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We present theoretical predictions for top-quark total cross sections and for differential distributions in
top-quark transverse momentum and rapidity. Third-order soft gluon corrections are added to the
complete NNLO quantities to provide approximate N3LO (aN3LO) results, and electroweak corrections
at NLO are also included. We calculate the theoretical uncertainties from scale dependence and from
parton distribution functions in the proton, and estimate their impact on the total and differential cross
sections. The higher-order corrections are large, and they reduce the scale uncertainties. The results
presented in this work include the best current theoretical input and are in good agreement with recent
data from the LHC.
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I. INTRODUCTION

The study of the top quark is a central topic in current
research in particle physics due to the unique properties of
the top quark and its potential role in the search for
new physics and in placing constraints on parton distribu-
tion functions (pdf) of the proton. Top-antitop production is
the dominant mode at LHC energies. Total cross sections
and differential distributions in tt̄ production have been
calculated theoretically and measured experimentally at the
Tevatron and the LHC to a high precision (see Refs. [1,2]
for reviews).
Theoretical calculations for top-quark cross sections

and differential distributions in tt̄ production were per-
formed at next-to-leading order (NLO) in Refs. [3–6] and
at next-to-next-to-leading order (NNLO) in Refs. [7–11].
Electroweak corrections at NLO were calculated in
Refs. [12–17].
At each perturbative order in QCD, the cross section

receives contributions from soft-gluon emission, which are
particularly important near partonic threshold and which
can be formally resummed. Higher-order soft-gluon cor-
rections for tt̄ differential cross sections were calculated
from QCD threshold resummation at leading-logarithmic
(LL) accuracy in Ref. [18], at next-to-leading-logarithm
(NLL) accuracy in Refs. [19–21], and at next-to-next-to-
leading-logarithm (NNLL) accuracy in Refs. [22–29]. We
use the theoretical work of Refs. [22–29] on soft-gluon
resummation at NNLL accuracy in the results that we

present here. A discussion of other resummation
approaches can be found in the reviews of Refs. [1,30].
The soft-gluon corrections are an important subset of the

QCD corrections, and they are numerically dominant at
LHC energies [1]. These soft corrections in tt̄ production
provide excellent approximations at NLO and NNLO to the
complete set of QCD corrections [1] and, in fact, they
predicted the NNLO results with high precision and
accuracy for both the total cross section and the top-quark
differential distributions in transverse momentum and
rapidity [23–25]. In going beyond the NNLO results, the
soft-gluon corrections provide significant enhancements
and a reduction of the scale dependence when calculated at
next-to-next-to-next-to-leading order (N3LO) [26–29].
Fixed-order expansions of resummed cross sections do
not require prescriptions and are, therefore, preferred for
the reasons detailed in Refs. [1,21] and because they have
been very successful in approximating the complete cor-
rections at NLO and NNLO, as noted above.
In this paper, we use the formalism of Refs. [19–29], and

in particular Refs. [26,27], to calculate soft-gluon correc-
tions at third order in perturbative QCD, and we add them
to the exact NNLO results. We denote these results with
exact NNLO plus third-order soft-gluon corrections as
approximate N3LO (aN3LO). Furthermore, we include
electroweak (EW) corrections at NLO. We provide updated
and new results for total tt̄ cross sections at LHC energies,
and also new results for binned top-quark differential
distributions in transverse momentum and rapidity.
In Sec. II, we give a brief overview of the resummation

formalism for tt̄ production. In Sec. III, we provide results
for the total cross section at LHC energies. Section IV has
results for the top-quark transverse-momentum distribu-
tions, and Sec. V has the corresponding results for the top-
quark rapidity distributions. We conclude in Sec. VI.
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II. SOFT-GLUON CORRECTIONS AND
RESUMMATION

In this section, we give a brief overview of the resum-
mation formalism for the calculation of soft-gluon correc-
tions in tt̄ production [19–29] (see [31] for a review). The
origin of these corrections is from the emission of soft, i.e.,
low-energy, gluons, resulting in partial cancellations of
infrared divergences between real-emission and virtual
diagrams near partonic threshold.
We consider partonic processes,

f1ðp1Þ þ f2ðp2Þ → tðptÞ þ t̄ðpt̄Þ; ð1Þ

where f1 and f2 represent quarks and/or gluons in the
colliding protons. At leading order (LO), the partonic
channels are qq̄ → tt̄ and gg → tt̄. We define the standard
partonic kinematical variables from the 4-momenta of the
particles, s¼ðp1þp2Þ2, t¼ðp1−ptÞ2, and u¼ðp2−ptÞ2.
We define a partonic threshold variable s4 ¼ sþ tþ
u − 2m2

t , with mt the top-quark mass, or equivalently,
s4 ¼ ðpt̄ þ pgÞ2 −m2

t , where pg is the momentum of an
additional gluon in the final state. As pg → 0, i.e., as we
approach partonic threshold, we have s4 → 0. We remark
that partonic threshold is a generalized definition of thresh-
old: the tt̄ pair is not necessarily produced at rest.
The resummation, i.e., exponentiation, of soft-gluon

corrections follows from factorization properties of the
double-differential cross section under Laplace transforms.
The partonic cross section can be expressed as a product of
different functions that describe the emission of soft and
collinear quanta as well as the hard scattering [19–23,32].
The renormalization-group evolution of the soft function,
which describes noncollinear soft-gluon emission, involves

a soft anomalous dimension matrix for each partonic
channel, and it results in the exponentiation of the trans-
form variable conjugate to s4.
The formalism for the derivation of soft-gluon resum-

mation from factorization follows the steps below. We first
write the factorized form for the differential hadronic cross
section, dσpp→tt̄, as a convolution of the differential
partonic cross section, dσ̂ab→tt̄, with the pdf ϕa=p and
ϕb=p, as

dσpp→tt̄ ¼
X
a;b

Z
dxadxbϕa=pðxa; μFÞ

× ϕb=pðxb; μFÞdσ̂ab→tt̄ðs4; μFÞ; ð2Þ

where μF is the factorization scale, and xa, xb are
momentum fractions of partons a, b, respectively, in the
colliding protons.
We take Laplace transforms, with transform variable

N, of the partonic cross section via d ˜̂σab→tt̄ðNÞ ¼R
s
0 ðds4=sÞe−Ns4=sdσ̂ab→tt̄ðs4Þ, and of the pdf as ϕ̃ðNÞ ¼R
1
0 e−Nð1−xÞϕðxÞdx. Then, under transforms, Eq. (2) gives
the N-space expression at the parton level,

dσ̃ab→tt̄ðNÞ ¼ ϕ̃a=aðNa; μFÞϕ̃b=bðNb; μFÞd ˜̂σab→tt̄ðN; μFÞ:
ð3Þ

A further refactorization of the cross section is possible
and is written in terms of a short-distance hard function
Hab→tt̄, a soft function Sab→tt̄ for noncollinear soft-gluon
emission, and distributions ψ i=i for collinear gluon emis-
sion from the incoming partons,

dσ̃ab→tt̄ðNÞ ¼ ψ̃a=aðNa; μFÞψ̃b=bðNb; μFÞtr
�
Hab→tt̄ðαsðμRÞÞS̃ab→tt̄

� ffiffiffi
s

p
NμF

��
: ð4Þ

We note that Hab→tt̄ and Sab→tt̄ are process-dependent matrices in the space of color exchanges in the hard scattering. They
are 2 × 2 matrices for qq̄ → tt̄, and 3 × 3 matrices for gg → tt̄, and we take the trace of their product.
Using Eqs. (3) and (4), we get an expression for the partonic cross section,

