
EW Corrections in Top-Quark Physics 
part II

Davide Pagani 
Ischia, Italy 

Top2015 - 8th International Workshop on Top Quark Physics 
17-09-2015 



OUTLINE

         and             at NLO QCD (V radiation is EW!) 
- Completely automated results and total cross section energy dependence 
- Asymmetries in          at NLO in QCD     

NLO QCD and EW corrections to       ,  (                         )  
- Completely automated results at 8, 13, 100 TeV and in a boosted regime 

Single top and its pathologies 

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as
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In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).
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after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of 26,27. At the LHC, the relative importance of uū versus dd̄ annihilation
is approximately 2 : 1, thus reducing fQED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.

3 SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions

Alab =
N(yt > 0)−N(yt < 0)

N(yt > 0) +N(yt < 0)
=

N(yt > 0)−N(yt̄ > 0)

N(yt > 0) +N(yt̄ > 0)
, (3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt−yt̄, which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
. (4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame2 because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.
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Figure 1: Cut diagrams representing the QCD contribution to the charge asymmetry.

Diagrams similar to those depicted in Fig. 1, where one of the gluons has been substituted by
a photon, also lead to a contribution to the charge asymmetry from mixed QED-QCD corrections.
The relative factor between QCD and QED asymmetries amounts to
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after convolution with the PDFs if one considers as a first approximation that the relative impor-
tance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement of nearly
twenty percent of the QCD asymmetry, in good agreement with the more detailed numerical stud-
ies of [18, 19]. At the LHC, the relative importance of uū versus dd̄ annihilation is approximately
2 : 1, thus reducing fQED by a factor 5/7 down to 0.13. Similarly, weak contributions with the
photon replaced by the Z boson should be considered at the same footing. However, as a con-
sequence of the cancellation between up and down quark contributions, and the smallness of the
weak coupling, the weak corrections at the Tevatron are smaller by more than a factor 10 than
the corresponding QED result. For proton-proton collisions the cancellation between up and down
quark contributions is even stronger and the total weak correction is completely negligible.

3. Tevatron

Assuming that the rapidities of t and t̄ have been measured simultaneously, one defines the
asymmetry

Att̄ (Y ) =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

, (3.1)

where Y = (yt + yt̄)/2 has been fixed. An almost flat asymmetry Att̄(Y ) of around 8% is predicted
at Tevatron as a function of Y (Fig. 2 left). Two versions of the integrated asymmetry have been
introduced in Refs. [2, 3, 4]: the forward–backward asymmetry in the laboratory frame

Alab =
N(yt > 0)−N(yt < 0)
N(yt > 0)+N(yt < 0)

=
N(yt > 0)−N(yt̄ > 0)
N(yt > 0)+N(yt̄ > 0)

, (3.2)
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Figure 2: Pair charge asymmetry Att̄(Y ) as a function of the mean rapidity Y = (yt + yt̄)/2. Solid line:
without cut on ptt̄⊥, dotted/dashed lines: with cut on p

tt̄
⊥.

Table 1: Predicted asymmetries in the laboratory Alab and the tt̄ rest frame Att̄ at Tevatron. Predictions
are given also for samples with the top quark pair invariant mass mtt̄ above and below 450 GeV, and with
|Δy|= |yt − yt̄ | larger or smaller than one in the tt̄ rest frame.

laboratory Alab mtt̄ < 450 GeV mtt̄ > 450 GeV
SM 0.056 (7) 0.029 (2) 0.102 (9)

MCFM [8] 0.038 (6)
tt̄ rest frame Att̄ mtt̄ < 450 GeV mtt̄ > 450 GeV |Δy|< 1 |Δy|> 1

SM 0.087 (10) 0.062 (4) 0.128 (11) 0.057 (4) 0.193 (15)
MCFM [8] 0.058 (9) 0.040 (6) 0.088 (13) 0.039 (6) 0.123 (18)

and the asymmetry in the tt̄ rest frame

Att̄ =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

. (3.3)

Results for both of them in the SM are listed in Table 1. These predictions include also the QED
and weak (strongly suppressed) corrections. Those corrections enhance the QCD asymmetry by
an overall factor 1.21, which is slightly different from Eq. (2.2) due to the deviation of the relative
amount of uū and dd̄ contributions from the simple approximation 4 : 1.

