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1 Introduction

Studies of heavy-quark production at hadron colliders provide stringent tests of quantum
chromodynamics (QCD) and of the theory of electroweak (EW) interactions. Furthermore,
these are of crucial importance in searches for signatures of physics Beyond the Standard
Model (BSM). The mass of the recently discovered Higgs boson [1, 2] has been measured to
be in the range 120 < mpy < 135 GeV, therefore the Higgs sector is expected to be closely
related to the physics of the top-quark. In particular, the role of quantum corrections to the
top-quark mass, which together with the mass of the Higgs-boson define the electroweak
vacuum stability conditions has been studied [3, 4].

Experimentally, top-quark physics is being studied at the Tevatron and is extensively
explored at the unprecedented energies of the Large Hadron Collider (LHC). The CMS,
ATLAS, DO, and CDF collaborations have recently combined their results [5] for the top-
quark mass and obtained a value of m; = 173.3 + 0.76 GeV. The interpretation of the
measured mass and its relation to the theoretically well-defined pole mass of the top quark
is discussed in details in [6]. New observables to be used for the measurement of the top-
quark mass at hadron colliders are proposed in [7, 8]. The most recent determination of
the pole mass of the top quark is performed by the CMS collaboration [9]. In the same
analysis, for the first time, the issue of correlations between the top-quark pole mass, gluon
distribution, and strong coupling constant ag in QCD predictions for the inclusive cross
section of top-quark pair production is discussed.



Precise measurements for the total and differential cross section for top-quark pair
production at a center-of-mass energies V.S = 7 and 8 TeV have been recently published
by the CMS [10, 11] and ATLAS [12-15] collaborations. The interpretation of current
and forthcoming LHC data demands high-precision theory predictions that imply a new
realm of precision calculations in perturbative QCD (pQCD), supplied by the development
of efficient tools for phenomenological analyses. The QCD corrections to heavy-quark
production at hadron colliders at the next-to-leading order (NLO), O(a?), are known since
many years [16-21]. The full calculation at next-to-next-to-leading order (NNLO), O(a?),
for the inclusive cross section has been accomplished only recently [22-25] and required
continuous efforts of the QCD community in calculating radiative corrections and in the
development of computational tools [26-33]. The NNLO calculation of the inclusive cross
section for the tf production is implemented in the C++ computer programs TorP++ [34]
and HATHOR [35]. In these calculations the final-state top quarks are considered in the
on-shell approximation. Studies in QCD at NLO where final-state top quarks decay into
pairs of W bosons and b quarks can be found in refs. [36-38].

The comparison of QCD predictions with the data and a multitude of phenomenological
analyses of interest require to have precise predictions not only for the inclusive cross sec-
tion, but also at differential level. Invariant mass distribution of ¢¢, transverse momentum
and rapidity distributions of the top quark or tt, are examples of differential distributions
needed at the highest perturbative order possible. The exact NLO calculations for ¢t total
and differential cross sections are implemented into Monte Carlo (MC) numerical codes
MCFM [39], MC@NLO [40], POWHEG [41], MADGRAPH/MADEVENT [42, 43]. The
NNLO corrections for these observables are not yet available.

In this paper, we present the results of a phenomenological analysis of differential cross
section of tt production at the LHC, in which the estimate of the uncertainties due to the
knowledge of the proton structure is addressed. The recent inclusive and, for the first
time, differential measurements of ¢ production at hadron colliders are included in a QCD
analysis at NNLO. The impact of such data on the uncertainty of the gluon distribution
is illustrated. For this purpose, the necessary developments of computing tools based on
the available theory had to be performed. The approximate NNLO O(a?) calculation for
the differential cross section in the single-particle inclusive (1PI) kinematic for heavy-flavor
production at hadron colliders has been implemented in a novel computer code DIFFTOP
which we provide at [44]. In this calculation, techniques of logarithmic expansion beyond
the leading logarithmic accuracy in QCD threshold resummation are used.

1.1 Probing the proton structure through ¢t production

Top-pair production at the LHC probes parton distribution functions (PDFs) of the proton,
in particular the gluon distribution. In proton-proton collisions at the LHC, ¢f production is
mainly driven by the gluon, in fact approximately 85% of the total cross section is ascribed
to the gluon-gluon channel at v/S = 7TeV and this fraction grows with the increase of
VS, Measurements of the t¢ total and differential cross sections offer the possibility of
probing the gluon in the large Bjorken z region (x ~ 0.1) where gluon is currently poorly
constrained. This has first been studied in [45] (see also [46]). However, strong correlations



between g, gluon distribution g(z), and the pole mass of the top quark my, in the QCD
description of tt production have to be taken into account. A simultaneous determination
of g(z), as and my, using the ¢t measurements at the LHC in a QCD analysis, together
with relevant measurements in Deep-Inelastic Scattering (DIS) and in proton-(anti)proton
collisions might resolve these correlations.

The developed program and computational tools used for the phenomenological analy-
ses presented in this paper, provide a basis for the inclusion of differential ¢£ cross sections
into QCD analyses at NNLO. For the purpose of a fast calculation within QCD analyses
for PDF determination, DIFFTOP is interfaced to FASTNLO [47-50] and included into the
QCD analysis platform HERAFITTER [51]. This allows the user to perform, for the first
time, full genuine PDF fits including differential cross sections of ¢t production by using fast
theoretical predictions for these observables. This not only represents a clear advantage
in terms of the CPU-time consumption, but also opens the window to fully explore the
potential of the ¢¢ measurements. The exact NNLO calculation for the fully differential ¢
distributions, once available, will be of clear advantage. However, full global QCD analyses
of the current and forthcoming high-precision LHC measurements set specific requirements
to the representation of the experimental data and availability of fast computing tools. The
present analysis addresses these requirements in the context of differential ¢ production
cross sections for the first time, by using approximate calculations in order to facilitate
future PDF fits using the exact NNLO theory.

Fast theoretical predictions for the full NNLO differential cross section calculation can
be in principle obtained by using tools like FASTNLO [47-50] or APPLGRID [52]. The grid
files generated in the output of such codes can be directly read inside the HERAFITTER
open-source platform to determine the impact of the experimental ¢t data on PDFs by
performing the QCD analysis. Presumably, the full NNLO calculation will be lengthy
and CPU time consuming and the complication for creating an interface to FASTNLO
or APPLGRID will depend upon the structure of the calculation itself and the way the
integration is done. One can forsee that the generation of FASTNLO/APPLGRID grids
will be feasible, but it might happen that it is dramatically CPU time consuming. If that
will be the case, a possible way out will be to work on approximate calculations which can
be highly improved once the full calculation is available.

1.2 Threshold resummation techniques

The new LHC measurements give us the possibility of investigating the applicability of
QCD factorization for hadronic cross sections with high precision. In the past three decades
QCD techniques have experienced stages of remarkable progress on theoretical and phe-
nomenological ground. In particular, theoretical tools were introduced to estimate the
importance of the perturbative higher orders in cross-section calculations [53-58]. In fig-
ure 1 we show the top-quark transverse momentum, pl., where higher orders are important
and have reduced scale dependence.

The non-unique separation between long- and short-distance dynamics of partons in
the proton is understood in terms of factorization theorems, in which inclusive hadronic
cross sections are factorized in universal nonperturbative PDFs and fragmentation func-
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Figure 1. Study of scale uncertainties for MCFM and DIFFTOP calculations for the top-quark
pY distribution. Upper inset: absolute p%. distribution at NLO with MCFM (hatched band),
and approx. NNLO with DirrToP (shaded band). Lower inset: ratio of theory over data for
CMS (left) [10] and ATLAS (right) [12] measurements. Here MSTWO08 NLO (NNLO) PDFs are
used for the MCFM (DIFFTOP) calculation. Renormalization and factorization scales are set to
pur = pr = my and varied such as m:/2 < ur = pp < 2my. For comparison, the central prediction
by N. Kidonakis (solid line) using MSTWO08 NNLO PDF's is shown.

tions (FF), and hard scattering coefficients that can be computed in perturbative QCD.
These hard scattering functions still contain, in certain kinematic regions, residuals of long-
distance dynamic related to leftovers in the cancellation between real and virtual soft-gluon
contributions. These finite reminders limit the predictive power of QCD in the kinematic
region close to the partonic production threshold where singular logarithmic terms give
large corrections to the cross section. Threshold resummation methods, which are based
on the universality of the factorization in the soft and collinear limit, allow us to resum these
large contributions to all orders so that the predictive power of pQCD is extended to the
phase space regions of the partonic threshold. By using threshold resummation methods



one can derive approximate formulas at NNLO for differential distributions, in which the
cross sections are expanded in terms of the logarithmic enhanced contributions (appearing
as plus distributions), and can therefore be written at various degrees of logarithmic accu-
racy. Studies at the next-to-leading-logarithmic (NLL), next-to-next-to-leading-logarithmic
(NNLL) accuracy and beyond can be found in refs. [59-68] and references therein.

Recently, methods of heavy-quark effective theory (HQET) and soft-collinear effective
theory (SCET) experienced enormous progress and received significant attention. Such
methods can be also used to write the factorization formula for the hard-scattering kernels
in the threshold region [69-72]. Approximate NNLO calculations, based on SCET, for
differential cross sections for heavy-quark production can be found in [73-79] and references
therein. A study of differences and similarities between the traditional QCD threshold
resummation formalism and SCET can be found in [80] for the ¢t case.

