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I present approximate next-to-next-to-leading-order top-quark transverse momentum, pT , distributions

in t-channel single-top production. These distributions are derived from next-to-next-to-leading-logarithm

soft-gluon resummation. Theoretical results for the single top as well as the single-antitop pT distributions

are shown for LHC and Tevatron energies.
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I. INTRODUCTION

Single-top production has been observed at both the
Tevatron [1,2] and the LHC [3,4], and it has been an
important process for study in addition to top-antitop pair
production. The single-top cross sections are smaller than
the corresponding ones for top-pair production and thus
more difficult to observe. Theoretical progress has been
made in calculating the total cross sections and differential
distributions.

Single-top production can proceed via three different
types of partonic processes. One of them is the t-channel
process via the exchange of a spacelikeW boson, a second
is the s-channel process via the exchange of a timelike W
boson, and a third is associated tW production. At both
LHC and Tevatron energies the t channel is numerically
dominant. The t-channel partonic processes are of the form
qb ! q0t and �qb ! �q0t for single top production, and
q �b ! q0 �t and �q �b ! �q0 �t for single-antitop production.

The calculation of the complete next-to-leading order
(NLO) corrections to the differential cross section for
t-channel production was performed in Ref. [5]. This
calculation enabled the derivation of the top quark pT

distribution at NLO.More recent results and further studies

for the NLO top pT distribution in t-channel production
have appeared in [6–10].
Theoretical calculations for t-channel production

beyond NLO that include higher-order corrections from
next-to-leading-logarithm soft-gluon resummation ap-
peared in [11,12], and more recently at next-to-next-to-
leading-logarithm (NNLL) accuracy in [13]. It was shown

in those papers that the soft-gluon corrections dominate the
cross section at NLO, and thus approximate it very well,
while the next-to-next-to-leading-order (NNLO) soft-
gluon corrections provide an additional enhancement.
The work in [11–13] is at the double-differential level

and thus allows the calculation not only of total cross
sections but also of differential distributions. The trans-
verse momentum, pT , distribution of the top quark (or the

antitop quark) is particularly interesting since deviations
from new physics may appear at large pT , and measure-
ments of the pT distribution are taken at the LHC. The
calculation of these distributions at LHC as well as
Tevatron energies is the subject of this paper. Some pre-
liminary results based on the work in this paper have
appeared in [14]. The work presented here is based on

the formalism of the standard moment-space perturbative
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FIG. 1 (color online). NNLO approximate top-quark (left) and antitop (right) pT distributions at 7 TeV energy at the LHC. The
central result is with � ¼ mt, and the uncertainty due to scale variation is displayed.
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QCD resummation of soft-gluon corrections. Results based
on another approach, soft-collinear effective theory
(SCET), have also recently appeared in [15]. The differ-
ences between the moment-space and SCET approaches to
resummation have been detailed in [16]. Another differ-
ence between the approaches is the choice of threshold
variable (denoted as s4 in the next section) for the resum-
mation, which produce numerical differences away from
the soft limit (see also discussions in [13,15,16]). Finally,
as discussed in [16] further ambiguities in the analytical
results arise from the implementation of the threshold limit
away from threshold. A direct comparison of the results in
[13] with those in [15] indeed shows differences beyond
the leading logarithms.

II. TOP QUARK pT DISTRIBUTIONS

We consider single-top production in collisions of had-
rons h1 and h2 with momenta ph1 þ ph2 ! p3 þ p4, and
let pT and Y represent the transverse momentum and
rapidity of the top quark (or antitop). The underlying
partonic reactions have momenta p1 þ p2 ! p3 þ p4.
The partonic invariants are s ¼ ðp1 þ p2Þ2, t ¼
ðp1 � p3Þ2, u ¼ ðp2 � p3Þ2, s4 ¼ sþ tþ u�m2

t , where
mt is the top quark mass. The hadronic invariants are S ¼
ðph1 þ ph2Þ2, T ¼ ðph1 � p3Þ2, and U ¼ ðph2 � p3Þ2.
The resummation of threshold logarithms is carried out

in moment space, and it follows from the factorization of
the differential cross section into hard, soft, and jet func-
tions that describe, respectively, the hard scattering, non-
collinear soft gluon emission, and collinear gluon emission
from the initial- and final-state quarks and gluons [11,13].
The resummed result can then be used as a generator
of approximate higher-order corrections and inverted
back to momentum space without need for any prescrip-
tions. The threshold corrections that arise from soft-gluon
emission take the form of logarithmic plus distributions,
½ln kðs4=m2

t Þ=s4�þ, where k � 2n� 1 for the nth order
QCD corrections. At NNLO these corrections to the
double-differential partonic cross section d2�̂=ðdtduÞ
take the form

d2�̂ð2Þ
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; (2.1)

where �s is the strong coupling, �R is the renormalization
scale, and FB denotes the Born-level contributions. The
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FIG. 2 (color online). NNLO approximate top and antitop pT

distributions at 7 TeVenergy at the LHC with pT up to 500 GeV.
The central results are with � ¼ mt, and the uncertainty due to
scale variation is displayed.