In order to compare theoretical results in the SM with the most recent measurements at Teva-
tron, predictions in Table 1 are presented also for samples withmtt̄ larger and smaller than 450 GeV,
and with |Δy| = |yt − yt̄ | larger and smaller than 1. It is also interesting to compare these results
with those based on a Monte Carlo prediction [8] based on MCFM [22]. The enhancement factor
of the SM result in Table 1 compared to MCFM of about 1.5 is easily understood: a factor 1.2 orig-
inates from the inclusion of QED effects. Another factor of about 1.3 originates from normalizing
with respect to the Born cross-section instead of the NLO result. Since the asymmetric part of the
cross-section is presently known to LO only we consider the normalization to the LO cross-section
more plausible [3, 4, 15, 16].
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Table 2: SM cut-independent charge asymmetries Aη and Ay, and integrated pair charge asymmetry
Acuttt̄ (Ycut = 0.7), at different LHC energies. Summary of recent measurements by CMS and ATLAS.

AηC AyC Acuttt̄ (Ycut = 0.7)
LHC 7 TeV 0.0136 (8) 0.0115 (6) 0.0203 (8)
LHC 14 TeV 0.0077 (4) 0.0059 (3) 0.0100 (4)
LHC 7 TeV CMS [23] -0.016 ± 0.030 +0.010

−0.019 -0.013 ± 0.026 +0.026
−0.021

LHC 7 TeV ATLAS [24] -0.024 ± 0.016 ± 0.023

than AinC at large values of the rapidity cut yC [18]. This is because the central region is dominated
by gluon fusion processes, while the sample with large rapidities has a larger relative content of
qq̄ initiated events. The statistical significance of both observables is, however, very similar [27]
because the larger size of the asymmetry AoutC with respect to AinC is compensated by the lower rate
of events at larger rapidities.

The recent CMS [23] and ALTAS [24] analysis have considered also the cut-independent
charge asymmetries

AηC =
N(Δη > 0)−N(Δη < 0)
N(Δη > 0)+N(Δη < 0)

and AyC =
N(Δy > 0)−N(Δy < 0)
N(Δy > 0)+N(Δy < 0)

, (4.2)

where Δη = |ηt |− |ηt̄ | and Δy = |yt |− |yt̄ | or y2t − y2t̄ . The SM predictions for the integrated asym-
metries are listed Table 2 for different center-of-mass energies of the LHC, together with the experi-
mental results for

√
s= 7 TeV. Both experiments obtain negative asymmetries, although compatible

with the SM prediction within uncertainties. New analysis with larger statistics are underway.
Top quark production in proton-proton collisions is dominated by gluon fusion, which, in

turn, is dominant in the central region. Conversely, quark-antiquark annihilation will be more
enriched for events with tt̄ at larger rapidities (and larger mtt̄). This suggest to employ the definition
of Eq. (3.1), which is essentially the asymmetry in the tt̄ rest frame, also for the present case,
and concentrate on tt̄ events at large rapidities. The prediction for Att̄(Y ) is shown in Fig. 2 for√
s = 7 TeV (right plot). By construction, Att̄(Y ) is now an antisymmetric function of Y . Since

most of the charge asymmetry is concentrated at large rapidities the statistical significance of any
measurement will be enhanced, if the sample is restricted to larger rapidities. Let us therefore
define the quantity

Acuttt̄ (Ycut) =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

, (4.3)

where Y > Ycut. Theoretical predictions in the SM for Acuttt̄ (Ycut = 0.7) are presented in Table 2.
QED and weak corrections amount to roughly a factor 1.1.

5. Summary

Tevatron has shown in the last years a systematic upward discrepancy in the measurement of
the top quark charge asymmetry with respect to theoretical predictions in the SM. These discrepan-
cies have triggered a large number of theoretical speculations about possible contributions beyond
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Table 2: SM cut-independent charge asymmetries Aη and Ay, and integrated pair charge asymmetry
Acuttt̄ (Ycut = 0.7), at different LHC energies. Summary of recent measurements by CMS and ATLAS.