2 Single particle kinematic

Top-quark pairs are produced in hadronic reactions in which the scattering process is
defined by
Hy(Pr) 4+ Ha(P2) — t(p1) + t(p2) + X (k) (2.1)

where H; and Hs are the incoming hadrons with momenta P; and P» respectively, the
final state top-quark has momentum p;, the anti-top momentum ps and X (k) represents
any inclusive hadronic final state allowed by the reaction. At phenomenological level, the
differential cross sections of interest are written in such a way that can be compared to
measurements that are related to the detection of single particles or particle pairs.

When a single particle is detected in the final state, for instance the top-quark, the one-
particle inclusive (1PI) kinematic is used to determine the pl. spectrum and the rapidity
y! distribution of the top-quark. These distributions are obtained by integrating over the
phase space of the anti-top (not observed) together with any real emission of radiation [57].

When particle pairs are detected, the pair-invariant mass kinematic (PIM) is used
to write a factorized cross section [53, 54, 56, 58, 81| in terms of the invariant mass of
the heavy system, collective rapidity, and additional variables like the angle between the
final-state quark direction and the beam axis. In what follows we will discuss differential
distributions derived in the 1PI kinematic case and will leave the PIM kinematic [61] for a
forthcoming analysis.!

In the case of single particle detection, the reaction in eq. (2.1) is written as

Hy(Py) + Hy(Py) — t(p1) + X[t](p3) (2.2)

where pl, represents the recoil momentum. The Mandelstam invariants at hadronic level
are defined as

S:(P1+P2)27 T1:(P2—p1)2—m?, U1=(P1—p1)2—mt2, Sy =S+T1T1+U;. (2.3)

The extension of DIFFTOP to calculate approximate NNLO differential cross section for PIM kinematic
is under development.



In the vicinity of the threshold the reaction is dominated by the following partonic sub-
processes

q(k1) + q(k2) — t(p1) + X[t (p3) ,
g(k1) + g(ka) — t(p1) + X[t](p5) , (2.4)

where the initial-state parton momenta expressed in terms of momentum fractions xi, z9
are k1 = 21 Py and ko = x9P». The recoil momentum pf, = ps + k accounts for momentum
p2 at the threshold and any additional radiation indicated by momentum k.

In the vicinity of the partonic threshold, the hadronic final state X[t(p})] = t(p2)
and the anti-top carries momentum ps. The Mandelstam invariants at parton level are
defined as

s =m1228 = (k1 + k2)?, t1 = Ty = (ko —p1)® —m?,
up = 21Uy :(kl_p1)2_m?’ S4=8+11+uy, (2.5)

where the inelasticity of the reaction is accounted for by the invariant s4 = p'5 — my.
The factorized differential cross section is written as

d U(S Tl Ul dCCl d;UQ
2 )
8 aTy dU, qu:qg/ / — fiym xlaﬂF)fj/HQ(ﬂbyﬂF)

X wij(svtlaulamtvu%vas(/ﬁ%)) + O(Az/m%) (26)

where f;, g (7, 2. is the probability of finding the parton j in hadron H, up and pg are the
factorization and renormalization scales respectively, and w;; is the hard scattering cross
section which depends on the kinematic of the reaction. Power suppressed terms A?/m?
are neglected here. The integration limits in the factorization formula are given by

— U 1 _ xlTl

T = ——m——, Ty = ——— . 2.7

! S+T TP mS+U 27)
The double-differential cross section in eq. (2.6) can be expressed in terms of the transverse
momentum pf. of the top quark and its rapidity y by observing that

—/smre?, Uy = —+/s mpe Y, (2.8)

where the transverse mass mr is defined as mp = 4/ p% + m?.

According to QCD resummation, in the organization of the large logarithms at the
threshold of the heavy system, the hard scattering w;; functions are expanded in terms of
singular functions which are plus-distributions of the type?

l l
lln(&i/mtz)L — fim {m(&lmf)g(s4 A+ li I+ < A2>5(s4)} . (29

Sq A—0 Sq my

2This logarithmic structure refers to the 1PI kinematic. In PIM kinematic one has [lnl (1-2)/(1- z)} o
where z = M?/s and M is the invariant mass of the final-state heavy system.



where corrections are denoted as leading-logarithmic (LL) if [ = 2i+1 at O(a%*3) with i =
0,1,..., as next-to-leading logarithm (NLL) if [ = 2i, as next-to-next-to-leading logarithm
(NNLL) if I = 2¢ — 1, and so on.

Since QCD threshold resummation calculations and resummed formulae for inclusive
cross sections for heavy-quark pair production have been extensively discussed in the litera-
ture in the past years, we will omit explicit derivations unless necessary and limit ourselves
to general definitions. The calculation implemented in DIFFTOP strictly follows the deriva-
tion of ref. [61] and references therein, which we refer to for details. Other particulars of
this calculation can be found in [60, 62, 64, 82].

3 Overview of the threshold resummation calculation

As described in [57, 61] the fully resummed expression for the hard scattering cross section
of eq. (2.6) in 1PI kinematic is given by a trace in the color-tensor space of operators in
the Mellin N-moment space

Wij [Nv S, 11, U1, m?v #%{7 :u%‘a Oés(,uR)] =Tr {Hij(547 t1,u1, th, ,LL%{, M%‘)

x P exp

my/N dﬂ Fz] ; S . ) o )
7( S) (OZS(M)) Z](547 1’u1’mt’MR’:U’F)

my

X P exp

me/N g, ..
/ ;FEJ(%(H))] } exp [Ei(Nu, My, fur, pir)] xp [Ej(Ne, mu, pip, fir)]

mit

m du
o {2 [ ) + i)l | (3.1)
ur M
where N, = N(—uj/m?), N; = N(—t;/m?) are the Mellin moments in 1PI kinematic.
The functions H;; = Hi(j(-]) + (ozs/w)HZ-(jl) +--- and S;; = SZ»(JQ) + (as/w)Si(;) + .-+ are the
hard and soft functions respectively. The functions I's = (as/ﬂ)Fg) + (ozs/7r)21“g) + -
are the soft anomalous dimension matrices which are path-ordered in p. Finally, v =
(as/ﬂ')fyi(l) + (ozs/w)Z%.(z) + -+ are the anomalous dimensions of the quantum field i = ¢, g.
In our calculation, F(S?) at two-loop for the massive case is given in [83, 84].

The exponentials exp E; and exp E; represent resummed expressions for the collinear
and soft radiation from incoming and outgoing partons respectively, and are defined as

€xp [Ei(NuvmtaﬂF7ﬂR)] = €xp {EZ(NU7 2k; - C)}

2kiC g 2ki-C g
. exp{—z / B anw) + 2 / :‘%/xm,as(m)} ,
n

R ur

(3.2)

where ;/; are the anomalous dimensions of the operator whose matrix element represents
the parton density f;/; in the MS scheme. The vector ¢ = po/my; is used to define the
distance from the threshold in 1PI kinematic: s4/m? ~ 2(¢ - k)/my. The first exponential



in eq. (3.2) is defined as

o e—Nw)

Ei(N, 2]% : C) = /OOO dw(li

1
) {/wQ %Ai[o‘s(ﬁ 2ki- Q)] + %Vi[as(w 2k; - C)]} ., (33)

where functions A; and v have perturbative expansion in oy whose explicit expressions up
to O(a?) can be found in [61, 82] for the Feynman and axial gauge.

After an ag-expansion of the resummed hard-scattering cross section, the general struc-
ture of the double-differential cross section at parton level is given by

SQdO'ij(S,tlaulaﬂRnuF) _ OJ(O)(
dt1 duy

Qs (1)
s4,8,t1,u1) + Wi (54, 8,11, u1)

(2)
+ ( T ) ] (84, s,tl,ul) s (3.4)

(0)

where w;; s the cross section at the Born level and the one-loop soft-gluon correction

beyond the LL approximation can be written as

1 2 1
wg;)(84,8,t17u1) = C’fl) [n(&l/mtq + (C’él) + CO(};F> In <MF> []
+ +

Sy mt S4

1 5
|:R1—|—7“1#F In <m > + i In <m?>] d(s4), (3.5)

t

where coeflicients 0(1)701(1) (in which we suppress the ij indices) and r; can be found
in appendix B of [61]. At the NNLL accuracy the coefficient R; which consists of
virtual graph and soft-gluon radiation contributions, contains the NLO matching term
Tr [H(O)S(l) + H(l)S(O)]. The expression of the NLO matching term is that of the soft
plus virtual (S 4 V') contributions in eq. (6.19) of ref. [18] for the gg channel, and that of
the contributions in eq. (4.7) of ref. [20] for the ¢¢ channel. The Coulomb interactions, due
to gluon exchange between the final-state heavy quarks, are included at 1-loop level.
The two-loop corrections at the NNLL accuracy can be written as

1 2 1 2 2
UJG)(S4,S,2€1,U1) = 0(2) [n (84/mt)] + [C( ) —I-Cé ) I (%)} [n (84/mt)}
m
+

%
J 7 S4

e cion (55) et () et (5| [,

" [a< )+ 02 (”F £ 0 I (M)

mt my

2 2 i
=2) 2 ( HF =(2) Hr ol !
Conr 07\ 2 ) T Copmpnn{  J I\ 2 ) | |5
+ O,up 1 <m%> + 0, pr 1 <m%) . <m%>:| |:S4:|+
2 2 i ;
MR ad o =
+ |:R2 + T2, ur In <7TL%> + T2, up In <m%> + "2,pp o1k In <m%> o <Tn%>
2