60
p

T
 (GeV)

0

0.2

0.4

0.6

0.8

dσ
/d

p T
 (

pb
/G

eV
)

8 TeV
+- scale

t-channel top quark p
T
 distribution at LHC   m

t
=173 GeV

NNLO approx (NNLL)

6020 40 80 100 120 140 20 40 80 100 120 140
p

T
 (GeV)

0

0.2

0.4

0.6

0.8

dσ
/d

p T
 (

pb
/G

eV
)

8 TeV
+- scale

t-channel antitop quark p
T
 distribution at LHC   m

t
=173 GeV

NNLO approx (NNLL)

FIG. 3 (color online). NNLO approximate top-quark (left) and antitop (right) pT distributions at 8 TeV energy at the LHC. The
central result is with � ¼ mt, and the uncertainty due to scale variation is displayed.
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coefficients Cð2Þ
i are in general functions of s, t, u, mt, �R,

and the factorization scale �F; these coefficients have
been determined from two-loop calculations and NNLL
resummation for all partonic processes contributing to this
channel in [13]. As noted in the Introduction, these are not
identical to the corresponding expressions in [15]. The

leading coefficients Cð2Þ
3 are the same, but there are differ-

ences in the expressions for Cð2Þ
2 , Cð2Þ

1 , and Cð2Þ
0 .

To calculate the hadronic differential cross section one
has to convolute the partonic result with parton distribution
functions (pdf). The dominant partonic processes are ub !
dt and �db ! �ut. Additional processes involving only
quarks are cb ! st and the Cabibbo-suppressed ub ! st,
cb ! dt, and us ! dt; the contributions from even more
suppressed processes (ub ! bt, cb ! bt, ud ! dt, etc.)

are negligible. Additional processes involving antiquarks
and quarks are �sb ! �ct and the Cabibbo-suppressed
�db ! �ct, �sb ! �ut, and �ds ! �ut; the contributions from
even more suppressed processes ( �ss ! �ct, �dd ! �ut, �sd !
�ct, etc.) are negligible. We use the MSTW2008 NNLO pdf
[17] in our numerical results below.
For the t-channel processes of the form qb ! q0t the

Born terms are

FB
qb!q0t ¼

��2V2
tbV

2
qq0

sin 4�W

ðs�m2
t Þ

4sðt�m2
WÞ2

: (2.2)

For the t-channel processes of the form �qb ! �q0t we have

F �qb! �q0t ¼
��2V2

tbV
2
�q �q0

sin 4�W

½ðsþ tÞ2 � ðsþ tÞm2
t �

4s2ðt�m2
WÞ2

: (2.3)

Here � ¼ e2=ð4�Þ, Vij denote elements of the Cabibbo-

Kobayashi-Maskawa matrix, and �W is the Weinberg angle.
The processes and results for single-antitop production are
entirely analogous to those for single-top production.
The transverse momentum distribution of the top quark

(or antitop) is given by

d�

dpT

¼ 2pT

Z Yþ

Y�
dY

Z 1

x�
2

dx2
Z s4max

0
ds4

x1x2S

x2Sþ T

��ðx1Þ�ðx2Þ d
2�̂

dtdu
; (2.4)

where � denote the pdf,

x1 ¼ s4 þm2
t � x2U

x2Sþ T
(2.5)

with T ¼ � ffiffiffi
S

p
pTe

�Y and U ¼ � ffiffiffi
S

p
pTe

Y ,

Y� ¼ � 1

2
ln
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4p2

T

S½1�m2
t =S�2

r

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4p2

T

S½1�m2
t =S�2

r ; (2.6)
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FIG. 4 (color online). NNLO approximate top and antitop pT

distributions at 8 TeVenergy at the LHC with pT up to 500 GeV.
The central results are with � ¼ mt, and the uncertainty due to
scale variation is displayed.
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FIG. 5 (color online). NNLO approximate top-quark (left) and antitop (right) pT distributions at 14 TeV energy at the LHC. The
central result is with � ¼ mt, and the uncertainty due to scale variation is displayed.
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x�2 ¼ m2
t � T