AηC AyC Acuttt̄ (Ycut = 0.7)
LHC 7 TeV 0.0136 (8) 0.0115 (6) 0.0203 (8)
LHC 14 TeV 0.0077 (4) 0.0059 (3) 0.0100 (4)
LHC 7 TeV CMS [23] -0.016 ± 0.030 +0.010

−0.019 -0.013 ± 0.026 +0.026
−0.021

LHC 7 TeV ATLAS [24] -0.024 ± 0.016 ± 0.023

than AinC at large values of the rapidity cut yC [18]. This is because the central region is dominated
by gluon fusion processes, while the sample with large rapidities has a larger relative content of
qq̄ initiated events. The statistical significance of both observables is, however, very similar [27]
because the larger size of the asymmetry AoutC with respect to AinC is compensated by the lower rate
of events at larger rapidities.

The recent CMS [23] and ALTAS [24] analysis have considered also the cut-independent
charge asymmetries

AηC =
N(Δη > 0)−N(Δη < 0)
N(Δη > 0)+N(Δη < 0)

and AyC =
N(Δy > 0)−N(Δy < 0)
N(Δy > 0)+N(Δy < 0)

, (4.2)

where Δη = |ηt |− |ηt̄ | and Δy = |yt |− |yt̄ | or y2t − y2t̄ . The SM predictions for the integrated asym-
metries are listed Table 2 for different center-of-mass energies of the LHC, together with the experi-
mental results for

√
s= 7 TeV. Both experiments obtain negative asymmetries, although compatible

with the SM prediction within uncertainties. New analysis with larger statistics are underway.
Top quark production in proton-proton collisions is dominated by gluon fusion, which, in

turn, is dominant in the central region. Conversely, quark-antiquark annihilation will be more
enriched for events with tt̄ at larger rapidities (and larger mtt̄). This suggest to employ the definition
of Eq. (3.1), which is essentially the asymmetry in the tt̄ rest frame, also for the present case,
and concentrate on tt̄ events at large rapidities. The prediction for Att̄(Y ) is shown in Fig. 2 for√
s = 7 TeV (right plot). By construction, Att̄(Y ) is now an antisymmetric function of Y . Since

most of the charge asymmetry is concentrated at large rapidities the statistical significance of any
measurement will be enhanced, if the sample is restricted to larger rapidities. Let us therefore
define the quantity

Acuttt̄ (Ycut) =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

, (4.3)

where Y > Ycut. Theoretical predictions in the SM for Acuttt̄ (Ycut = 0.7) are presented in Table 2.
QED and weak corrections amount to roughly a factor 1.1.

5. Summary

Tevatron has shown in the last years a systematic upward discrepancy in the measurement of
the top quark charge asymmetry with respect to theoretical predictions in the SM. These discrepan-
cies have triggered a large number of theoretical speculations about possible contributions beyond

6

Same mechanisms at the matrix level for Tevatron and the LHC 



In this work we reevaluated all the contributions that are presented in in the last term of (8).
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
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]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry
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At LO partonic processes are not asymmetric. 
QCD produces the asymmetry only at NLO! 
NLO in the cross-section, LO in AFB 

2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.
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The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry
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2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3
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+
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1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

q

q

t

t

q

g

g

t

q

q

t

t

q

g

g

t

Figure 2: Boxes QCD

for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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Figure 3: Real emissions of gluon

initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.
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The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3
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sαD̃1 + · · ·

= αs
N1
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+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

gg initial state does not contribute to Tevatron and LHC asymmetry numerator! 
 q-qbar QCD contribution only from interactions between initial and final state! 



2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=
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sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·
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N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

It is useful to divide the electroweak contribution into 
a QED (photon) and a weak (Z) part. 