12 12
+ 72 up In? mR;> +TopupIn (m];>] 0(s4), (3.6)
t t
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Figure 2. Left: top-quark pr spectrum in which the coefficient Céz) is varied within its 5% while
R5 is kept fixed. Right: here the coefficient R, is varied by adding and subtracting 2R, while C’SQ)
is kept fixed.

where again, explicit expressions for the coefficients Céi)LF,C?), ... can be found in ap-

pendix B of [61]. In the current implementation the scale-independent coefficient C’(()Q)
contains the contribution from the soft anomalous dimension Fg) given in [83, 84] plus
process-independent terms [63, 82] which are universal in the ¢g and gg channels respec-
tively. These contributions are formally at the next-to-next-to-next-leading logarithmic
(NNNLL) accuracy. At this level of accuracy, 0(52) is therefore not exact due to incomplete
separation of the individual color structures. From a comparison with the analogous ap-
proximation for the inclusive cross section we expect only small numerical deviations for
the exact result. In the scale-independent coefficient Ry we only include NNNLL sublead-
ing terms coming from moment to momentum space inversion [60]. The full knowledge of
Ry requires matching conditions at NNLO which include explicit analytical expressions for
H® and S@). In the given kinematics (1PI), these are currently not available for H®) and
S2) and those terms are thus set to zero. The current uncertainty on Rs is therefore the
dominant source.

To give an estimate of the dependence of the pr spectrum on the coefficients Céz) and
Ry that are known only partially in our computation, we generated a set of predictions
in which these coefficients are varied. In figure 2 we illustrate these variations separately,
where the coefficient 052) is varied within 5% of its magnitude by keeping Ry as fixed,
and Ry is varied by adding and subtracting Ry or 2R., and 082) is fixed. Variations of
C'(()Q) produce modifications of magnitude and shape of the pr spectrum which are more
pronounced in the peak region, where these are approximately 1% when R, is fixed. Being
Ry the less known contribution, we allow this coefficient to vary in a much larger interval
to be more conservative. Variations of Ry within its 5% when Céz) is fixed, are found to be
negligible. In figure 2 larger variations of Ry have an impact over all the pp range beyond
the peak, where modifications of the magnitude and shape can be approximately 7-10% or
more at pr ~ 200 GeV and are larger than those obtained by a simultaneous variation of
factorization and renormalization scales. The uncertainties relative to C'(()Q) and Ry are part
of the systematic uncertainty associated to approximate calculations of this kind which are

based on threshold expansions. Explicit expressions in SCET for S®) in PIM kinematic,



in the limit of boosted top quarks, can be found in ref. [77]. Related studies are presented
in refs. [29, 30, 77, 85-87].
By setting urp = purp = p one can write the inclusive total partonic cross section in

)

terms of scaling functions fl(Jk that are dimensionless and depend only on the variable

n=s/(m3) - 1

o2 0 k 2
013 (5, m2, %) = S(g” " (ro(w)* 3 £50 ) (;‘L) | (3.7)

k=0 1=0

To reduce the impact of threshold logarithms in the large-n regions of the scaling functions
we made use of dumping factors as it is done in ref. [19].

4 Sensitivity of tt production to PDF-related aspects of QCD

This section addresses details of the phenomenological analysis of the uncertainties on the
predictions for differential ¢t production cross sections at the LHC. In particular, PDF
uncertainties are studied and compared to the current experimental precision of the mea-
surements. The approximate NNLO DIFFTOP predictions, obtained by using different
PDF sets, are confronted to the recent measurements of differential distributions for tt
production at v/S = 7TeV by the CMS [10] and ATLAS [13, 14] collaborations. The
theoretical systematic uncertainties associated to variations of PDFs, as(My), scale, and
my, are investigated individually. In particular, transverse momentum pf. and rapidity y*
distributions of the final state top-quark, measured by CMS, and the pf. distribution by
ATLAS? are studied. The on-shell pole-mass definition for the top-quark mass is used,
and the value of m; = 173 GeV is chosen. The scales are set to up = pur = my. The
experimental measurements published by CMS and ATLAS are differential distributions
that are normalized to the total cross section in bins of ptT and y'. This representation of
experimental data is motivated by (partial) cancellation of systematic uncertainties.

The correlation between the ptT distribution for ¢¢ production at the LHC at /S =
7TeV and the gluon, as a function of x of the gluon (xgiuon) is illustrated in figure 3.
A strong correlation is observed at Zguon > 0.01. Here, the p%. distribution is averaged
in 4 bins and the correlation cosine cos ¢, as defined in [88], is evaluated for each bin.
The predictions using MSTWO08 [89] (left) and CT10 [90] (right) PDFs at NNLO are
shown here, while those using ABM11 [91], HERAPDF1.5 [92], and NNPDF2.3 [93] have
similar behaviors.

The uncertainties associated to the various PDFs are computed by using the prescrip-
tion given by each PDF group. All envelopes represent the 68% confidence level (CL). For
the CT10 case, being the CTIONNLO PDF given at 90% CL, the asymmetric PDF errors
are rescaled by a factor 1.642. In the ABM11 case, the total uncertainty obtained by using
the symmetric formula for the eigenvector sets, represents the PDF + «, uncertainty at
the 68% CL. The uncertainty of HERAPDF1.5 NNLO is determined by including the ex-
perimental (at the 68% CL), model and parametrization uncertainties, which are summed

in quadrature to obtain the total error.

3In the data set we considered, 3" is not provided by the ATLAS collaboration.
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Figure 3. Theoretical correlation cosine as a function of zguon for the p% distribution in tt
production at the LHC at v/S = 7TeV. MSTWOS (left) and CT10 (right) PDFs at NNLO are used.
Different lines represent each pf. bin.

The uncertainty associated to the variations of a5 (M) is computed by using the central
as(Myz) values given by each PDF group, and by considering up- and down-variations
Aag(Myz) = £0.001. This is more conservative with respect to the 68% CL variation
Aas(Mz) = 0.0007, reported in the PDG 2012 [94]. The central values for as(Mz) provided
by the different PDF groups are: 0.1134, 0.118, 0.1176, 0.1171, 0.118 for ABM11 [91],
CT10 [90], HERAPDF1.5 [92], MSTWO08 [89], and NNPDF2.3 [93], respectively. The
HERAPDF1.5 as(Myz) uncertainty is obtained by varying 0.1170 < as(Mz) < 0.1190,
resulting in a larger uncertainty on the cross section, as compared to the other PDF sets.?

The uncertainty related to the choice of the scale has been estimated by varying m; /2 <
pr = pr < 2ms. As shown in figure 1, where the approximate NNLO prediction and
the full NLO calculation obtained by MCFM [39] are compared, the reduction of the
scale dependence is substantial. When these theory predictions are compared to the LHC
data for the p!. distribution, the shape is also modified when passing from NLO to the
approximate NNLO. In the approximate NNLO case, the theoretical description of the
measurements is significantly improved.

The uncertainty associated to the pole mass m; has been assessed by considering
variations Am; = +1 GeV around the central value m; = 173 GeV.

4.1 Cross sections of tt production at approximate NNLO obtained with dif-
ferent PDFs

In table 1 we summarize the results for the tf total inclusive cross section at the LHC at
V'S =7 TeV for each PDF set with relative uncertainties.

4The variation corresponding to the inclusion of members 9-11 of the HERAPDF1.5 ay sets gives an
increased uncertainty of approximately +6.3%.
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LHC 7TeV my = 173 GeV
PDF set o4 [P dppr [pb] Sas [Pb] | dscate [PD] | Gm. [PD]
ABM11 140.97%5 fﬁﬁ?;ﬁ _ f?jgiﬁ fﬁ,:iiﬁz
oo | 1803%53 Er o | onw |
HERALS | 18522403 | *340 (eap) 307 (param.) 355 (mod) | *550 | M50 | *50G
MSTWO08 | 179.4789 jg:g‘;’z t;;i‘é;ig t;;i‘éﬁz t?,giﬁg
NNPDF23 | 179955, on How | Thew | 5%

Table 1. Values of the total inclusive ¢t cross section with corresponding uncertainties for PDFs,
as(Myz), scale dependence and my.

In table 2 we report for comparison the results obtained by using the Tor+4+ [34]
code with the same input configuration, where the scale uncertainty is obtained by varying
pr and pgr independently. DIrFrFToOP predictions are larger than those of TorP++ by
approximately 6-6.5% in the fixed-order case, and 3-3.5% in the resummed case. In the
fixed-order full NNLO calculation for the inclusive cross section, a simultaneous variation
of up and pp gives already the full scale variation and all independent variations are
included in the envelope 1/2 < pup = ur < 2. DIFFTOP scale uncertainty for simultaneous
scale variation is underestimated because of missing contributions in the coefficients Ra
and 082), in particular Ro, which has impact on the large pp-spectrum. Also, missing
contributions from the gg channel play a role at higher orders at large pr. These missing
contributions spoil the agreement in the case of inclusive observables such as the total cross
section. However, the local description of differential observables can still be approximated
sufficiently well by threshold expansions in regions that are not strongly affected by hard
gluon radiation. For example in the region 1 < ppr < 250 — 300 GeV, where the bulk of the
data is currently given. FExact predictions for the fixed-order NLO differential and total
inclusive cross sections are in good agreement with the approximate NLO ones (see for
example ref. [95]) where the known one-loop soft and hard functions are included. This is
an indication of the fact that the approximate NNLO predictions can be improved once
the two-loop soft and hard functions from the full NNLO will be available and included
in the calculation. A crude estimate of the systematic uncertainties associated to the
missing contributions in functions Ry and C(SQ) for the total and differential cross sections
was given in section 3. A more realistic estimate of such uncertainties (variations can
actually be combined) requires a separate analysis on which work is in progress and it
will be addressed in a forthcoming paper by the authors. In the following figures these
uncertainties are therefore not included.