d ˜̂σab→tt̄ðN; μFÞ ¼
ψ̃a=aðNa; μFÞψ̃b=bðNb; μFÞ
ϕ̃a=aðNa; μFÞϕ̃b=bðNb; μFÞ

tr
�
Hab→tt̄ðαsðμRÞÞS̃ab→tt̄

� ffiffiffi
s

p
NμF

��
: ð5Þ

The renormalization-group evolution of the N-dependent functions in Eq. (5) leads to resummation, i.e., exponentiation,
of the corrections from collinear and soft gluons. The resummed cross section is given by

d ˜̂σresumab→tt̄ðN; μFÞ ¼ exp

�X
i¼a;b

EiðNiÞ
�
exp

�X
i¼a;b

2

Z ffiffi
s

p

μF

dμ
μ
γi=iðNiÞ

�
tr

�
Hab→tt̄ðαsð

ffiffiffi
s

p ÞÞP̄ exp

�Z ffiffi
s

p
=N

ffiffi
s

p
dμ
μ
Γ†
S ab→tt̄ðαsðμÞÞ

�

× S̃ab→tt̄

�
αs

� ffiffiffi
s

p
N

��
P exp

�Z ffiffi
s

p
=N

ffiffi
s

p
dμ
μ
ΓS ab→tt̄ðαsðμÞÞ

��
: ð6Þ
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Here, P (P̄) denotes path ordering in the same (reverse)
sense as the integration variable μ. The first exponential in
Eq. (6) resums collinear and soft contributions from the
incoming partons, and it involves universal functions that
depend only on whether those partons are quarks or
gluons [33,34]. The second exponential expresses the
factorization-scale dependence in terms of the anomalous
dimension γi=i of the parton density ϕi=i. The resummation
of noncollinear soft-gluon emission is performed via the
soft anomalous dimensions ΓS qq̄→tt̄, which are 2 × 2

matrices, and ΓS gg→tt̄, which are 3 × 3 matrices. The
matrices ΓS qq̄→tt̄ and ΓS gg→tt̄ are known at one loop
[19,20] and two loops [22,23,35]. Partial results for ΓS
also exist at three loops [31], and the recent calculation [36]
of the four-loop massive cusp anomalous dimension from
its asymptotics also provides partial contributions to the
four-loop ΓS.
After doing the inverse transform at fixed perturbative

order, the soft-gluon corrections take the form of plus
distributions of logarithms of s4. Specifically, the soft-gluon
contributions involve terms of the form ½ðlnkðs4=m2

t ÞÞ=s4�þ,
with 0 ≤ k ≤ 2n − 1 at nth order in the strong coupling, αs.
We use the resummed cross section as a generator of fixed-
order results via expansions that do not require prescriptions.
We prefer this method for the reasons detailed in
Refs. [1,21], specifically to avoid underestimates of the
size of the corrections, and because such expansions have
been consistently very successful in approximating and
predicting the complete corrections at NLO and NNLO, as
has long been demonstrated [1,23–25].
We refer the reader to Refs. [1,19–29,31] for more details

on the formalism and for past applications to tt̄ production.

III. TOTAL tt̄ CROSS SECTIONS

In this section, we present theoretical predictions for the
total cross section of tt̄ production at the LHC, for
different values of the collider energy and up to aN3LO
in QCD with the inclusion of NLO EW corrections. We set
the factorization and renormalization scales equal to a
common scale denoted by μ, namely μF ¼ μR ¼ μ. The
central results are obtained by setting μ ¼ mt, where the
top-quark mass in the pole-mass approximation is taken to
be mt ¼ 172.5 GeV. Scale uncertainties are obtained by
varying the common scale μ in the range mt=2 ≤ μ ≤ 2mt.
We checked that uncertainties obtained from the envelope
of a 7-point scale variation, where μF and μR are varied
independently, are basically the same as the ones obtained
by performing a simpler 3-point scale variation.
The results at LO and NLO QCD are calculated using in-

house codes, and they are also cross-checked with Top++2.0

[37] and MadGraph5_aMC@NLO [38]. The results at NNLO
QCD are calculated using Top++2.0, and we find that they are
very close (at the per mille level) to those at approximate
NNLO (aNNLO) QCD, where aNNLO denotes the sum of

NLO and the second-order soft-gluon corrections. This,
again, shows that the higher-order QCD corrections are
dominated numerically by soft-gluon contributions, as has
been known for a long time for tt̄ production [1,21,23–29].
To determine the aN3LOQCD corrections (i.e., the third-

order soft-gluon corrections), we use the analytical results
of Ref. [26]. These aN3LO QCD corrections are then added
to the NNLO QCD result to derive the aN3LO QCD total
cross section.
In addition, we use MadGraph5_aMC@NLO [38,39] to

compute NLO QCDþ EW cross sections. From those,
we determine the magnitude of NLO EW corrections,
which are added to the NNLO and aN3LO QCD cross
sections to obtain NNLO QCDþ EW and aN3LO QCDþ
EW results, respectively. The difference between the NLO
QCD and NLOQCDþ EW cross sections is of the order of
0.1% or less at 5.02 TeVand grows to 0.4% at 13, 13.6, and
14 TeV, making the EW effects more visible at higher
collision energies.
We perform calculations using four different pdf sets:

MSHT20 NNLO [40], MSHT20 aN3LO [41], CT18
NNLO [42], and NNPDF4.0 NNLO [43]. We show results
for each perturbative QCD order from LO through aN3LO,
including EW corrections, in Tables I–IV. We use the same
pdf set for computing results at every perturbative order, in
order to show how each order in the series contributes to the
aN3LO total cross section. In addition, for each pdf set, we
provide pdf uncertainties. We find that scale uncertainties
decrease substantially with the increase of the perturbative
order. Moreover, looking at each order, one sees that both
scale and pdf uncertainties slightly decrease with the
increase of the collider energy.
In Table I, we show the total rates for tt̄ production,

together with scale and pdf uncertainties, for various LHC
energies at LO, NLO, NNLO, and aN3LO QCD, and also
with NLO EW corrections, using MSHT20 NNLO pdf (see
also [44] for aN3LO QCD results). At NNLO QCDðþEWÞ,
the scale uncertainty varies fromþ4.5% − 6.9% at 5.02 TeV
to þ3.4% − 5.5% at 14 TeV. At aN3LO QCDðþEWÞ, the
scale uncertainty varies from þ3.1% − 4.7% at 5.02 TeV to
þ2.7 − 2.2% at 14 TeV. At both NNLO and aN3LO
QCDðþEWÞ, the pdf uncertainty varies from þ3.3% −
2.1% at 5.02 TeV to þ1.9% − 1.3% at 14 TeV.
The QCD K factors are large, showing the importance of

the higher-order QCD corrections. For example, at 13 TeV
the NLO=LO K factor is 1.50, the NNLO=LO K factor is
1.67, and the aN3LO=LO K factor is 1.72. Including EW
corrections does not materially modify the K factors.
In Table II, we show the corresponding total rates for tt̄

production, together with scale and pdf uncertainties, for
various LHC energies using MSHT20 aN3LO pdf. At both
NNLO QCDðþEWÞ and aN3LO QCDðþEWÞ, the relative
magnitude of scale uncertainties is similar to the case of
MSHT20 NNLO pdf, while pdf uncertainties are slightly
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bigger for MSHT20 aN3LO pdf, being þ3.1% − 3.4% at
5.02 TeV and þ2.0% − 2.2% at 14 TeV. The K factors are
also very similar to those for MSHT20 NNLO pdf.
In Table III, we show the total rates for tt̄ production at

LHC energies, together with scale and pdf uncertainties, at
various perturbative orders using CT18 NNLO pdf. At both

NNLO and aN3LO, the relative magnitude of scale uncer-
tainties is similar to the cases of MSHT20 NNLO and
aN3LO pdf. In this case, the pdf uncertainties obtained with
Top++2.0 have been rescaled by a factor of 1.645 in order to
get the 68% confidence level (CL) variation range for this
pdf set (we note that 68% CL is used for the three other pdf