QED The QED contribution can be easily obtained from the QCD calculation and the 
substitution of one gluon into one photon in the squared amplitudes. 
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Figure 4: Three different way of replacing one gluon with a photon in the propagator of the
interference of Fig. 2 and qq̄ → g → tt̄

averaging in the initial state we find that
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=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
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g6s
9
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Tr
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]
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F tt̄
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{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.

|Mtt̄g|
2

O(α2
sα),asym

|Mtt̄g|
2

O(α3
s),asym

=
2Re

(

Mtt̄g
O(α

√
αs)

Mtt̄g ∗
O(αs

√
αs)

)

asym

∣

∣Mtt̄g
O(αs

√
αs)

∣

∣

2

asym

=
F tt̄g
QED(αs,α, Qt, Qq)

F tt̄g
QCD(αs)

(12)

5

q

q

t

tγ

q

q

t

t

q

g

g

t

q

q

t

t

q

g

g

t

q

q

t

tg

q

q

t

t

q

γ

g

t

q

q

t

t

q

γ

g

t

q

q

t

tg

q

q

t

t

q

g

γ

t

q

q

t

t

q

g

γ

t

Figure 4: Three different way of replacing one gluon with a photon in the propagator of the
interference of Fig. 2 and qq̄ → g → tt̄

averaging in the initial state we find that

|Mtt̄|
2

O(α2
sα),asym

|Mtt̄|
2

O(α3
s),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(10)
where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2 (11a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq (11b)

In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40
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4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
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∆y = yt − yt̄ (2)
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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Figure 3: Real emissions of gluon

initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible

4

In this work we reevaluated all the contributions that are presented in in the last term of (8).

q

q

t

tγ
q

q

t

tZ

q

q

t

tg

g

g

t

tg

g

g

t

t
t

g

g

t

tt

Figure 1: Born diagrams

In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3



2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
to distinguish which subprocesses can give rise to contribution to AFB .
Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
the denominator in AFB (total cross section) is O(α2

s) at leading order. The numerator is instead
O(α3

s) at LO, indeed gg → tt̄ and qq̄ → tt̄ with q ̸= u, d are excluded by (6) and uū(dd̄) → tt̄
partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
q ̸= u, d doesn’t depend on the perturbative order, so thanks to (6) we can exclude these partonic
processes for the next calculations1.
Writing the numerator and the denominator of AFB in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (7)

The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
denominator and the O(α3

s) term in the numerator.
We can also rewrite N and D including EW corrections, and the leading contribution (excluding
the O(α2

s) terms) are

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (8)

1We know that there are PDFs with s(x) ̸= s̄(x), but the effect is negligible.

2

It is useful to divide the electroweak contribution into 
a QED (photon) and a weak (Z) part. 

QED The QED contribution can be easily obtained from the QCD calculation and the 
substitution of one gluon into one photon in the squared amplitudes. 
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averaging in the initial state we find that
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where F tt̄

QED and F tt̄
QCD don’t depend on external momenta and helicities. We reexamined the

calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
(F tt̄

QCD) and QED (F tt̄
QED) cases, and obtain the ratio of them.
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In F tt̄
QCD there are two different color structures and the result depends on d2 = dABCdABC = 40

3

that arises from Tr(tAtBtC) = 1
4 (if

ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.
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calculations and we found that, in front of the QED part of the formula shown in [8], there should
be an overall factor three, which comes from the three different replacements of the gluon propagator
(Fig. 4). Following their argument we can identify the color structure and the couplings of QCD
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QED) cases, and obtain the ratio of them.
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that arises from Tr(tAtBtC) = 1
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ABC+dABC), F tt̄
QED instead depends on the charges of incoming

quarks (Qq) and top (Qt), ntt̄ = 3 due to the three cases shown in Fig. 4.
Also qq̄ → tt̄g and qq̄ → tt̄γ subprocess can be evaluated through the results obtained for qq̄ → tt̄g
in the QCD case and the substitution of a gluon with a photon.
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QED and F tt̄γ
QED are related to F tt̄
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QED by simple equations.