In figure 4 predictions for the absolute pf. and y* distributions are shown, with all used
PDF sets that are compared within the respective total uncertainties. The spread of the
central values is mostly due to the fact that the parton luminosities are driven by different
gluon PDFs of each group. These differences arise from the different methodologies and
inputs (heavy-flavor treatment, values of as(My), data selection, etc.) adopted by each
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Topr++ scale dependence at the LHC 7TeV my = 173 GeV

PDF set o NNLO [pb] LL NLL NNLL

ABM1L | 134075 @000 | 17t Lo | 1ss2 iR | 1881
cr10 | 169.07 0G0 | 1780 0 | masTENE T | 1742 g0 )
HERALS | 1736 00000 | 1me DNET | 1m0 | mss iR

+6.7(4.0%) +6.0(3.5%) +4.2(2.4%) +4.5(2.6%)
MSTWO08 168‘6—108(6.4%) 172'5—105(6‘1%) 173'7—66(3‘8%) 173'6—59(3.4%)

+7.0(4.2%) +6.3(3.7%) +4.3(2.4%) +4.6(2.6%)
NNPDF23 169‘1—11.1(6.6%) 173'1—11.0(6.3%) 174'4—6.8(3.9%) 174'3—6.0(3.5%)

Table 2. Topr++ (ver 2.0) values for the total inclusive ¢t cross section at full NNLO without and
with the inclusion of threshold resummation, with scale dependence uncertainty obtained by using
independent variations of pr and pg.
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Figure 4. The approximate NNLO predictions for top-quark pair production cross sections at the
LHC at /S = 7TeV as functions of pk(left) and y*(right). Predictions obtained by using different
PDF sets are presented by bands of different hatches. The total uncertainty is obtained by summing
the uncertainties due to PDFs, a,, m; and scale variations in quadrature.

PDF fitting group in their QCD analyses. The predictions using ABM11 are found to be
generally lower with respect to the other sets, because the different methodology used in
the ABM11 analysis leads to a lower gluon and smaller as(Myz) value. A larger value of
the predicted cross section using ABMI11 can be obtained by choosing a smaller value of
the top-quark pole mass within the current uncertainties, see, e.g., [96].

Individual contributions to the total uncertainty on the prediction, arising from uncer-
tainties of PDFs and variation of a4(My), scales, and my, are studied for each used PDF
set separately. The results for the CT10NNLO PDFs are shown in figure 5, while similar
results obtained by using all the other PDF sets can be found in the appendix. The total
uncertainty on the theory prediction for the total and absolute differential ¢f cross section is
dominated by the PDF errors. At large p%. and |y'|, where regions of larger values of z are
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Figure 5. The approximate NNLO predictions for ¢¢ production cross sections at the LHC at
V'S =7 TeV as functions of p4 (left) and y* (right) obtained by using CTIONNLO. The individual

contributions of the uncertainties due to the PDFs (68% CL), as(Mz), scale, and m; variations,
are shown separately by bands of different shades.

probed, the PDF uncertainties increase since the gluon distribution in this range is poorly
constrained at present. In the case of HERAPDF1.5 PDF, in addition to the experimental
uncertainty, also parametrization and model uncertainties are estimated. The inclusion of
the model uncertainty results in an increase of the cross section by approximately 20%,
related to the variation of the ¢? cut on the used DIS data. In the case of ABM11 PDFs,
the ay variation is already included in the quoted PDF error since in the ABM fit «ay is
simultaneously determined together with the PDFs.

Variations of m; modify the magnitude and shape of the distribution at large-py and
represent the second dominant contribution to the total uncertainty. This reflects the
strong sensitivity of the differential distributions to the top-quark mass. The usage of the
MS scheme definition for the top-quark mass in the calculation is expected to improve the
convergence of perturbation theory and, in turn, to reduce the scale dependence [97]. In
some regions of the p%. and y' spectra, the uncertainty associated to variations of as(Mz)
is sizable. The predictions for the normalized differential cross sections using different PDF
sets are shown with their total uncertainties in figure 6, where these are compared to the
recent measurements by the CMS and ATLAS collaborations at v/'S = 7 TeV. The different
contributions to the uncertainty of the theory prediction are studied individually and the
results for CTIONNLO PDFs are illustrated in figure 7. Similar results obtained by using
other PDF sets are shown in the appendix.

When theory predictions are compared to the data, CMS and ATLAS measurements
exhibit some differences in the shape of the normalized p}. distribution, in particular in the
first and third bin. In general, the first bins of transverse momentum 0 < pk. < 200 GeV
and central bins of rapidity —1.5 < 3* < 1.5 have potentially more constraining power,
because of smaller experimental uncertainties. At the present stage, even though the CMS
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Figure 7. The approximate NNLO prediction for ¢Z production at the LHC at v/S = 7 TeV obtained
by using CTIONNLO PDF as a function of pl. and y*. The prediction is presented as a ratio to
the LHC measurements (filled symbols). Individual contributions to the theoretical uncertainty are
shown by the bands of different shades.

and ATLAS measurements exhibit relatively large uncertainties, these data might have
some impact in PDF determination once included in QCD fit analyses.

4.2 QCD analysis using the tt production measurements

To illustrate the possible impact of the current available measurements of ¢¢ production on
PDF determination, we interfaced the DIFFTOP code to the HERAFITTER [51] platform
for QCD analyses. Fast theoretical calculations are obtained by using grids generated by
the FASTNLO package [48-50]. This allows the user to include measurements of differential
tt production cross sections into NNLO QCD fits of PDFs. The NNLO PDF fit performed
here uses the parton evolution implemented in the QCDNUM [98] code, that is the default
parton-evolution package utilized in HERAFITTER. The most important data sets for PDF
determination are the combined HERA I measurements [104] of inclusive DIS, which we
include in this analysis. Constraints on the u and d-quark distributions in the z-range not
properly covered by the HERA I measurements, are put by the CMS precise measurements
of electron [105] and muon [106] charge asymmetry in TW-boson production at v/S = 7 TeV.
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The theory predictions for the lepton charge asymmetry are obtained by using the MCFM
program at NLO and K-factors are applied in the NNLO fit.

The tt measurements included in this analysis are the total inclusive cross sections at
the LHC [99-102] at v/S of 7 and 8 TeV, and CDF [103] Tevatron, as well as the normalized
differential cross-sections [10, 13] of ¢ production at the LHC at /S = 7 TeV as a function
of pY. The procedure for the determination of the PDFs follows the approach used in
the QCD fits of the HERA [104] and CMS [106] collaborations. In our PDF analysis,
the TR’ [89, 107] general mass variable flavor number scheme at NNLO is used for the
treatment of heavy-quark contributions with input values of the heavy-quark masses given
by m. = 1.4 GeV and my = 4.75 GeV, while the choice of the QCD scales is up = pr = Q.
The strong coupling constant is set to a(mz) = 0.1176 and the Q? range of the HERA data
is restricted to the range Q2 > anm = 3.5 GeV?. The following independent combination
of parton distributions is chosen at the QCD evolution initial scale Q(% = 1.9GeV? in the
fitting procedure: zuy(x), xdy(x), xg(x) and zU(z), 2D(z), where 2U(z) = zi(x) and
zD(z) = xd(z) + z5(z). At the scale Qp, the parton distributions are represented by

zuy(x) = Ay, 2P (1 —2)% (14 Dy,z + Ey 2?), (4.1)
xdy(z) = Agq, 2P (1 —2)%, (4.2)
2U(z) = Ag 2B (1 - 2)%v, (4.3)
zD(z) = Ag 55 (1 - 2)D, (4.4)
xg(z) = Ag 2P (1—2)% + Al 2P (1 - 2)%. (4.5)

The normalization parameters A, , Aq,, Ay are determined by the QCD sum rules, the B
parameter is responsible for small-x behavior of the PDFs, and the parameter C describes
the shape of the distribution as  — 1. A flexible form for the gluon distribution is adopted
with the choice of Cf = 25 motivated by the approach of the MSTW group [89, 107].
The analysis is performed by fitting 14 free parameters in eqgs. (4.1)—(4.5). Additional
constraints By = By and Ay = Ap(1 — f) are imposed by fs that is the strangeness
fraction defined as fs = 5/(d + 3), which is fixed to fs = 0.31 & 0.08 as in the analysis of
ref. [89)].

A comparison of the PDFs resulting from the fit obtained by using only the HERA DIS
data and that obtained by employing the HERA DIS in addition to the CMS lepton charge
asymmetry measurements, shows effects on the central value of the light-quark distributions
and on the reduction of the uncertainties which are similar to the findings reported by the
CMS collaboration in a recent QCD analysis [106] at NLO. A slight reduction of the
uncertainty of the gluon distribution in the HERA DIS + CMS lepton asymmetry fit with
respect to the fit including the HERA DIS only, is ascribed to the improved constraints on
the light-quark distributions through the sum rules.