TABLE I. The tt̄ total cross sections (in pb, with central result for μ ¼ mt, and uncertainties from scale variation and pdf) at different
perturbative orders in pp collisions at the LHC with various values of

ffiffiffi
S

p
, with mt ¼ 172.5 GeV and MSHT20 NNLO pdf.

tt̄ total cross sections at LHC energies with MSHT20 NNLO pdf

σ in pb 5.02 TeV 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
LO QCD 40.9þ15.5þ1.2

−10.4−0.8 105þ37þ3
−25−2 150þ50þ4

−35−2 487þ142þ10
−103−6 540þ155þ10

−113−7 576þ163þ11
−120−7

NLO QCD 59.6þ7.1þ2.0
−8.1−1.2 155þ19þ4

−20−3 222þ26þ6
−28−4 730þ85þ14

−86−10 809þ94þ16
−94−11 863þ101þ17

−99−11

NLO QCDþ EW 59.6þ7.0þ1.9
−8.1−1.2 155þ18þ4

−20−3 221þ26þ6
−28−3 727þ83þ14

−85−10 806þ92þ15
−93−11 860þ99þ17

−99−11

NNLO QCD 67.1þ3.0þ2.2
−4.6−1.4 174þ7þ5

−11−3 249þ10þ7
−16−4 814þ28þ16

−46−11 902þ31þ18
−50−12 963þ33þ18

−53−13
NNLO QCDþ EW 67.1þ3.0þ2.2

−4.6−1.4 174þ7þ5
−11−3 248þ10þ7

−16−4 811þ28þ16
−46−11 899þ31þ18

−50−12 960þ33þ18
−53−13

aN3LO QCD 70.2þ2.2þ2.3
−3.3−1.5 181þ5þ5

−7−3 258þ7þ7
−9−4 839þ23þ17

−18−11 928þ25þ18
−20−12 990þ27þ19

−22−13

aN3LO QCDþ EW 70.2þ2.2þ2.3
−3.3−1.5 181þ5þ5

−7−3 257þ7þ7
−9−4 836þ23þ17

−18−11 925þ25þ18
−20−12 987þ27þ19

−22−13

TABLE II. The tt̄ total cross sections (in pb, with central result for μ ¼ mt, and uncertainties from scale variation and pdf) at different
perturbative orders in pp collisions at the LHC with various values of

ffiffiffi
S

p
, with mt ¼ 172.5 GeV and MSHT20 aN3LO pdf.

tt̄ total cross sections at LHC energies with MSHT20 aN3LO pdf

σ in pb 5.02 TeV 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LO QCD 40.0þ14.9þ1.1
−10.1−1.2 103þ35þ3

−24−3 146þ48þ3
−34−4 469þ133þ9

−97−10 518þ145þ10
−106−11 553þ153þ11

−113−11
NLO QCD 58.1þ6.8þ1.8

−7.8−2.0 151þ17þ4
−20−5 215þ25þ5

−27−6 700þ80þ15
−80−15 775þ89þ16

−88−16 828þ94þ16
−94−18

NLO QCDþ EW 58.1þ6.6þ1.8
−7.8−2.0 150þ17þ4

−19−4 214þ25þ6
−26−6 698þ78þ14

−80−16 772þ88þ16
−87−16 825þ92þ16

−93−18

NNLO QCD 65.3þ2.8þ2.0
−4.4−2.2 169þ7þ5

−11−5 240þ9þ6
−15−7 781þ27þ16

−43−17 864þ30þ18
−47−19 922þ32þ18

−49−20

NNLO QCDþ EW 65.3þ2.8þ2.0
−4.4−2.2 168þ7þ5

−11−5 239þ9þ6
−15−7 779þ27þ16

−43−17 861þ30þ18
−47−19 919þ32þ18

−49−20

aN3LO QCD 68.2þ2.1þ2.1
−3.2−2.3 175þ5þ5

−7−5 249þ7þ6
−9−7 804þ22þ16

−17−17 889þ24þ18
−19−20 948þ26þ19

−21−21

aN3LO QCDþ EW 68.2þ2.1þ2.1
−3.2−2.3 174þ5þ5

−7−5 248þ7þ6
−9−7 802þ22þ16

−17−17 886þ24þ18
−19−20 945þ26þ19

−21−21

TABLE III. The tt̄ total cross sections (in pb, with central result for μ ¼ mt, and uncertainties from scale variation and pdf) at different
perturbative orders in pp collisions at the LHC with various values of

ffiffiffi
S

p
, with mt ¼ 172.5 GeV and CT18 NNLO pdf.

tt̄ total cross sections at LHC energies with CT18 NNLO pdf

σ in pb 5.02 TeV 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LO QCD 41.2þ15.7þ2.1
−10.5−1.3 106þ37þ4

−25−2 151þ51þ5
−35−3 491þ142þ10

−104−10 543þ156þ11
−113−10 579þ165þ12

−120−11

NLO QCD 60.3þ7.2þ3.1
−8.3−2.0 157þ19þ6

−20−4 224þ27þ8
−28−5 735þ85þ16

−86−15 814þ95þ17
−95−16 869þ101þ18

−101−17

NLO QCDþ EW 60.2þ7.2þ3.1
−8.2−1.9 157þ18þ5

−21−4 224þ26þ7
−29−6 732þ84þ16

−85−14 811þ93þ17
−94−16 866þ99þ17

−100−17

NNLO QCD 67.9þ3.0þ3.5
−4.7−2.2 176þ7þ7

−11−4 251þ10þ9
−15−6 820þ28þ17

−46−16 908þ31þ19
−50−18 969þ33þ19

−53−18
NNLO QCDþ EW 67.8þ3.0þ3.5

−4.7−2.2 176þ7þ7
−11−4 251þ10þ9

−15−6 817þ28þ17
−46−16 905þ31þ19

−50−18 966þ33þ19
−53−18

aN3LO QCD 71.0þ2.2þ3.7
−3.3−2.3 183þ5þ7

−7−5 261þ7þ8
−9−6 845þ23þ18

−18−16 935þ25þ20
−20−18 997þ27þ21

−22−19

aN3LO QCDþ EW 70.9þ2.2þ3.7
−3.3−2.3 183þ5þ7

−7−5 261þ7þ8
−9−6 842þ23þ18

−18−16 932þ25þ20
−20−18 994þ27þ21

−22−19
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sets by default). These rescaled uncertainties are somewhat
bigger than MSHT20 NNLO pdf: they are þ5.2% − 3.2%
at 5.02 TeV and þ2.0% − 1.9% at 14 TeV. The K factors
are very similar to those for the results in the previous
two tables.
In Table IV, we show the total rates with scale and pdf

uncertainties for tt̄ production for various LHC energies
through aN3LO QCDþ EW using NNPDF4.0 NNLO pdf.
At both NNLO and aN3LO, the relative magnitude of scale
uncertainties is similar to the previous three cases, while
pdf uncertainties are much smaller for NNPDF4.0 NNLO
pdf: �1.0% at 5.02 TeV and �0.5% at 14 TeV. The K
factors are also very similar to those for the previous
three tables.
Finally, in Fig. 1, we compare our theory predictions

with the most recent and accurate measurements of top-
quark pair production total inclusive cross sections at the
LHC. The results for the cross sections at NNLO QCDþ
EW and aN3LO QCDþ EW are shown using different pdf
sets and at different collision energies. The smaller error bar
in each theory point represents the scale uncertainty, while
the larger error bar represents scale and pdf uncertainties
added in quadrature.
In the upper plot of Fig. 1, the ATLAS [45] result of