F tt̄g
QCD = F tt̄

QCD F tt̄g
QED =

2

3
F tt̄
QED F tt̄γ

QED =
1

3
F tt̄
QED (14a)

F tt̄
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QED (14b)

The first equation in (14a) is trivial, we couldn’t get the cancellation of the infrared singularity
without it. The same arguments applies also to equation (14b) that underlines how infrared finite-
ness for QED corrections can be obtained only combining tt̄, tt̄g and tt̄γ final states.
The O(α2

sα) of qq̄ → tt̄g comes from the interference of qq̄ → g → tt̄g (Fig. 3) and qq̄ → γ → tt̄g
(Fig. 5). This terms can be obtained from the results calculated in the QCD case, with the replace-
ment of one gluonic propagator with a photonic one and the right couplings, as we did in the case of
qq̄ → tt̄. The only difference is the number of replaceable gluonic propagators in the interferences
term: in the qq̄ → tt̄g case they are only two and not three.
The O(α2

sα) of qq̄ → tt̄γ comes from the squared module of the sum of qq̄ → g → tt̄γ diagrams
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(Fig. 6), and again its value can be obtained by the QCD case of the different process qq̄ → tt̄g.
In this case the particle replaced in the amplitudes is not virtual but real, so there is a one-to-one
relation between diagrams involved in QCD and QED cases.
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for the emission of gluon with mass λ and Eg < ∆E. These soft gluon terms must include only the
interference of initial and final state gluon to cancel the IR-divergence of the box, anyway the price
we pay is a dependence on ∆E. In the case of the real emission of gluon only the interference of
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
and combining the result with soft gluon emission and loop correction, we finally obtain the total
effect of the O(α3

s) of the inclusive production of tt̄ induced by qq̄, independent of ∆E.
qg → tt̄q and q̄g → tt̄q̄ tree level diagram are the same of qq̄ → tt̄g with ingoing q̄(q) and outgoing
g crossed, so it’s easy to understand how asymmetric term can arise, but its contribution to AFB

is numerically negligible.

In order to analyze the O(α2
sα) it’s useful to divide QED corrections from the pure weak ones. In

the QED sector we obtain contributions to O(α2
sα) of N from three6 partonic processes: qq̄ → tt̄,

qq̄ → tt̄g and qq̄ → tt̄γ. If we start from the first case, we find that it can be calculated simply
substituting with a photon propagator one of the three gluon propagator that appears in the O(α3

s)
interference of boxes and tree level amplitudes.
The only differences between the calculation of O(α3

s) and of QED O(α2
sα) are the couplings and

the presence of SU(3) generators in the vertexes, so summing over color in the final state and

5These diagram are shown in Fig. 3, also a diagram with the trigluon vertex can be drawn, but it doesn’t give
any contribution to AFB

6Also γq → tt̄q and γq̄ → tt̄q̄ can contribute, but their contribution is negligible
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initial and final state radiation gives asymmetric term5, so demanding hard gluon with Eg > ∆E
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In this work we reevaluated all the contributions that are presented in in the last term of (8).
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In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.

dσasym

d cos θ
= 2πα2 cos θ

(

1−
4m2

t

s

)[

κ
QqQtAqAt

(s−M2
Z)

+ 2κ2AqAtVqVt
s

(s−M2
Z)

2

]

(9)

κ =
1

4 sin2(θW ) cos2(θW )
Vq = T 3

q − 2Qq sin
2(θW ) Aq = T 3

q

The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

#(QED  diagrams) 
= 

3 #(QCD  diagrams)



QED corrections can be obtained 
from QCD × RQED
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2 Theoretical prevision

Before starting the analysis of the non-vanishing partonic contributions to AFB , it’s worth noting
that the initial state pp̄ is basic to get:

App̄
FB = App̄

C =
σ(yt > 0)− σ(yt̄ > 0)

σ(yt > 0) + σ(yt̄ > 0)
(5a)

AFB ̸= 0 (5b)

Under a CP transformation a top quark with rapidity y becomes an antitop with asymmetry −y
so, assuming CP conserving interactions, (5a) is true thanks to the CP symmetric initial state.
Obviously also an Att̄

C charge asymmetry can be defined and Att̄
FB = Att̄

C .
In the case of pp collision the initial state is not only non-invariant under CP, it doesn’t exhibit a
preferred direction along the axis of the collision, so AFB it would be trivially equal to zero.
It is useful, for the analysis of AFB in the pp̄ case, to see in a more detailed way why (5b) is not true
in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
can be born with p1(p2) coming from the first(second) hadron H1(H2) or from H2(H1). Given a
kinematic configuration of p1p2 → tt̄+X , if it contributes to σ(yt > 0) in the H1(H2) configuration
it contributes with the same partonic weight also to σ(yt < 0) in the H2(H1) configuration. So the
total contribution to App̄

FB is non vanishing only if the weight coming from the parton distributions
is different, that is if:

fp1,H1
(x1)fp2,H2

(x2) ̸= fp1,H2
(x1)fp2,H1

(x2) (6)

where fpi,Hj
(xi) is the parton distribution of the parton pi in the hadron Hj . The same argument

applies also to Att̄
FB with or without cuts on Mtt̄ or ∆y .