The inclusion the ¢f measurements in the current NNLO PDF fit leads to a change
of the shape of the gluon distribution and a moderate improvement of its uncertainty at
large x. This is observed in particular at high scales, as illustrated in figure 8. By in-
creasing the scale, the quantitative reduction of the uncertainty of the gluon distribution
remains similar, but it sets in at lower values of x. A similar effect is observed, although
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Figure 8. Uncertainties of the gluon distribution as a function of z, as obtained in our NNLO fit by
using: inclusive DIS measurements only (light shaded band), DIS and W lepton charge asymmetry
data (hatched band), and DIS, lepton charge asymmetry and the tf production measurements (dark
shaded band), shown at the scales of Q? = 100 GeV? (left) and Q? = m?, (right). The ratio of g(x)
obtained in the fit including ¢t data to that obtained by using DIS and lepton charge asymmetry,
is represented by a dotted line.

less pronounced, when only the total or only the differential ¢£ cross section measurements
are included in the fit. The results of our full PDF fit, demonstrating a moderate improve-
ment of the uncertainty on the gluon distribution, confirm the observation reported in the
reweighting analysis [46] which uses only the total ¢t cross sections.

The analysis presented here uses the normalized differential cross sections for ¢t pro-
duction. The use of normalized data leads to partial cancellation or reduction of the exper-
imental uncertainties. However, a significant amount of information is lost by normalizing
the data, in particular, in connection to uncertainty correlations, which are currently not
provided by the experimental collaborations. Measurements of absolute differential cross
sections supplied by full information about correlation of experimental uncertainties are
of crucial importance to fully exploit the potential of the ¢t production to constrain the
gluon distribution. Furthermore, the dependence of the experimentally measured differen-
tial tt cross section on the assumptions on the top-quark mass used in the Monte Carlo
simulations used for efficiency calculation, is necessary. In the future, a reduction of the
statistic and systematic uncertainties in the high-energy run of the LHC will be of clear
advantage. A simultaneous determination of the gluon distribution and the top-quark mass
is of particular interest.

5 Summary and conclusions

In this paper, we present results for the differential cross section of ¢t production at approx-
imate NNLO that are of interest for phenomenological studies at hadron colliders. This
calculation is implemented into the flexible computer code DiFFTOP, which is a useful
tool for precision studies in QCD and phenomenological applications of the ¢t differential
cross section.

In particular, details of the predicted distributions of top-quark transverse momentum
and rapidity, generated by using different PDF sets are studied and compared to the
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recent, measurements by the CMS and ATLAS collaborations. Individual uncertainties
due to variations of PDFs, scale, ay and my, are analyzed. The DIFFTOP code has been
interfaced to FASTNLO for fast evaluations of the theory predictions, and it has been
included into the HERAFITTER framework for QCD analysis to determine the PDFs of
the proton. For the first time, it is possible to include measurements of the differential cross
sections of tt production at the LHC into a full PDF fit. We studied the impact of the
recent measurements of the inclusive and differential ¢¢ production cross sections in a PDF
fit at NNLO together with the HERA I inclusive DIS data and the CMS measurements
of the lepton charge asymmetries in W boson production. Given the current experimental
precision of ¢t measurements, a moderate improvement of the uncertainty on the gluon
distribution at high x is observed once the total and differential ¢ cross sections are included
in the QCD analysis. Measurements of the p}. and y' differential cross sections of tt
production in hadron collisions are going to play an important role in constraining the gluon
PDF at large-x as the LHC will reach higher experimental precision in the forthcoming run
IT. Given the correlations between the strong coupling as(Myz), top-quark mass and gluon
PDF, these measurements could be used to constrain the large-x gluon distribution and
the top-quark mass simultaneously. In particular, investigations of absolute differential
cross sections will bring complementary information related to the magnitude and other
details of the distributions, which will be crucial to improve the constraining power of the
experimental data.
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A Comparison with other PDF sets
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Figure 10. Same as in figure 9 using ABM11 PDFs. Here, the uncertainty on a(My) is included
into the PDF uncertainty, see description in the text.
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Figure 11. Same as in figure 9 using HERAPDF1.5 NNLO. The experimental uncertainties are
given at 68% CL. In addition, model and parametrization uncertainties are considered.
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Figure 12. Same as in figure 9 using NNPDF2.3 PDFs.

— 922 —



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.

References

[1]

[14]

[15]

ATLAS collaboration, Observation of a new particle in the search for the standard model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] InSPIRE].

S. Alekhin, A. Djouadi and S. Moch, The top quark and Higgs boson masses and the stability
of the electroweak vacuum, Phys. Lett. B 716 (2012) 214 [arXiv:1207.0980] [INSPIRE].

F. Bezrukov, M.Y. Kalmykov, B.A. Kniehl and M. Shaposhnikov, Higgs boson mass and
new physics, JHEP 10 (2012) 140 [arXiv:1205.2893] [INSPIRE].

ATLAS, CDF, CMS, DO collaboration, First combination of Tevatron and LHC
measurements of the top-quark mass, arXiv:1403.4427 [INSPIRE].

S. Moch et al., High precision fundamental constants at the TeV scale, arXiv:1405.4781
[INSPIRE].

S. Alioli et al., A new observable to measure the top-quark mass at hadron colliders,
Eur. Phys. J. C 73 (2013) 2438 [arXiv:1303.6415] [INSPIRE].

S. Biswas, K. Melnikov and M. Schulze, Next-to-leading order QCD effects and the top
quark mass measurements at the LHC, JHEP 08 (2010) 048 [arXiv:1006.0910] InSPIRE].

CMS collaboration, Determination of the top-quark pole mass and strong coupling constant
from the tt production cross section in pp collisions at /s =7 TeV,

Phys. Lett. B 728 (2014) 496 [Erratum ibid. B 728 (2014) 526-528] [arXiv:1307.1907]
[INSPIRE].

CMS collaboration, Measurement of differential top-quark pair production cross sections in
pp colisions at \/s =T TeV, Eur. Phys. J. C 73 (2013) 2339 [arXiv:1211.2220] [INSPIRE].

CMS collaboration, Measurement of the tt production cross section in the dilepton channel
in pp collisions at /s = 8 TeV, JHEP 02 (2014) 024 [Erratum ibid. 1402 (2014) 102]
[arXiv:1312.7582] [INSPIRE].

ATLAS collaboration, Measurements of top quark pair relative differential cross-sections
with ATLAS in pp collisions at \/s =7 TeV, Eur. Phys. J. C 73 (2013) 2261
[arXiv:1207.5644] [INSPIRE].

ATLAS collaboration, Measurements of normalized differential cross-sections for tt
production in pp collisions at \/s = 7 TeV using the ATLAS detector,
CERN-PH-EP-2014-099 (2014).

ATLAS collaboration, Measurement of top-quark pair differential cross-sections in the
l+jets channel in pp collisions at \/s =7 TeV using the ATLAS detector,
ATLAS-CONF-2013-099 (2013) [ATLAS-COM-CONF-2013-114].

ATLAS collaboration, Measurement of the tt production cross-section in pp collisions at
Vs =8 TeV using eu events with b-tagged jets, ATLAS-CONF-2013-097 (2013)
[ATLAS-COM-CONF-2013-112).

— 23 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1016/j.physletb.2012.08.024
http://arxiv.org/abs/1207.0980
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.0980
http://dx.doi.org/10.1007/JHEP10(2012)140
http://arxiv.org/abs/1205.2893
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.2893
http://arxiv.org/abs/1403.4427
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4427
http://arxiv.org/abs/1405.4781
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.4781
http://dx.doi.org/10.1140/epjc/s10052-013-2438-2
http://arxiv.org/abs/1303.6415
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6415
http://dx.doi.org/10.1007/JHEP08(2010)048
http://arxiv.org/abs/1006.0910
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.0910
http://dx.doi.org/10.1016/j.physletb.2014.08.040
http://arxiv.org/abs/1307.1907
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.1907
http://dx.doi.org/10.1140/epjc/s10052-013-2339-4
http://arxiv.org/abs/1211.2220
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.2220
http://dx.doi.org/10.1007/JHEP02(2014)024
http://arxiv.org/abs/1312.7582
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7582
http://dx.doi.org/10.1140/epjc/s10052-012-2261-1
http://arxiv.org/abs/1207.5644
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5644
http://cds.cern.ch/record/1712966
http://cds.cern.ch/record/1600778
http://cds.cern.ch/record/1600596

[16] P. Nason, S. Dawson and R.K. Ellis, The total cross-section for the production of heavy
quarks in hadronic collisions, Nucl. Phys. B 303 (1988) 607 [INSPIRE].

[17] P. Nason, S. Dawson and R.K. Ellis, The one particle inclusive differential cross-section for
heavy quark production in hadronic collisions, Nucl. Phys. B 327 (1989) 49 [Erratum ibid.
B 335 (1990) 260] [INSPIRE].

[18] W. Beenakker, H. Kuijf, W.L. van Neerven and J. Smith, QCD corrections to heavy quark
production in pp collisions, Phys. Rev. D 40 (1989) 54 [INSPIRE].

[19] R. Meng, G.A. Schuler, J. Smith and W.L. van Neerven, Simple formulae for the order o~ s*
QCD corrections to the reaction pp — QQX, Nucl. Phys. B 339 (1990) 325 [INSPIRE].

[20] W. Beenakker, W.L. van Neerven, R. Meng, G.A. Schuler and J. Smith, QCD corrections to
heavy quark production in hadron hadron collisions, Nucl. Phys. B 351 (1991) 507
[INSPIRE].