67.5� 2.7 pb and the CMS [46] result of 63.0� 5.1 pb at
collision energy

ffiffiffi
S

p ¼ 5.02 TeV are shown in the left inset
as lines with error bands (the total error is obtained by
adding all given uncertainties, i.e., statistical, systematic,
luminosity, and beam uncertainties, in quadrature). In
the central inset, we show the publicly available combi-
nations for the ATLAS and CMS measurements [47] of
178.5� 4.7 pb at collision energy

ffiffiffi
S

p ¼ 7 TeV, and of
243.3þ6.0

−5.9 pb at collision energy of 8 TeV. The error bands
are obtained, as before, by adding the uncertainties in
quadrature. We observe that the experimental uncertainties
at these two energies are smaller that the theoretical ones at
aN3LO QCDþ EW. In the right inset, we show the result
of 829� 15 pb from ATLAS [48] and of 791� 25 pb from

CMS [49] at
ffiffiffi
S

p ¼ 13 TeV. Here, the uncertainty of the
theory prediction at aN3LO QCDþ EW is comparable
with the experimental ones. However, the recent ATLAS
result [48] has a smaller uncertainty due to a better control
on the systematic errors.
In the lower plot of Fig. 1, we show the most recent

available measurements at
ffiffiffi
S

p ¼ 13.6 TeV of 859� 29 pb
at ATLAS [50] and of 882� 30 pb at CMS [51] together
with the theory predictions calculated at

ffiffiffi
S

p ¼ 13.6 as well
as at 14 TeV. The theoretical uncertainty at aN3LO QCDþ
EW is comparable with the experimental ones at 13.6 TeV.
The impact of the aN3LO corrections in the hard

scattering consistently increases the total inclusive cross
section at all collision energies. When the aN3LO partonic
cross section is convoluted with the MSHT20 aN3LO pdf,
this increment is mitigated in part by the approximate
N3LO pdf evolution, and in part by a softer gluon at large x
resulting from the global QCD analysis.

IV. TOP-QUARK pT DISTRIBUTIONS AT 13 TeV

In this section, we provide theoretical predictions for top-
quark transverse momentum (pT) differential distributions
in top-quark pair production up to aN3LO in QCD at the
LHC with a collision energy of 13 TeV. We include
electroweak corrections at NLO in the electroweak cou-
pling constant α: we consider terms of order Oðα2sαÞ and
subleading contributions of order Oðαsα2Þ and Oðα3Þ. The
combined QCD × EW theory predictions, which also
include order Oðα3sαÞ terms, are obtained using the multi-
plicative method as discussed in Ref. [52]. The results are
presented using the binning of Ref. [53] (six pT bins) and
describe a top-quark transverse momentum spectrum up to
550 GeV. Theory predictions are shown in Sec. IVA, and
they are compared to single-differential cross section
measurements from the LHC at 13 TeV collision energy
[53,54] in Sec. IV B. A brief comparison with previous
theoretical top-pT predictions is given in Sec. IV C.

TABLE IV. The tt̄ total cross sections (in pb, with central result for μ ¼ mt, and uncertainties from scale variation and pdf) at different
perturbative orders in pp collisions at the LHC with various values of

ffiffiffi
S

p
, with mt ¼ 172.5 GeV and NNPDF4.0 NNLO pdf.

tt̄ total cross sections at LHC energies with NNPDF4.0 NNLO pdf

σ in pb 5.02 TeV 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

LO QCD 38.6þ14.5þ0.4
−9.8−0.4 101þ35þ1

−24−1 144þ49þ1
−34−1 476þ139þ2

−101−3 527þ153þ3
−110−2 563þ162þ3

−117−3

NLO QCD 56.1þ6.6þ0.5
−7.6−0.6 148þ18þ1

−19−1 213þ25þ1
−27−2 712þ82þ3

−84−4 790þ91þ4
−93−4 844þ98þ4

−98−5

NLO QCDþ EW 56.1þ6.5þ0.5
−7.6−0.6 148þ17þ1

−19−1 212þ25þ2
−26−1 709þ81þ4

−83−4 787þ90þ4
−91−4 841þ96þ4

−97−5

NNLO QCD 63.1þ2.8þ0.7
−4.3−0.6 166þ7þ2

−10−1 239þ9þ2
−15−2 794þ28þ5

−44−4 881þ31þ5
−49−4 941þ33þ5

−52−4
NNLO QCDþ EW 63.1þ2.8þ0.7

−4.3−0.6 166þ7þ2
−10−1 238þ9þ2

−15−2 791þ28þ5
−44−4 878þ31þ5

−49−4 938þ33þ5
−52−4

aN3LO QCD 66.0þ2.0þ0.7
−3.1−0.7 173þ5þ2

−7−1 248þ7þ2
−9−2 819þ23þ5

−18−4 907þ25þ5
−20−5 969þ27þ5

−22−5

aN3LO QCDþ EW 66.0þ2.0þ0.7
−3.1−0.7 173þ5þ2

−7−1 247þ7þ2
−9−2 816þ23þ5

−18−4 904þ25þ5
−20−5 966þ27þ5

−22−5
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A. Theoretical predictions for pT distributions

Predictions for the top-quark pT distribution through
NNLO QCD are computed with the publicly available
computer program MATRIXv2.1.0 [55], which is based on
previous works [56,57] and uses tools for amplitude
computation [58–60]. These results are cross-checked at

LO and NLO using in-house codes as well as
MadGraph5_aMC@NLO [38] and fastNLO [61–65].
The prediction at NNLO QCD × EW is obtained by

multiplying the NNLO QCD distributions with proper EW
K factors that are obtained by using fastNLO tables with
LUXQED17 NNLO pdf [66]. These predictions are

FIG. 1. tt̄ total inclusive cross sections compared to recent measurements at the LHC at different collision energies. Theory error bars
represent scale uncertainty (inner bar) and scaleþ pdf uncertainties in quadrature (outer bar). Experimental error bands represent all
given errors added in quadrature. “ATLASþ CMS” in the central inset of the upper plot indicates the most recent combination of
ATLAS and CMS measurements at collision energies of

ffiffiffi
S

p ¼ 7 and 8 TeV.
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publicly available at [67]. We checked that the EW K
factors do not change with scale variation and pdf, and we
therefore assume they are scale and pdf independent, at
least for the precision given in our results.

The aN3LO QCD corrections are calculated using the
theoretical work in [27], and they are added to the NNLO
QCD prediction to derive the aN3LO QCD top-quark pT

distribution. New predictions at aN3LO QCD × EW
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FIG. 2. Top-quark pT distribution at different perturbative orders with MSHT20 NNLO pdf (upper plot) and MSHT20 aN3LO pdf
(lower plot), and μ ¼ mT . Scale variations mT=2 ≤ μ ≤ 2mT for the aN3LO QCD × EW prediction are represented by the yellow band
in each plot.
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accuracy are obtained by multiplying the aN3LO QCD
result by EW K factors.
In Figs. 2 and 3, we present the results for four different

pdf sets, MSHT20 NNLO [40], MSHT20 aN3LO [41],

CT18 NNLO [42], and NNPDF4.0 NNLO [43]. These pdf
sets are used in the calculation of each perturbative order as
we are interested in the growth of the perturbative series.
For the top-quark pT distribution, the central scale is set to
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FIG. 3. Top-quark pT distribution at different perturbative orders with CT18 NNLO pdf (upper plot) and NNPDF4.0 NNLO pdf
(lower plot), and μ ¼ mT . Scale variations mT=2 ≤ μ ≤ 2mT for the aN3LO QCD × EW prediction are represented by the yellow band
in each plot.
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μ ¼ mT , where mT ¼ ðp2
T þm2

t Þ1=2 is the top-quark trans-
verse mass. Scale uncertainties are estimated by varying the
common scale μ in the range mT=2 ≤ μ ≤ 2mT . We also
checked for the pT distributions that uncertainties obtained
from the envelope of a 7-point scale variation, where μF and
μR are varied independently, are basically the same as the
ones obtained by performing a simpler 3-point scale
variation. Uncertainties induced by pdf errors will be
shown in Sec. IV B when comparing with data.
In Fig. 2, we show theoretical predictions (central value)

for the top-quark pT distribution at
ffiffiffi
S

p ¼ 13 TeV collision
energy obtained with MSHT20 NNLO pdf (upper plot) and
MSHT20 aN3LO pdf (lower plot), respectively. These are
shown for four perturbative orders in QCD, i.e., LO, NLO,
NNLO, and aN3LO, and we also include the NNLO
QCD × EW, and aN3LO QCD × EW theory predictions.
K factors over the LO QCD results are shown in each inset
plot where the yellow band represents the scale uncertainty
of the aN3LO QCD × EW prediction.
In Fig. 3, we show the corresponding theoretical pre-

dictions for the top-quark pT distribution at
ffiffiffi
S

p ¼ 13 TeV
with CT18 NNLO pdf (upper plot) and NNPDF4.0 NNLO
pdf (lower plot), respectively.

