential top quark

s

decays, JHEP 04 (2013) 059 [arXiv:1301.7133] INSPIRE].

— 38 —


https://doi.org/10.1103/PhysRevD.85.054002
https://arxiv.org/abs/1111.4991
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.4991
https://doi.org/10.1016/j.nuclphysb.2005.08.015
https://arxiv.org/abs/hep-ph/0506289
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0506289
https://inspirehep.net/search?p=find+IRN+2582015
https://doi.org/10.1103/PhysRevLett.116.212002
https://doi.org/10.1103/PhysRevLett.116.212002
https://arxiv.org/abs/1601.05430
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.05430
https://doi.org/10.1103/PhysRevD.81.094035
https://arxiv.org/abs/0910.0467
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.0467
https://doi.org/10.1103/PhysRevLett.105.092002
https://arxiv.org/abs/1004.2489
https://inspirehep.net/search?p=find+EPRINT+arXiv:1004.2489
https://doi.org/10.1007/JHEP04(2014)113
https://arxiv.org/abs/1401.5478
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.5478
https://doi.org/10.1103/PhysRevLett.115.082002
https://doi.org/10.1103/PhysRevLett.115.082002
https://arxiv.org/abs/1506.02660
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.02660
https://doi.org/10.1016/0370-2693(91)91024-P
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B272,127%22
https://doi.org/10.1016/0550-3213(92)90087-R
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B383,525%22
https://doi.org/10.1016/0370-2693(92)91277-G
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B297,377%22
https://doi.org/10.1016/S0550-3213(99)00668-9
https://arxiv.org/abs/hep-ph/9907472
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9907472
https://doi.org/10.1016/S0550-3213(00)00480-6
https://arxiv.org/abs/hep-ph/0006154
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0006154
https://doi.org/10.1103/PhysRevD.85.035002
https://arxiv.org/abs/1109.3717
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.3717
https://doi.org/10.1103/PhysRevLett.105.011801
https://arxiv.org/abs/1003.4451
https://inspirehep.net/search?p=find+EPRINT+arXiv:1003.4451
https://doi.org/10.1016/j.physletb.2009.04.083
https://arxiv.org/abs/0904.2665
https://inspirehep.net/search?p=find+EPRINT+arXiv:0904.2665
https://doi.org/10.1140/epjc/s10052-014-3001-5
https://arxiv.org/abs/1404.7096
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7096
https://doi.org/10.1088/1126-6708/2009/02/007
https://arxiv.org/abs/0811.4622
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.4622
https://doi.org/10.1007/JHEP04(2013)059
https://arxiv.org/abs/1301.7133
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.7133

[88]

[89)]

[90]

[91]

[92]

(93]

[94]

[95]

V. Bertone, S. Carrazza and J. Rojo, APFEL: A PDF FEvolution Library with QED
corrections, Comput. Phys. Commun. 185 (2014) 1647 [arXiv:1310.1394] [INSPIRE].

A. Banfi, G.P. Salam and G. Zanderighi, Accurate QCD predictions for heavy-quark jets at
the Tevatron and LHC, JHEP 07 (2007) 026 [arXiv:0704.2999] [INSPIRE].

M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04 (2008)
063 [arXiv:0802.1189] [INSPIRE].

S. Dulat et al., New parton distribution functions from a global analysis of quantum
chromodynamics, Phys. Rev. D 93 (2016) 033006 [arXiv:1506.07443] [INSPIRE].

L.A. Harland-Lang, A.D. Martin, P. Motylinski and R.S. Thorne, Parton distributions in the
LHC era: MMHT 2014 PDFs, Eur. Phys. J. C 75 (2015) 204 [arXiv:1412.3989] [INSPIRE].

NNPDF collaboration, R.D. Ball et al., Parton distributions for the LHC Run II, JHEP 04
(2015) 040 [arXiv:1410.8849] [INSPIRE].

S. Alekhin, J. Blumlein and S.-O. Moch, The ABM parton distributions tuned to LHC data,
Phys. Rev. D 89 (2014) 054028 [arXiv:1310.3059] [INSPIRE].

CMS collaboration, Fiducial t channel single top-quark cross section at 8 TeV,
CMS-PAS-TOP-15-007 (2015) [inSPIRE].

-39 —


https://doi.org/10.1016/j.cpc.2014.03.007
https://arxiv.org/abs/1310.1394
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1394
https://doi.org/10.1088/1126-6708/2007/07/026
https://arxiv.org/abs/0704.2999
https://inspirehep.net/search?p=find+EPRINT+arXiv:0704.2999
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
https://doi.org/10.1103/PhysRevD.93.033006
https://arxiv.org/abs/1506.07443
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.07443
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://arxiv.org/abs/1412.3989
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.3989
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.8849
https://doi.org/10.1103/PhysRevD.89.054028
https://arxiv.org/abs/1310.3059
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3059
http://cds.cern.ch/record/2055528
http://inspirehep.net/record/1395325

	Introduction
	Theoretical framework
	On-shell top-quark approximation and structure-function approximation
	QCD corrections for decay of the top quark
	QCD corrections for production of a single top quark: heavy quark line
	QCD corrections for production of a single top quark: light quark line
	Validation of the calculation

	Cross sections and distributions for a stable top quark
	Total inclusive cross section
	Stable top quark differential cross sections

	Fiducial cross section
	Total rate in the fiducial volume
	Distributions within the fiducial region

	Summary