[21] M.L. Mangano, P. Nason and G. Ridolfi, Heavy quark correlations in hadron collisions at
next-to-leading order, Nucl. Phys. B 373 (1992) 295 [INSPIRE].

[22] M. Czakon, P. Fiedler and A. Mitov, Total top-quark pair-production cross section at hadron
colliders through O(a%), Phys. Rev. Lett. 110 (2013) 252004 [arXiv:1303.6254] INSPIRE].

[23] M. Czakon and A. Mitov, NNLO corrections to top pair production at hadron colliders: the
quark-gluon reaction, JHEP 01 (2013) 080 [arXiv:1210.6832] [INSPIRE].

[24] M. Czakon and A. Mitov, NNLO corrections to top-pair production at hadron colliders: the
all-fermionic scattering channels, JHEP 12 (2012) 054 [arXiv:1207.0236] [INSPIRE].

[25] P. Béarnreuther, M. Czakon and A. Mitov, Percent level precision physics at the Tevatron:
first genuine NNLO QCD corrections to q@ — tt + X, Phys. Rev. Lett. 109 (2012) 132001
[arXiv:1204.5201] NSPIRE].

[26] M. Czakon, A. Mitov and S. Moch, Heavy-quark production in gluon fusion at two loops in
QCD, Nucl. Phys. B 798 (2008) 210 [arXiv:0707.4139] [INSPIRE].

[27) M. Czakon, A. Mitov and S. Moch, Heavy-quark production in massless quark scattering at
two loops in QCD, Phys. Lett. B 651 (2007) 147 [arXiv:0705.1975] [nSPIRE].

[28] A. Mitov and S. Moch, The singular behavior of massive QCD amplitudes,
JHEP 05 (2007) 001 [hep-ph/0612149] INSPIRE].

[29] A. Ferroglia, M. Neubert, B.D. Pecjak and L.L. Yang, Two-loop divergences of scattering
amplitudes with massive partons, Phys. Rev. Lett. 103 (2009) 201601 [arXiv:0907.4791]
[INSPIRE].

[30] A. Ferroglia, M. Neubert, B.D. Pecjak and L.L. Yang, Two-loop divergences of massive
scattering amplitudes in non-abelian gauge theories, JHEP 11 (2009) 062
[arXiv:0908.3676] INSPIRE].

[31] M. Czakon, A novel subtraction scheme for double-real radiation at NNLO,
Phys. Lett. B 693 (2010) 259 [arXiv:1005.0274] InSPIRE].

[32] I. Bierenbaum, M. Czakon and A. Mitov, The singular behavior of one-loop massive QCD
amplitudes with one external soft gluon, Nucl. Phys. B 856 (2012) 228 [arXiv:1107.4384]
[INSPIRE].

[33] P. Barnreuther, M. Czakon and P. Fiedler, Virtual amplitudes and threshold behaviour of
hadronic top-quark pair-production cross sections, JHEP 02 (2014) 078 [arXiv:1312.6279]
[INSPIRE].

— 24 —


http://dx.doi.org/10.1016/0550-3213(88)90422-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B303,607
http://dx.doi.org/10.1016/0550-3213(89)90286-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B327,49
http://dx.doi.org/10.1103/PhysRevD.40.54
http://inspirehep.net/search?p=find+J+Phys.Rev.,D40,54
http://dx.doi.org/10.1016/0550-3213(90)90352-E
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B339,325
http://dx.doi.org/10.1016/S0550-3213(05)80032-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B351,507
http://dx.doi.org/10.1016/0550-3213(92)90435-E
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B373,295
http://dx.doi.org/10.1103/PhysRevLett.110.252004
http://arxiv.org/abs/1303.6254
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6254
http://dx.doi.org/10.1007/JHEP01(2013)080
http://arxiv.org/abs/1210.6832
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.6832
http://dx.doi.org/10.1007/JHEP12(2012)054
http://arxiv.org/abs/1207.0236
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.0236
http://dx.doi.org/10.1103/PhysRevLett.109.132001
http://arxiv.org/abs/1204.5201
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5201
http://dx.doi.org/10.1016/j.nuclphysb.2008.02.001
http://arxiv.org/abs/0707.4139
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.4139
http://dx.doi.org/10.1016/j.physletb.2007.06.020
http://arxiv.org/abs/0705.1975
http://inspirehep.net/search?p=find+EPRINT+arXiv:0705.1975
http://dx.doi.org/10.1088/1126-6708/2007/05/001
http://arxiv.org/abs/hep-ph/0612149
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0612149
http://dx.doi.org/10.1103/PhysRevLett.103.201601
http://arxiv.org/abs/0907.4791
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.4791
http://dx.doi.org/10.1088/1126-6708/2009/11/062
http://arxiv.org/abs/0908.3676
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.3676
http://dx.doi.org/10.1016/j.physletb.2010.08.036
http://arxiv.org/abs/1005.0274
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.0274
http://dx.doi.org/10.1016/j.nuclphysb.2011.11.002
http://arxiv.org/abs/1107.4384
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.4384
http://dx.doi.org/10.1007/JHEP02(2014)078
http://arxiv.org/abs/1312.6279
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.6279

[34]

[35]

[36]

30]
[40]
[41]
[42]

[43]

[44]
[45]

[46]

M. Czakon and A. Mitov, Top++: a program for the calculation of the top-pair
cross-section at hadron colliders, Comput. Phys. Commun. 185 (2014) 2930
[arXiv:1112.5675] [INSPIRE].

M. Aliev et al., HATHOR: HAdronic Top and Heavy quarks crOss section calculatoR,
Comput. Phys. Commun. 182 (2011) 1034 [arXiv:1007.1327] [INSPIRE].

A. Denner, S. Dittmaier, S. Kallweit and S. Pozzorini, NLO QCD corrections to WWbb
production at hadron colliders, Phys. Rev. Lett. 106 (2011) 052001 [arXiv:1012.3975]
[INSPIRE].

G. Bevilacqua, M. Czakon, A. van Hameren, C.G. Papadopoulos and M. Worek, Complete
off-shell effects in top quark pair hadroproduction with leptonic decay at next-to-leading
order, JHEP 02 (2011) 083 [arXiv:1012.4230] NSPIRE].

A. Denner, S. Dittmaier, S. Kallweit and S. Pozzorini, NLO QCD corrections to off-shell
top-antitop production with leptonic decays at hadron colliders, JHEP 10 (2012) 110
[arXiv:1207.5018] [INSPIRE].

J.M. Campbell and R.K. Ellis, Radiative corrections to Zbb production,

Phys. Rev. D 62 (2000) 114012 [hep-ph/0006304] [INSPIRE].

S. Frixione, P. Nason and B.R. Webber, Matching NLO QCD and parton showers in heavy
flavor production, JHEP 08 (2003) 007 [hep-ph/0305252] INSPIRE].

S. Alioli, K. Hamilton, P. Nason, C. Oleari and E. Re, Jet pair production in POWHEG,
JHEP 04 (2011) 081 [arXiv:1012.3380] INSPIRE].

J. Alwall et al., MadGraph/MadEvent vj: the new web generation, JHEP 09 (2007) 028
[arXiv:0706.2334] [INSPIRE].

R. Frederix, S. Frixione, F. Maltoni and T. Stelzer, Automation of next-to-leading order
computations in QCD: The FKS subtraction, JHEP 10 (2009) 003 [arXiv:0908.4272]
[INSPIRE].

M. Guzzi, K. Lipka and S.-O. Moch, The DiffTop documentation webpage,
https://difftop.hepforge.org/.

M. Beneke et al., Inclusive top-pair production phenomenology with TOPIXS,

JHEP 07 (2012) 194 [arXiv:1206.2454] NSPIRE].

M. Czakon, M.L. Mangano, A. Mitov and J. Rojo, Constraints on the gluon PDF from top
quark pair production at hadron colliders, JHEP 07 (2013) 167 [arXiv:1303.7215]
[INSPIRE].

D. Britzger et al., Generalization of the fastNLO approach to NNLO calculations, talk given
at the XXII International Workshop on Deep-Inelastic Scattering and Related Subjects,
April 28-May 2, Warsaw, Poland (2014).

FASTNLO collaboration, D. Britzger et al., New features in version 2 of the fastNLO
project, arXiv:1208.3641 [INSPIRE].

FASTNLO collaboration, M. Wobisch et al., Theory-data comparisons for jet measurements
in hadron-induced processes, arXiv:1109.1310 [INSPIRE].

T. Kluge, K. Rabbertz and M. Wobisch, FastNLO: fast pQCD calculations for PDF fits,
hep-ph/0609285 [NSPIRE].

HERAFitter web site, http://www.herafitter.org.

T. Carli et al., A posteriori inclusion of parton density functions in NLO QCD final-state
calculations at hadron colliders: the APPLGRID project, Eur. Phys. J. C 66 (2010) 503
[arXiv:0911.2985] [INSPIRE].