In Tables V–VIII, we present numerical results for the
top-quark pT distribution in six pT bins at aN3LOQCD and
aN3LO QCD × EW, using MSHT20 NNLO pdf, MSHT20
aN3LO pdf, CT18 NNLO pdf, and NNPDF4.0 NNLO pdf,
respectively. The second and third columns in the tables
show the central results in each bin which are calculated at
scale μ ¼ mT and reported together with scale variation
mT=2 ≤ μ ≤ 2mT and pdf uncertainties. The last column in
the tables provides the aN3LO QCD over NNLO QCD K
factor in each bin. We note that aN3LO QCD × EW over
NNLO QCD × EW is equivalent to aN3LO QCD over
NNLO QCD because electroweak corrections have been
evaluated with a K factor which cancels out in the ratio.
In general, EW corrections provide a positive contribu-

tion to the cross section at lower pT while the contributions
are increasingly negative at higher pT (making the effect to
the total cross section very small due to this partial
cancellation).
Moreover, we note that the CT18 NNLO pdf provides

cross sections values in every bin which are systematically
bigger than the ones obtained from the other pdf sets, while
MSHT20 aN3LO and NNPDF4.0 NNLO pdf provide
the smallest ones, depending on the considered bin.

TABLE V. The top-quark pT distribution at aN3LO QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and MSHT20 NNLO pdf.
The central results are with μ ¼ mT and are shown together with scale and pdf uncertainties. The last column provides the aN3LO QCD
over NNLO QCD K factor.

Top-quark pT distribution at 13 TeV with MSHT20 NNLO pdf

dσ=dpT in pb=GeV aN3LO QCD aN3LO QCD × EW aN3LO QCD=NNLO QCD

0 < pT < 65 GeV 3.18þ0.14þ0.06
−0.08−0.04 3.22þ0.14þ0.06

−0.08−0.04 1.040

65 < pT < 125 GeV 5.05þ0.14þ0.09
−0.15−0.07 5.05þ0.14þ0.10

−0.15−0.07 1.036

125 < pT < 200 GeV 2.81þ0.09þ0.06
−0.08−0.03 2.79þ0.09þ0.06

−0.08−0.04 1.036

200 < pT < 290 GeV 0.896þ0.036þ0.022
−0.027−0.014 0.882þ0.035þ0.022

−0.027−0.013 1.037

290 < pT < 400 GeV 0.215þ0.006þ0.006
−0.010−0.004 0.210þ0.006þ0.006

−0.009−0.004 1.049

400 < pT < 550 GeV 0.0408þ0.0010þ0.0014
−0.0020−0.0009 0.0393þ0.0010þ0.0013

−0.0019−0.0008 1.050

TABLE VI. The top-quark pT distribution at aN3LO QCD and aN3LO QCD × EW, withmt ¼ 172.5 GeV and MSHT20 aN3LO pdf.
The central results are with μ ¼ mT and are shown together with scale and pdf uncertainties. The last column provides the aN3LO QCD
over NNLO QCD K factor.

Top-quark pT distribution at 13 TeV with MSHT20 aN3LO pdf

dσ=dpT in pb=GeV aN3LO QCD aN3LO QCD × EW aN3LO QCD=NNLO QCD

0 < pT < 65 GeV 3.05þ0.12þ0.06
−0.07−0.06 3.09þ0.12þ0.06

−0.08−0.06 1.041

65 < pT < 125 GeV 4.81þ0.15þ0.09
−0.13−0.10 4.81þ0.15þ0.10

−0.12−0.10 1.034

125 < pT < 200 GeV 2.70þ0.09þ0.05
−0.08−0.07 2.68þ0.08þ0.05

−0.08−0.07 1.035

200 < pT < 290 GeV 0.873þ0.031þ0.021
−0.028−0.023 0.858þ0.030þ0.021

−0.028−0.022 1.039

290 < pT < 400 GeV 0.209þ0.005þ0.006
−0.010−0.006 0.203þ0.005þ0.006

−0.010−0.006 1.050

400 < pT < 550 GeV 0.0399þ0.0010þ0.0012
−0.0020−0.0013 0.0383þ0.0010þ0.0012

−0.0019−0.0013 1.050
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Nonetheless, the K factors are very similar for all four pdf
sets used in this calculation. The pT distributions obtained
with the CT18 NNLO, MSHT20 NNLO, and MSHT20
aN3LO pdf have similar and more conservative pdf
uncertainties as compared to those from NNPDF4.0
NNLO in the considered pT bins.

B. Comparison with 13 TeV LHC top-pT data

In this section, we compare theoretical predictions for
the top-quark pT distributions at NNLO QCD × EW and
aN3LO QCD × EW to the

ffiffiffi
S

p ¼ 13 TeV high-precision
measurements from CMS [53] in the dilepton channel
with 35.9 fb−1 of integrated luminosity, and from ATLAS
[54] in the leptonþ jets channel with 36 fb−1 of integrated
luminosity. As before, we use μ ¼ mT for the central
prediction results. The differential cross section uncer-
tainties from pdf errors are computed by using fastNLO

tables for the NNLO predictions [65] and the fastNLO-

toolkit-v2.5.0 [61–64].
In Fig. 4, the top-quark pT distributions at NNLO

QCD × EW and aN3LO QCD × EW obtained with
MSHT20 NNLO and aN3LO pdf are compared with

ATLAS and CMS measurements. In the two plots, we
show the ratio of our theoretical predictions to the data
together with scale and 68% CL pdf uncertainties. The
orange band represents the experimental statistical and
systematical uncertainties added in quadrature. In analogy,
in Fig. 5, we compare CMS and ATLAS data with the
theoretical prediction for the differential distribution in top-
quark transverse momentum at NNLO QCD × EW and
aN3LO QCD × EW obtained using CT18 and NNPDF4.0
NNLO pdf. We observe that there are differences in the
measured values of the top-pT distribution at CMS and
ATLAS, especially at large pT where the two measure-
ments pull in opposite directions.
The quality of agreement of the theoretical predictions

with the pT distribution at CMS is summarized in Table IX,
where χ2=Npt values are reported for the theory predictions
calculated at NNLO QCD and aN3LO QCD, with and
without EW corrections, and obtained using MSHT20
NNLO, MSHT20 aN3LO, CT18 NNLO, and NNPDF4.0
NNLO pdf.
The ATLAS and CMS Collaborations at the LHC have

published measurements, where experimental uncertainties
are given in terms of either the covariance matrix or the

TABLE VII. The top-quark pT distribution at aN3LO QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and CT18 NNLO pdf.
The central results are with μ ¼ mT and are shown together with scale and pdf uncertainties. The last column provides the aN3LO QCD
over NNLO QCD K factor.