At LHC H1 = H2 so AFB is equal to zero, at Tevatron (6) is not generally true but it can be used
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Now we can start to look at the partonic subprocesses that generate a tt̄ pair. At the Born order the
partonic processes are qq̄ → tt̄ and gg → tt̄ so, if we forget for a moment electroweak interactions,
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s) at leading order. The numerator is instead
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partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
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in the pp collision. The hadronic collision is constituted by partonic subprocesses p1p2 → tt̄+X that
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partonic cross section is symmetric under yt → −yt. The exclusion of gg → tt̄ and qq̄ → tt̄ with
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The terms up to 1 loop have been already calculated (D0, D1, N1), instead only some parts of
N2 are known. The inclusion of the N1D1/D0 term without N2 could worsen the perturbative
approximation of the exact result, so we are allowed to use only the Born cross section in the
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In this work we reevaluated all the contributions that are presented in in the last term of (8).

q

q

t

tγ
q

q

t

tZ

q

q

t

tg

g

g

t

tg

g

g

t

t
t

g

g

t

tt

Figure 1: Born diagrams

In Fig. 1 all the tree level diagrams of the subprocesses qq̄ → tt̄ and gg → tt̄ are shown2. From the
squared modules |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 we obtainD0 the LO cross section, from |Mqq̄→γ→tt̄+

Mqq̄→Z→tt̄|
2 instead we get the O(α2) term of the numerator of AFB. Indeed the cross section

obtained by s-channel γ, Z amplitudes contains a term (9) that contributes to AFB thanks to the
different couplings of Z with different chiralities.
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The interference of qq̄ → γ, Z → tt̄ and qq̄ → g → tt̄ is zero because the color structure, so we don’t
have O(αsα) terms3 in N and D.

The O(α3
s) terms that contributes to N come from four partonic processes: qq̄ → tt̄, qq̄ → tt̄g,

qg → tt̄q and q̄g → tt̄q̄. In the first case these corrections comes from the interference of the 1-loop
corrections of QCD and the Born amplitude, in the other ones simply from the tree level amplitude.
All the vertex and self-energies 1-loop correction don’t generate any asymmetric term, so only the
boxes are relevant for our purpose (Fig. 2). Box integrals don’t produce ultraviolet and collinear
divergences, only infrared singularities can arise. After regularization through a mass term λ for
the gluon4, the dependence of the result on λ can be cancelled adding soft gluon terms that account

2Higgs s-channel is completely negligible
3qq̄ → tt̄ presents O(α) W mediated t-channel diagrams leading to non-vanishing contribution to the O(αsα) of

N (with q = d) and D (with q = d, s, b). Unfortunately, this term are strongly suppressed by CKM matrix (with
q = d, s) or by parton distributions (with q = b).

4We don’t have trigluon vertex, so we don’t break the gauge symmetry

3

Different couplings for different 
chiralities produce asymmetric 
terms in the cross section
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Finally we see, thanks to the relations (14), that the O(α2
sα) of QED for qq̄ → tt̄ +X is equal to

the O(α3
s) times RQED(Qq)

RQED(Qq) =
αÑQED

1

αsN1
=

F tt̄
QED

F tt̄
QCD

= QqQt
36

5

α

αs
(15)

The pure weak contribution to the O(α2
sα) is depicted by the same diagrams of qq̄ → tt̄ and qq̄ → tt̄g

in the QED case, but with the photon substituted by Z. We aren’t able anymore to express their
contributions through the QCD result and a simple Rweak factor, indeed now the replacement of a
gluon with a Z introduces the mass of Z in the propagators. We could neglect the mass of Z for

the qq̄ → tt̄g case because the ratio of m2
Z and the threshold is very small ( m2