— 25 —


http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5675
http://dx.doi.org/10.1016/j.cpc.2010.12.040
http://arxiv.org/abs/1007.1327
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.1327
http://dx.doi.org/10.1103/PhysRevLett.106.052001
http://arxiv.org/abs/1012.3975
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3975
http://dx.doi.org/10.1007/JHEP02(2011)083
http://arxiv.org/abs/1012.4230
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4230
http://dx.doi.org/10.1007/JHEP10(2012)110
http://arxiv.org/abs/1207.5018
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5018
http://dx.doi.org/10.1103/PhysRevD.62.114012
http://arxiv.org/abs/hep-ph/0006304
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0006304
http://dx.doi.org/10.1088/1126-6708/2003/08/007
http://arxiv.org/abs/hep-ph/0305252
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0305252
http://dx.doi.org/10.1007/JHEP04(2011)081
http://arxiv.org/abs/1012.3380
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3380
http://dx.doi.org/10.1088/1126-6708/2007/09/028
http://arxiv.org/abs/0706.2334
http://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2334
http://dx.doi.org/10.1088/1126-6708/2009/10/003
http://arxiv.org/abs/0908.4272
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.4272
https://difftop.hepforge.org/
http://dx.doi.org/10.1007/JHEP07(2012)194
http://arxiv.org/abs/1206.2454
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.2454
http://dx.doi.org/10.1007/JHEP07(2013)167
http://arxiv.org/abs/1303.7215
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.7215
http://indico.cern.ch/event/258017/session/1/contribution/202
http://arxiv.org/abs/1208.3641
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3641
http://arxiv.org/abs/1109.1310
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.1310
http://arxiv.org/abs/hep-ph/0609285
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0609285
http://www.herafitter.org
http://dx.doi.org/10.1140/epjc/s10052-010-1255-0
http://arxiv.org/abs/0911.2985
http://inspirehep.net/search?p=find+J+Eur.Phys.J.,C66,503

[53] G.F. Sterman, Summation of large corrections to short distance hadronic cross-sections,

Nucl. Phys. B 281 (1987) 310 [inSPIRE].

[54] S. Catani and L. Trentadue, Resummation of the QCD perturbative series for hard
processes, Nucl. Phys. B 327 (1989) 323 [InSPIRE].

[55] S. Catani and L. Trentadue, Comment on QCD exponentiation at large x,
Nucl. Phys. B 353 (1991) 183 [InSPIRE].

[56] N. Kidonakis and G.F. Sterman, Resummation for QCD hard scattering,
Nucl. Phys. B 505 (1997) 321 [hep-ph/9705234] [INSPIRE].

[57] E. Laenen, G. Oderda and G.F. Sterman, Resummation of threshold corrections for single

particle inclusive cross-sections, Phys. Lett. B 438 (1998) 173 [hep-ph/9806467] [INSPIRE].

[58] R. Bonciani, S. Catani, M.L. Mangano and P. Nason, NLL resummation of the heavy quark

hadroproduction cross-section, Nucl. Phys. B 529 (1998) 424 [Erratum ibid. B 803 (2008)
234] [hep-ph/9801375] INSPIRE].

[59] N. Kidonakis, NNNLO soft-gluon corrections for the top-antitop pair production cross
section, Phys. Rev. D 90 (2014) 014006 [arXiv:1405.7046] [INSPIRE].

[60] N. Kidonakis, High order corrections and subleading logarithms for top quark production,
Phys. Rev. D 64 (2001) 014009 [hep-ph/0010002] [iNSPIRE].

[61] N. Kidonakis, E. Laenen, S. Moch and R. Vogt, Sudakov resummation and finite order
expansions of heavy quark hadroproduction cross-sections, Phys. Rev. D 64 (2001) 114001
[hep-ph/0105041] [INSPIRE].

[62] N. Kidonakis, A Unified approach to NNLO soft and virtual corrections in electroweak,

Higgs, QCD and SUSY processes, Int. J. Mod. Phys. A 19 (2004) 1793 [hep-ph/0303186]
[INSPIRE].

[63] N. Kidonakis and R. Vogt, Next-to-next-to-leading order soft gluon corrections in top quark

hadroproduction, Phys. Rev. D 68 (2003) 114014 [hep-ph/0308222] [INSPIRE].

[64] N. Kidonakis, Next-to-next-to-next-to-leading-order soft-gluon corrections in hard-scattering

processes near threshold, Phys. Rev. D 73 (2006) 034001 [hep-ph/0509079] [iINSPIRE].

[65] N. Kidonakis and R. Vogt, The theoretical top quark cross section at the Tevatron and the
LHC, Phys. Rev. D 78 (2008) 074005 [arXiv:0805.3844| INSPIRE].

[66] N. Kidonakis, NNLL resummation for s-channel single top quark production,
Phys. Rev. D 81 (2010) 054028 [arXiv:1001.5034] [INSPIRE].

[67) N. Kidonakis, Next-to-next-to-leading soft-gluon corrections for the top quark cross section

and transverse momentum distribution, Phys. Rev. D 82 (2010) 114030 [arXiv:1009.4935]

[INSPIRE].

[68] M. Czakon, A. Mitov and G.F. Sterman, Threshold resummation for top-pair
hadroproduction to next-to-next-to-leading log, Phys. Rev. D 80 (2009) 074017
[arXiv:0907.1790] INSPIRE].

[69] M. Neubert, Heavy quark symmetry, Phys. Rept. 245 (1994) 259 [hep-ph/9306320]
[INSPIRE].

[70] 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].

[71] 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] [NSPIRE].

— 26 —


http://dx.doi.org/10.1016/0550-3213(87)90258-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B281,310
http://dx.doi.org/10.1016/0550-3213(89)90273-3
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B327,323
http://dx.doi.org/10.1016/0550-3213(91)90506-S
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B353,183
http://dx.doi.org/10.1016/S0550-3213(97)00506-3
http://arxiv.org/abs/hep-ph/9705234
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9705234
http://dx.doi.org/10.1016/S0370-2693(98)00960-5
http://arxiv.org/abs/hep-ph/9806467
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9806467
http://dx.doi.org/10.1016/j.nuclphysb.2008.06.006
http://arxiv.org/abs/hep-ph/9801375
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9801375
http://dx.doi.org/10.1103/PhysRevD.90.014006
http://arxiv.org/abs/1405.7046
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7046
http://dx.doi.org/10.1103/PhysRevD.64.014009
http://arxiv.org/abs/hep-ph/0010002
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0010002
http://dx.doi.org/10.1103/PhysRevD.64.114001
http://arxiv.org/abs/hep-ph/0105041
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0105041
http://dx.doi.org/10.1142/S0217751X04018294
http://arxiv.org/abs/hep-ph/0303186
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0303186
http://dx.doi.org/10.1103/PhysRevD.68.114014
http://arxiv.org/abs/hep-ph/0308222
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0308222
http://dx.doi.org/10.1103/PhysRevD.73.034001
http://arxiv.org/abs/hep-ph/0509079
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0509079
http://dx.doi.org/10.1103/PhysRevD.78.074005
http://arxiv.org/abs/0805.3844
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.3844
http://dx.doi.org/10.1103/PhysRevD.81.054028
http://arxiv.org/abs/1001.5034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.5034
http://dx.doi.org/10.1103/PhysRevD.82.114030
http://arxiv.org/abs/1009.4935
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.4935
http://dx.doi.org/10.1103/PhysRevD.80.074017
http://arxiv.org/abs/0907.1790
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1790
http://dx.doi.org/10.1016/0370-1573(94)90091-4
http://arxiv.org/abs/hep-ph/9306320
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9306320
http://dx.doi.org/10.1103/PhysRevD.63.114020
http://arxiv.org/abs/hep-ph/0011336
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011336
http://dx.doi.org/10.1103/PhysRevD.65.054022
http://arxiv.org/abs/hep-ph/0109045
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0109045

[72]

[73]

[74]

M. Beneke, A.P. Chapovsky, M. Diehl and T. Feldmann, Soft collinear effective theory and
heavy to light currents beyond leading power, Nucl. Phys. B 643 (2002) 431
[hep-ph/0206152] [INSPIRE].

V. Ahrens, A. Ferroglia, M. Neubert, B.D. Pecjak and L.L. Yang, Threshold expansion at
order a for the tt invariant mass distribution at hadron colliders,
Phys. Lett. B 687 (2010) 331 [arXiv:0912.3375] [INSPIRE].

V. Ahrens, A. Ferroglia, M. Neubert, B.D. Pecjak and L.L. Yang, Renormalization-group
improved predictions for top-quark pair production at hadron colliders, JHEP 09 (2010) 097
[arXiv:1003.5827] [INSPIRE].

V. Ahrens, A. Ferroglia, M. Neubert, B.D. Pecjak and L.-L. Yang, RG-improved
single-particle inclusive cross sections and forward-backward asymmetry in tt production at
hadron colliders, JHEP 09 (2011) 070 [arXiv:1103.0550] [INSPIRE].

V. Ahrens et al., Precision predictions for the t +t production cross section at hadron
colliders, Phys. Lett. B 703 (2011) 135 [arXiv:1105.5824] [INSPIRE].

A. Ferroglia et al., The NNLO soft function for the pair invariant mass distribution of
boosted top quarks, JHEP 10 (2012) 180 [arXiv:1207.4798] [INSPIRE].

A. Ferroglia, B.D. Pecjak and L.L. Yang, Soft-gluon resummation for boosted top-quark
production at hadron colliders, Phys. Rev. D 86 (2012) 034010 [arXiv:1205.3662]
[INSPIRE].

A. Ferroglia, S. Marzani, B.D. Pecjak and L.L. Yang, Boosted top production: factorization
and resummation for single-particle inclusive distributions, JHEP 01 (2014) 028
[arXiv:1310.3836] INSPIRE].