Top-quark pT distribution at 13 TeV with CT18 NNLO pdf

dσ=dpT in pb=GeV aN3LO QCD aN3LO QCD × EW aN3LO QCD=NNLO QCD

0 < pT < 65 GeV 3.22þ0.13þ0.06
−0.09−0.06 3.26þ0.13þ0.06

−0.09−0.06 1.041

65 < pT < 125 GeV 5.07þ0.17þ0.10
−0.15−0.10 5.08þ0.17þ0.10

−0.15−0.10 1.036

125 < pT < 200 GeV 2.83þ0.10þ0.06
−0.08−0.06 2.81þ0.10þ0.06

−0.08−0.06 1.036

200 < pT < 290 GeV 0.908þ0.034þ0.027
−0.029−0.020 0.894þ0.033þ0.026

−0.029−0.020 1.038

290 < pT < 400 GeV 0.217þ0.006þ0.009
−0.010−0.006 0.212þ0.006þ0.008

−0.010−0.005 1.047

400 < pT < 550 GeV 0.0417þ0.0009þ0.0022
−0.0022−0.0013 0.0401þ0.0009þ0.0021

−0.0021−0.0013 1.054

TABLE VIII. The top-quark pT distribution at aN3LO QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and NNPDF4.0 NNLO
pdf. The central results are with μ ¼ mT and are shown together with scale and pdf uncertainties. The last column provides the aN3LO
QCD over NNLO QCD K factor.

Top-quark pT distribution at 13 TeV with NNPDF4.0 NNLO pdf

dσ=dpT in pb=GeV aN3LO QCD aN3LO QCD × EW aN3LO QCD=NNLO QCD

0 < pT < 65 GeV 3.14þ0.13þ0.01
−0.09−0.02 3.18þ0.13þ0.01

−0.09−0.02 1.041

65 < pT < 125 GeV 4.92þ0.16þ0.02
−0.15−0.03 4.92þ0.17þ0.03

−0.14−0.02 1.034

125 < pT < 200 GeV 2.73þ0.09þ0.01
−0.08−0.02 2.71þ0.09þ0.01

−0.08−0.02 1.035

200 < pT < 290 GeV 0.865þ0.032þ0.006
−0.025−0.006 0.851þ0.031þ0.006

−0.025−0.006 1.038

290 < pT < 400 GeV 0.204þ0.005þ0.001
−0.010−0.002 0.198þ0.006þ0.002

−0.009−0.002 1.047

400 < pT < 550 GeV 0.0383þ0.0010þ0.0004
−0.0019−0.0004 0.0368þ0.0010þ0.0004

−0.0018−0.0004 1.048
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nuisance parameters representation. Therefore, depending
on the information relative to the statistical, uncorrelated,
and correlated systematical errors provided with the mea-
surements, the χ2 function must be consistently computed
using one or the other representation.

The statistical and correlated systematic uncertainties
released by the CMS Collaboration are given in
terms of the covariance matrix representation.
Therefore, the χ2 definition used to obtain the results
in Table IX is

FIG. 4. Comparison of NNLO QCD × EW and aN3LO QCD × EW theory predictions using MSHT20 NNLO and aN3LO pdf with
CMS (upper plot) and ATLAS (lower plot) top-quark transverse momentum data. The orange band represents the sum of statistical and
systematic experimental uncertainties added in quadrature. Inner (outer) bars represent scale (scale plus pdf) theoretical uncertainties.
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χ2 ¼
XNpt

i;j¼1

ðDi − TiÞðcov−1ÞijðDj − TjÞ; ð7Þ

where Npt is the number of data points, cov is the
covariance matrix, Di is the ith data point, and Ti is the
corresponding theory prediction.

The corresponding summary for the ATLAS top-pT

measurements is in Table X. In the ATLAS case,
correlated systematic uncertainties are given in terms
of nuisance parameters, and the general χ2 definition
adopted in this case is

FIG. 5. Comparison of NNLO QCD × EW and aN3LO QCD × EW theory predictions using CT18 and NNPDF4.0 NNLO pdf with
CMS (upper plot) and ATLAS (lower plot) top-quark transverse momentum data. The orange band represents the sum of statistical and
systematic experimental uncertainties added in quadrature. Inner (outer) bars represent scale (scale plus pdf) theoretical uncertainties.
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χ2ðλÞ ¼
XNpt

i¼1

1

s2i

�
Di − Ti −

XNλ

α¼1

λαβiα

�2

þ
XNλ

α¼1

λ2α; ð8Þ

where si ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i;stat þ s2i;uncorsys

q
, with si;stat the uncorre-

lated statistical error and si;uncorsys the uncorrelated
systematical error, Nλ is the number of correlated
systematic uncertainties, λα are the nuisance parameters,
and βiα is the correlation matrix. The up and down shifts
in the correlated systematic uncertainties released by the
ATLAS Collaboration are very asymmetric. Therefore,
in the construction of the βiα matrix to calculate the χ2

in terms of nuisance parameters, we considered sym-
metric correlated shifts using the downward excursions.
This choice gives the most conservative estimate for the
χ2. The same approach is used in the determination of
the χ2 for the rapidity distributions in Sec. V B.
Overall, the theory predictions obtained by using the four

pdf sets considered in this study give similar description of
the ATLAS data, while the CMS data are better described
by NNPDF4.0 as compared to the other pdf sets. We note in
fact, that the NNPDF4.0 global analysis includes 13 TeV
single-differential cross section measurements at CMS in
the leptonþ jets [68] and dilepton channel [53].
We also note that the inclusion of EW corrections in

either NNLO or aN3LO results decreases the value of χ2 for
the CMS data but increases it for the ATLAS data. Also, the
χ2 at aN3LO is higher than at NNLO. It is difficult to draw
meaningful conclusions for the χ2 for the pT distribution
due to the big differences between CMS and ATLAS data at

high pT . In general, the differences we observe in the LHC
data we considered may potentially generate opposite pulls
in the gluon in global QCD analyses.

C. Comparison with previous
theoretical top-pT predictions

Results at aN3LO QCD for the top-quark pT distribution
have been presented before using older pdf sets, beginning
with Ref. [27]. Many comparisons with past top-pT data
from the LHCwere presented in the review paper of Ref. [1].
Those theoretical results were presented as functions of the
top-quark transverse momentum (not as bins) and, thus,
could not and were not matched to the exact NNLO QCD
results; rather, the aNNLO and aN3LO soft-gluon correc-
tions were added to the NLO result. The binned aNNLO
distributions are very close to the exact NNLO ones, and
hence, the difference between the matched and unmatched
aN3LO distributions is negligible. We have checked that
again for the current pdf sets, but one can also see this in past
results, e.g., inRef. [69],where the predictions are compared
to the same CMS top-pT data as here.

V. TOP-QUARK RAPIDITY
DISTRIBUTIONS AT 13 TEV

In this section, we provide theoretical predictions for top-
quark rapidity (Y) differential distributions in top-quark
pair production up to aN3LO in QCD at the LHC with a
collision energy of 13 TeV. In analogy to the transverse
momentum distribution case discussed in Sec. IV, we
include electroweak corrections at NLO in the electroweak
coupling constant α and provide combined QCD × EW
theory predictions using the multiplicative method of
Ref. [52]. The results are presented using ten bins of
rapidity (−2.6 ≤ Y ≤ 2.6) with bin size chosen according
to Ref. [53]. Theory predictions are shown in Sec. VA, and
they are compared to the 13 TeV differential cross section
measurements at CMS [53] and ATLAS [54] in Sec. V B. A
brief comparison with previous theoretical top-rapidity
predictions is given in Sec. V C.