SþU
; (2.7)

and
s4max ¼ x2ðSþUÞ þ T �m2

t : (2.8)

Note that the total cross section can easily be obtained by

integrating the distribution over pT from 0 to pTmax ¼
ðS�m2

t Þ=ð2
ffiffiffi
S

p Þ, and we have checked that we recover the
total cross section result of [13], which is also in very good
agreement with both LHC [3,4] and Tevatron [1,2] data.

In Fig. 1 we present the approximate NNLO top-quark
pT distribution in the left plot as well as the approximate
NNLO antitop pT distribution in the right plot at the LHC
at 7 TeV energy. The horizontal and vertical scales in the
two plots are chosen the same for easier comparison of
the relative magnitude of the top versus the antitop

distributions. In both cases the central result is with a
choice of factorization and renormalization scales equal
to the top quark mass, taken as mt ¼ 173 GeV, and the
theoretical uncertainty from the variation of the scales by a
factor of 2 (i.e. from mt=2 to 2mt) is also shown. The
distributions peak at a pT of around 35 GeV and quickly
fall with increasing pT , which is shown up to 140 GeV.
In Fig. 2 we present the same distributions at 7 TeV LHC

energy but now in a logarithmic plot with a much larger pT

range up to 500 GeV. Here we display all results in one plot
for ease of comparison of the top versus the antitop pT

distributions. The distributions fall over 4 orders of mag-
nitude in the pT range shown.
In Fig. 3 we present the approximate NNLO top-quark

pT distribution in the left plot as well as the approximate
NNLO antitop pT distribution in the right plot at the LHC
at 8 TeV energy, in analogy to Fig. 1. Again the central
result is with scales equal to the top quark mass, and the
theoretical uncertainty from the variation of the scales by a
factor of 2 is also shown. The distributions again peak at a
pT of around 35 GeVas at 7 TeVenergy, with an enhance-
ment over the NLO result of 5%.
In Fig. 4 we present the same distributions at 8 TeV LHC

energy inone logarithmicplotwith apT range up to500GeV.
Figures 5 and 6 display the corresponding results at

14 TeV LHC energy. At 14 TeV energy, d�=dpT is an
order of magnitude larger for a pT of 500 GeV than at
7 TeVenergy for both the top and the antitop distributions.
In Fig. 7 we compare the transverse momentum distri-

butions for the top (left plot) and the antitop (right plot) at
the three different LHC energies of 7, 8, and 14 TeV. The
results are all with scale equal to mt, and the pT range
extends up to 1000 GeV. In this pT range the distributions
fall over 6 orders of magnitude.
Finally, in Fig. 8 we present results for the top-quark pT

distribution at the Tevatron with 1.96 TeV energy. The left
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FIG. 6 (color online). NNLO approximate top and antitop pT

distributions at 14 TeV energy at the LHC with pT up to
500 GeV. The central results are with � ¼ mt, and the uncer-
tainty due to scale variation is displayed.
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FIG. 7 (color online). Comparison of NNLO approximate top-quark (left) and antitop (right) pT distributions at 7, 8, and 14 TeV
energy at the LHC.
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plot shows results up to a pT of 100 GeV while the right
plot uses a logarithmic scale with results up to a pT of
200 GeV. The distributions peak at a pT of around 30 GeV.
The cross section for antitop production at the Tevatron is
identical to that for top production.

III. CONCLUSIONS

We have presented the transverse momentum distribu-
tion, d�=dpT , of the top quark and of the antitop quark in
t-channel single-top and single-antitop production at
the LHC and the Tevatron. Soft-gluon corrections are
known to be important in these processes and have been

resummed at NNLL accuracy. We have improved on
NLO calculations by including soft-gluon corrections at
NNLO. The theoretical uncertainty from factorization and
renormalization scale dependence has also been deter-
mined. The distributions at current LHC energies peak at
around a pT of 35 GeV, and the NNLO corrections provide
an enhancement over NLO up to 5%.
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FIG. 8 (color online). NNLO approximate top-quark pT distributions at 1.96 TeV energy at the Tevatron in a linear (left) and
logarithmic (right) plot. The central result is with � ¼ mt, and the uncertainty due to scale variation is displayed.
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