N. Kidonakis and B.D. Pecjak, Top-quark production and QCD,
Eur. Phys. J. C 72 (2012) 2084 [arXiv:1108.6063] [INSPIRE].

N. Kidonakis and G.F. Sterman, Subleading logarithms in QCD hard scattering,
Phys. Lett. B 387 (1996) 867 [nSPIRE].

N. Kidonakis, Top quark production, arXiv:1311.0283 [INSPIRE].

T. Becher and M. Neubert, Infrared singularities of QCD amplitudes with massive partons,
Phys. Rev. D 79 (2009) 125004 [Erratum ibid. D 80 (2009) 109901] [arXiv:0904.1021]
[INSPIRE].

N. Kidonakis, Two-loop soft anomalous dimensions and NNLL resummation for heavy
quark production, Phys. Rev. Lett. 102 (2009) 232003 [arXiv:0903.2561] INSPIRE].

A. Mitov, G.F. Sterman and 1. Sung, The massive soft anomalous dimension matrix at two
loops, Phys. Rev. D 79 (2009) 094015 [arXiv:0903.3241] INSPIRE].

A. Mitov, G.F. Sterman and 1. Sung, Computation of the soft anomalous dimension matrixz
in coordinate space, Phys. Rev. D 82 (2010) 034020 [arXiv:1005.4646] INSPIRE].

M. Czakon and P. Fiedler, The soft function for color octet production at threshold,
Nucl. Phys. B 879 (2014) 236 [arXiv:1311.2541] InSPIRE].

P.M. Nadolsky et al., Implications of CTEQ global analysis for collider observables,
Phys. Rev. D 78 (2008) 013004 [arXiv:0802.0007] [INSPIRE].

A.D. Martin, W.J. Stirling, R.S. Thorne and G. Watt, Parton distributions for the LHC),
Eur. Phys. J. C 63 (2009) 189 [arXiv:0901.0002] [INSPIRE].

J. Gao et al., CT10 next-to-next-to-leading order global analysis of QCD,
Phys. Rev. D 89 (2014) 033009 [arXiv:1302.6246] INSPIRE].

— 27 —


http://dx.doi.org/10.1016/S0550-3213(02)00687-9
http://arxiv.org/abs/hep-ph/0206152
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0206152
http://dx.doi.org/10.1016/j.physletb.2010.03.048
http://arxiv.org/abs/0912.3375
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3375
http://dx.doi.org/10.1007/JHEP09(2010)097
http://arxiv.org/abs/1003.5827
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.5827
http://dx.doi.org/10.1007/JHEP09(2011)070
http://arxiv.org/abs/1103.0550
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.0550
http://dx.doi.org/10.1016/j.physletb.2011.07.058
http://arxiv.org/abs/1105.5824
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.5824
http://dx.doi.org/10.1007/JHEP10(2012)180
http://arxiv.org/abs/1207.4798
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4798
http://dx.doi.org/10.1103/PhysRevD.86.034010
http://arxiv.org/abs/1205.3662
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3662
http://dx.doi.org/10.1007/JHEP01(2014)028
http://arxiv.org/abs/1310.3836
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3836
http://dx.doi.org/10.1140/epjc/s10052-012-2084-0
http://arxiv.org/abs/1108.6063
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.6063
http://dx.doi.org/10.1016/0370-2693(96)01080-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B387,867
http://arxiv.org/abs/1311.0283
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.0283
http://dx.doi.org/10.1103/PhysRevD.79.125004
http://arxiv.org/abs/0904.1021
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.1021
http://dx.doi.org/10.1103/PhysRevLett.102.232003
http://arxiv.org/abs/0903.2561
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2561
http://dx.doi.org/10.1103/PhysRevD.79.094015
http://arxiv.org/abs/0903.3241
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3241
http://dx.doi.org/10.1103/PhysRevD.82.034020
http://arxiv.org/abs/1005.4646
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4646
http://dx.doi.org/10.1016/j.nuclphysb.2013.12.008
http://arxiv.org/abs/1311.2541
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2541
http://dx.doi.org/10.1103/PhysRevD.78.013004
http://arxiv.org/abs/0802.0007
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.0007
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.0002
http://dx.doi.org/10.1103/PhysRevD.89.033009
http://arxiv.org/abs/1302.6246
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.6246

[91]
[92]
[93]
[94]

[95]

[96]

[97]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

S. Alekhin, J. Bliimlein and S. Moch, Parton distribution functions and benchmark cross
sections at NNLO, Phys. Rev. D 86 (2012) 054009 [arXiv:1202.2281] INSPIRE].

ZEUS, H1 collaboration, A.M. Cooper-Sarkar, PDF fits at HERA, PoS(EPS-HEP2011) 320
[arXiv:1112.2107] [INSPIRE].

NNPDF collaboration, R.D. Ball et al., Parton distributions with LHC data,
Nucl. Phys. B 867 (2013) 244 [arXiv:1207.1303] [INSPIRE].

PARTICLE DATA GROUP collaboration, J. Beringer et al., Review of particle physics,
Phys. Rev. D 86 (2012) 010001 nSPIRE].

M. Guzzi, K. Lipka and S.-O. Moch, Top-quark production at the LHC: differential cross
section and phenomenological applications, PoS(DIS 2013)049 [arXiv:1308.1635]
[INSPIRE].

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

M. Dowling and S.-O. Moch, Differential distributions for top-quark hadro-production with
a running mass, Eur. Phys. J. C 74 (2014) 3167 [arXiv:1305.6422] [INSPIRE].

M. Botje, QCDNUM: fast QCD evolution and convolution,
Comput. Phys. Commun. 182 (2011) 490 [arXiv:1005.1481] [INSPIRE].

ATLAS collaboration, Statistical combination of top quark pair production cross-section
measurements using dilepton, single-lepton and all-hadronic final states at /s =7 TeV with
the ATLAS detector, ATLAS-CONF-2012-024 (2012).

ATLAS collaboration, Measurement of the top quark pair production cross section in the
single-lepton channel with ATLAS in proton-proton collisions at 8 TeV using kinematic fits
with b-tagging, ATLAS-CONF-2012-149 (2012).

CMS collaboration, Measurement of the tt production cross section in the dilepton channel
in pp collisions at /s =7 TeV, JHEP 11 (2012) 067 [arXiv:1208.2671] [INSPIRE].

CMS collaboration, Top pair cross section in dileptons, CMS-PAS-TOP-12-007 (2012).

CDF collaboration, Combination of CDF top quark pair production cross section
measurements with up to 4.6 fo—1, CDF Conference Note 9913 (2009).

H1, ZEUS collaboration, F.D. Aaron et al., Combined measurement and QCD analysis of
the inclusive eTp scattering cross sections at HERA, JHEP 01 (2010) 109
[arXiv:0911.0884] INSPIRE].

CMS collaboration, Measurements of inclusive W and Z cross sections in pp collisions at
Vs =17 TeV, JHEP 01 (2011) 080 [arXiv:1012.2466] [INSPIRE].

CMS collaboration, Measurement of the muon charge asymmetry in inclusive pp — W + X
production at /s = 7 TeV and an improved determination of light parton distribution
functions, Phys. Rev. D 90 (2014) 032004 [arXiv:1312.6283] INSPIRE].

R.S. Thorne, A variable-flavor number scheme for NNLO, Phys. Rev. D 73 (2006) 054019
[hep-ph/0601245] [INSPIRE.

M. Czakon and A.D. Mitov, Top pair production, talk given at the Topical workshop on top
quark differential distributions (TOP2014), September 26-28, Cannes, France (2014).

— 28 —


http://dx.doi.org/10.1103/PhysRevD.86.054009
http://arxiv.org/abs/1202.2281
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.2281
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(EPS-HEP2011)320
http://arxiv.org/abs/1112.2107
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.2107
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1303
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://inspirehep.net/search?p=find+J+Phys.Rev.,D86,010001
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(DIS 2013)049
http://arxiv.org/abs/1308.1635
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1635
http://dx.doi.org/10.1103/PhysRevD.89.054028
http://arxiv.org/abs/1310.3059
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3059
http://dx.doi.org/10.1140/epjc/s10052-014-3167-x
http://arxiv.org/abs/1305.6422
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.6422
http://dx.doi.org/10.1016/j.cpc.2010.10.020
http://arxiv.org/abs/1005.1481
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.1481
http://cds.cern.ch/record/1430733
http://cds.cern.ch/record/1493488
http://dx.doi.org/10.1007/JHEP11(2012)067
http://arxiv.org/abs/1208.2671
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2671
http://cds.cern.ch/record/1462235
http://dx.doi.org/10.1007/JHEP01(2010)109
http://arxiv.org/abs/0911.0884
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.0884
http://dx.doi.org/10.1007/JHEP01(2011)080
http://arxiv.org/abs/1012.2466
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.2466
http://dx.doi.org/10.1103/PhysRevD.90.032004
http://arxiv.org/abs/1312.6283
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.6283
http://dx.doi.org/10.1103/PhysRevD.73.054019
http://arxiv.org/abs/hep-ph/0601245
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0601245

	Introduction
	Probing the proton structure through t bar-t production
	Threshold resummation techniques

	Single particle kinematic 
	Overview of the threshold resummation calculation 
	Sensitivity of t bar-t production to PDF-related aspects of QCD 
	Cross sections of t bar-t production at approximate NNLO obtained with different PDFs
	QCD analysis using the t bar-t production measurements

	Summary and conclusions
	Comparison with other PDF sets