A. Theoretical predictions for rapidity distributions

Theoretical predictions for the top-quark Y distribution
through NNLO in QCD are computed using the publicly
available computer program MATRIXv2.1.0. These results are
cross-checked at LO and NLO using in-house codes as well
as MadGraph5_aMC@NLO.
The prediction at NNLO QCD × EW is obtained by

multiplying the NNLO QCD distributions with proper EW
K factors (available at [67]) that are obtained by using
fastNLO tables with LUXQED17 NNLO pdf, and are
assumed to be pdf and scale independent.
The aN3LO QCD corrections are calculated using the

theoretical work in [27], and they are added to the
NNLO QCD prediction to derive the aN3LO QCD

TABLE IX. Summary of the χ2=Npt for the top-quark pT
distributions at CMS.

pdf
NNLO
QCD

NNLO
QCD × EW

aN3LO
QCD

aN3LO
QCD × EW

MSHT20 NNLO 2.57 1.58 3.27 2.15
MSHT20 aN3LO 2.76 1.80 3.42 2.20
CT18 NNLO 2.86 1.79 3.68 2.44
NNPDF4.0
NNLO

1.56 0.91 1.92 1.09

TABLE X. Summary of the χ2=Npt for the top-quark pT
distributions at ATLAS.

pdf
NNLO
QCD

NNLO
QCD×EW

aN3LO
QCD

aN3LO
QCD×EW

MSHT20 NNLO 1.07 1.27 1.40 1.48
MSHT20 aN3LO 1.05 1.22 1.42 1.43
CT18 NNLO 1.17 1.30 1.53 1.57
NNPDF4.0
NNLO

1.18 1.58 1.32 1.62
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top-quark rapidity distribution. New predictions at
aN3LO QCD × EW accuracy are obtained by multiply-
ing the aN3LO QCD result by EW K factors.
Results are given for four different pdf sets, MSHT20

NNLO, MSHT20 aN3LO, CT18 NNLO, and NNPDF4.0

NNLO. As before, these pdf sets are used in the calcu-
lation of each perturbative order since we are interested in
the growth of the perturbative series. For the top-quark Y
distribution, the central scale is set to μ ¼ mt ¼
172.5 GeV. The scale uncertainties are estimated by
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FIG. 6. Top-quark rapidity distribution at different perturbative orders with MSHT20 NNLO pdf (upper plot) and MSHT20 aN3LO
pdf (lower plot), and μ ¼ mt. Scale variationsmt=2 ≤ μ ≤ 2mt for the aN3LOQCD × EW prediction are represented by the yellow band
in each plot.
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varying the common scale μ in the range mt=2 ≤ μ ≤
2mt. We also checked for the rapidity distributions that
uncertainties obtained from the envelope of a 7-point scale
variation, where μF and μR are varied independently, are

basically the same as the ones obtained by performing a
simpler 3-point scale variation. The pdf uncertainties are
not considered at this point, but they will be given in
Sec. V B, when comparing with data.
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In the upper plot of Fig. 6, we show the theoretical
prediction (central value) for the differential distribution in
top-quark rapidity at different perturbative orders, namely
LO QCD, NLO QCD, NNLO QCD, NNLO QCD × EW,
aN3LO QCD, and aN3LO QCD × EW. These results have
been obtained using MSHT20 NNLO pdf and μ ¼ mt as
central scale. The K factors over the LO QCD results are
shown in the inset plot where the yellow band represents
the scale uncertainty of the aN3LO QCD × EW result. The
lower plot of Fig. 6 displays the corresponding theoretical
predictions obtained with MSHT20 aN3LO pdf.
In Fig. 7, we show the corresponding theoretical pre-

dictions for the top-quark rapidity distribution using CT18
NNLO pdf in the upper plot, and using NNPDF4.0 NNLO
pdf in the lower plot.
In Tables XI–XIV, we present numerical results for the

top-quark Y distribution for five Y bins (we provide results
only for positive values of rapidity because the ones for
negative rapidity values are symmetric), at 13 TeV collision

energy, at aN3LO QCD and aN3LO QCD × EW, using
MSHT20 NNLO pdf, MSHT20 aN3LO pdf, CT18 NNLO
pdf, and NNPDF4.0 NNLO pdf, respectively. In the second
and third columns in the tables, we show the central results
in each bin which are calculated at scale μ ¼ mt and
reported together with scale variation mt=2 ≤ μ ≤ 2mt and
pdf uncertainties. The last column in the tables provides the
aN3LO QCD over NNLO QCD K factor in each bin.
Again, we note that aN3LO QCD × EW over NNLO
QCD × EW is equivalent to aN3LO QCD over NNLO
QCD because electroweak corrections have been evaluated
with a K factor, which cancels out in the ratio.
From the numerical values reported in the top-quark

rapidity tables, we note that, within the required precision,
EWcorrectionsmodify in a visibleway only the first and last
bin: they induce a decrease in the cross section at low rapidity
values and increase the cross section at large rapidity.
Also in this case, the CT18 NNLO pdf provides cross

section values in every bin which are systematically bigger

TABLE XI. The top-quark rapidity distribution at aN3LO QCD
and aN3LO QCD × EW, with mt ¼ 172.5 GeV and MSHT20
NNLO pdf. The central results are with μ ¼ mt and are shown
together with scale and pdf uncertainties. The last column
provides the aN3LO QCD over NNLO QCD K factor.

Top-quark Y distribution at 13 TeV
with MSHT20 NNLO pdf

dσ=dY in pb
aN3LO
QCD

aN3LO
QCD × EW

aN3LO QCD=
NNLO QCD

0 < Y < 0.45 247þ6þ5
−4−3 246þ6þ4

−4−4 1.026

0.45 < Y < 0.9 225þ6þ4
−4−3 225þ5þ4

−4−3 1.032

0.9 < Y < 1.35 185þ5þ3
−4−3 185þ4þ3

−4−3 1.034

1.35 < Y < 1.8 134þ4þ3
−3−2 134þ4þ3

−3−2 1.037

1.8 < Y < 2.6 66.3þ2.5þ1.9
−2.0−1.5 66.5þ2.5þ1.9

−2.0−1.5 1.033

TABLE XII. The top-quark rapidity distribution at aN3LO
QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and
MSHT20 aN3LO pdf. The central results are with μ ¼ mt and
are shown together with scale and pdf uncertainties. The last
column provides the aN3LO QCD over NNLO QCD K factor.

Top-quark Y distribution at 13 TeV
with MSHT20 aN3LO pdf

dσ=dY in pb
aN3LO
QCD

aN3LO
QCD × EW

aN3LO QCD=
NNLO QCD

0 < Y < 0.45 237þ5þ5
−4−5 236þ5þ5

−4−5 1.025

0.45 < Y < 0.9 215þ5þ5
−3−4 215þ5þ4

−4−5 1.029

0.9 < Y < 1.35 177þ5þ4
−3−3 177þ5þ4

−3−4 1.032

1.35 < Y < 1.8 129þ3þ2
−3−4 129þ3þ2

−3−4 1.037

1.8 < Y < 2.6 63.5þ2.5þ1.7
−1.9−2.0 63.7þ2.5þ1.7

−1.9−2.0 1.030

TABLE XIII. The top-quark rapidity distribution at aN3LO
QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and CT18
NNLO pdf. The central results are with μ ¼ mt and are shown
together with scale and pdf uncertainties. The last column
provides the aN3LO QCD over NNLO QCD K factor.

Top-quark Y distribution at 13 TeV
with CT18 NNLO pdf

dσ=dY in pb
aN3LO
QCD

aN3LO
QCD × EW

aN3LO QCD=
NNLO QCD

0 < Y < 0.45 249þ6þ5
−4−6 248þ6þ5

−4−6 1.028

0.45 < Y < 0.9 226þ6þ5
−4−5 225þ6þ5

−3−5 1.031

0.9 < Y < 1.35 185þ5þ4
−3−4 185þ5þ3

−4−4 1.031

1.35 < Y < 1.8 134þ5þ4
−2−2 134þ5þ4

−2−2 1.032

1.8 < Y < 2.6 67.4þ2.7þ2.7
−1.9−1.8 67.6þ2.7þ2.7

−1.9−1.8 1.031

TABLE XIV. The top-quark rapidity distribution at aN3LO
QCD and aN3LO QCD × EW, with mt ¼ 172.5 GeV and
NNPDF4.0 NNLO pdf. The central results are with μ ¼ mt
and are shown together with scale and pdf uncertainties. The last
column provides the aN3LO QCD over NNLO QCD K factor.

Top-quark Y distribution at 13 TeV
with NNPDF4.0 NNLO pdf

dσ=dY in pb
aN3LO
QCD

aN3LO
QCD × EW

aN3LO QCD=
NNLO QCD

0 < Y < 0.45 245þ6þ2
−5−1 244þ6þ2

−5−1 1.028

0.45 < Y < 0.9 221þ5þ1
−5−2 220þ5þ1

−5−1 1.027

0.9 < Y < 1.35 181þ5þ1
−4−1 181þ5þ1

−4−1 1.038

1.35 < Y < 1.8 131þ3þ1
−4−1 131þ3þ1

−4−1 1.038

1.8 < Y < 2.6 63.9þ2.3þ0.5
−1.9−0.5 64.1þ2.3þ0.5

−1.9−0.5 1.034
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than the ones obtained from the other pdf sets, while the
MSHT20 aN3LO pdf provides the smallest ones. Nonethe-
less, theK factors are practically the same for all four pdf sets
used in this calculation. As in the case of the pT distributions,

the rapidity distributions obtained with the CT18 NNLO,
MSHT20 NNLO, andMSHT20 aN3LO pdf have similar and
more conservative pdf uncertainties as compared to those from
NNPDF4.0 pdf in the considered Y bins.
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FIG. 8. Comparison of NNLO QCD × EW and aN3LO QCD × EW theory predictions using MSHT20 NNLO and aN3LO pdf with
CMS (upper plot) and ATLAS (lower plot) top-quark rapidity data. The orange band represents the sum of statistical and systematic
experimental uncertainties added in quadrature. Inner (outer) bars represent scale (scale plus pdf) theoretical uncertainties.
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B. Comparison with 13 TeV LHC top-rapidity data

In this section,we compare our theoretical predictions for the
top-quark Y distributions at NNLO QCD × EW and aN3LO
QCD × EW with 13 TeV dilepton data from CMS [53] and

leptonþ jets data from ATLAS [54]. As in the previous
section, we use μ ¼ mt for the central results. Also in this
case, pdf uncertainties have been computed using fastNLO for
theNNLOpredictions [65] and the fastNLO-toolkit-v2.5.0 [61–64].
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In Fig. 8, the top-quark Y distributions at NNLO QCD ×
EW and aN3LO QCD × EW obtained with MSHT20
NNLO and MSHT20 aN3LO pdf are compared with
ATLAS and CMS measurements. In analogy, in Fig. 9,
we compare CMS and ATLAS data with the theoretical
prediction for the differential distribution in top-quark
rapidity at NNLO QCD × EW and aN3LO QCD × EW
obtained using CT18 NNLO and NNPDF4.0 NNLO pdf. In
each plot, we show the ratio of our theoretical predictions to
the data together with scale and 68% CL pdf uncertainties.
Moreover, the orange band represents the experimental
statistical and systematical uncertainties added in quad-
rature. From the distribution plots in Figs. 8 and 9, we note
that the CMS and ATLAS measurements have differences,
especially at large rapidity.
Similarly to the pT case, we quantify the agreement of

the theoretical predictions with the Y distribution measured
by CMS and ATLAS by computing χ2=Npt values for the
theory predictions calculated at NNLO and aN3LO, with
and without EW corrections, using MSHT20 NNLO,
MSHT20 aN3LO, CT18 NNLO, and NNPDF4.0 NNLO
pdf. In the CMS case, we compute the χ2 using Eq. (7), and
we summarize the values in Table XV. In the ATLAS case,
we compute the χ2 using Eq. (8), and we summarize the
values in Table XVI.
The theory predictions for the top-quark rapidity

obtained by using NNPDF4.0 NNLO pdf give a better
χ2=Npt in the case of the CMS measurements, while
MSHT20 NNLO and MSHT20 aN3LO pdf give a better

χ2=Npt in the case of the ATLAS measurements. Once
again, this reflects differences in these LHC data.
We note that the inclusion of EW corrections in either

NNLO or aN3LO results increases the value of χ2 for the
CMS data but decreases it for the ATLAS data. Also, the χ2

at aN3LO is lower than at NNLO for both CMS and
ATLAS data.

C. Comparison with previous theoretical
top-rapidity predictions

Results at aN3LO QCD for the top-quark rapidity
distribution have been presented before with older pdf
sets, beginning with Ref. [27]. Several comparisons with
older top-rapidity data from the LHC were presented in the
review paper of Ref. [1]. Similarly to what we discussed in
Sec. IV C for the pT distribution, those results were
presented as functions of the top-quark rapidity (not as
bins) and, thus, were not matched to the exact NNLO QCD
result; instead, aNNLO and aN3LO soft-gluon corrections
were added to the NLO result. Since the binned aNNLO
distributions are very close to the exact NNLO ones (at the
few per mille level or better), the difference between the
matched and unmatched aN3LO distributions is negligible.
We have checked that once again for the current pdf sets,
but one can also see this in past results, e.g., in Ref. [69],
where the predictions are compared with the same CMS
top-rapidity data as in this paper.

VI. CONCLUSIONS

We have presented higher-order theoretical predictions
for top-antitop pair production at the LHC. We have
calculated the total cross section at aN3LO in QCD,
including EW corrections at NLO, taking into account
scale and pdf uncertainties, for various LHC energies using
pdf sets from the recent CT18 NNLO, MSHT20 NNLO,
MHST20 aN3LO, and NNPDF4.0 NNLO global analyses.
We have also presented results for top-quark binned

differential distributions in transverse momentum and
rapidity, including soft-gluon corrections through aN3LO
in QCD as well as electroweak corrections. These results
have been obtained for collision energy of 13 TeV and are
matched to exact NNLO QCD ones. Since the binned
aNNLO distributions are very close to the exact NNLO
ones, the difference between the matched and unmatched
aN3LO distributions is negligible.
For both top-quark transverse-momentum and rapidity

distributions, we used the binning of Ref. [53], and we
compared with experimental results from CMS [53] and
ATLAS [54]. We quantified the quality of agreement of our
theoretical predictions with the experimental data by
computing χ2=Npt. Overall, we found good agreement
within the quoted uncertainties. We observed that the CMS
and ATLAS top-quark pT and rapidity differential cross
section measurements that we considered have differences

TABLE XV. Summary of the χ2=Npt for the top-quark rapidity
distributions at CMS.

pdf
NNLO
QCD

NNLO
QCD × EW

aN3LO
QCD

aN3LO
QCD × EW

MSHT20 NNLO 0.71 0.76 0.66 0.70
MSHT20 aN3LO 0.85 0.91 0.79 0.83
CT18 NNLO 0.86 0.92 0.81 0.88
NNPDF4.0
NNLO

0.68 0.71 0.56 0.61

TABLE XVI. Summary of the χ2=Npt for the top-quark
rapidity distributions at ATLAS.

pdf
NNLO
QCD

NNLO
QCD × EW

aN3LO
QCD

aN3LO
QCD × EW

MSHT20 NNLO 0.70 0.66 0.49 0.44
MSHT20 aN3LO 0.70 0.66 0.56 0.46
CT18 NNLO 0.71 0.69 0.71 0.70
NNPDF4.0
NNLO

1.26 1.18 0.90 0.84
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which can potentially result in different kind of constraints
(different pulls) on the gluon pdf at large x in future global
QCD analyses to determine pdf in the proton.
In summary, the aN3LO soft gluon corrections are

important, they substantially increase the rates, and they
decrease the scale uncertainties in the total cross sections as
well as the pT and rapidity distributions. The electroweak
corrections make significant contributions to the pT dis-
tribution, especially at large pT , but their effect on the total
cross section and the rapidity distribution is smaller. Our

predictions contain the latest available theoretical input and
are in good agreement with recent high-precision data from
the ATLAS and CMS Collaborations for total cross
sections and differential distributions.
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