Z

4m2
t
= 0.06), but in

the boxes amplitude the virtuality of Z is not constrained, so the loop integral is different from the
QED case. We can only repeat the calculation following the phase space slicing method exposed
for the O(α3

s) case.
It’s worth noting that also qq̄ → tt̄Z could contribute to this order, but here this process is ignored
because its value is very tiny (10−5 in AFB) due to the effect of mZ in the phase space integration.
The same argument applies to ud̄ → tt̄W+ and Higgs radiation.
We could expect that also one loop weak corrections to the qq̄g vertex (iΛµ) give rise to contribution
to AFB , but they don’t. Looking at the terms that can appear in iΛµ:

iΛµ = −igst
A α

4π

[

γµFV + γµγ5GA +
(pq̄ − pq)µ

2mq
FM + (pq̄ + pq)µγ5GE

]

(16)

we can see that, in the interference with Born amplitude, terms proportional to GE and GA vanish
and obviously γµFV doesn’t contribute to AFB, otherwise also O(α2

s) would be relevant. In [9] we
see that also the term proportional to FM vanishes in the AFB calculation.

3 Numerical results

All the numerical results have been calculated with the help of Feynarts [10] and Formcalc[11] and
using the phase space slicing method . The values of the physical input parameter are:

α−1 = 137.035 mt = 172.0 GeV mZ = 91.1875 GeV mW = 80.399 GeV (17)

We chose MRST2004QED parton distributions for NLO calculations and MRST2001LO for LO,
but the values of αs(µ) given by the two distributions is different for fixed µ, so we used αs(µ) of
MRST2004QED also for the evaluation of the cross sections at LO [5]. The same value (µ) was
used also for the factorization scale, and numerical results are presented with three different scale
(µ = mt/2,mt, 2mt). In Tab. 1 there are the results obtained for the cross sections, that is the
denominator of AFB. The different terms in the numerator of Att̄

FB and App̄
FB are listed7 in Tab. 3

and the correspondent contributions to the asymmetry in Tab. 4.
The QED part of the O(α2

sα) was easily obtained from O(α3
s) thanks to (15), and the values

used for µ = (mt/2,mt, 2mt) are

Ruū
QED = (0.192, 0.214, 0.237) Rdd̄

QED = (−0.096,−0.107,−0.119) (18)

7All the calculations have been done using
√
s = 1.96 TeV in the hadronic collisions. Using 2 TeV the changes

are negligible in Tab. 4, but not in Tab. 1 and Tab. 3
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we can see that, in the interference with Born amplitude, terms proportional to GE and GA vanish
and obviously γµFV doesn’t contribute to AFB, otherwise also O(α2

s) would be relevant. In [9] we
see that also the term proportional to FM vanishes in the AFB calculation.

3 Numerical results

All the numerical results have been calculated with the help of Feynarts [10] and Formcalc[11] and
using the phase space slicing method . The values of the physical input parameter are:
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We chose MRST2004QED parton distributions for NLO calculations and MRST2001LO for LO,
but the values of αs(µ) given by the two distributions is different for fixed µ, so we used αs(µ) of
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FB are listed7 in Tab. 3

and the correspondent contributions to the asymmetry in Tab. 4.
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s) thanks to (15), and the values
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7All the calculations have been done using
√
s = 1.96 TeV in the hadronic collisions. Using 2 TeV the changes

are negligible in Tab. 4, but not in Tab. 1 and Tab. 3
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              QED is the dominant contribution of the electroweak corrections. 
 It is stable under factorization and renormalization scale variation. 

yield contributions to AFB which are numerically not important [5].
In order to analyze the electroweak O(α2

sα) terms, it is useful to separate the QED contributions
involving photons from the weak contributions with Z bosons. In the QED sector we obtain the
O(α2

sα) contributions to N from three classes of partonic processes: qq̄ → tt̄, qq̄ → tt̄g and qq̄ → tt̄γ.
The first case is the virtual-photon contribution, which can be obtained from the QCD analogue,
namely the O(α3

s) interference of box and tree-level amplitudes, by substituting successively each
one of the three internal gluons by a photon, as displayed in Figure 4.
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Figure 4: Different ways of QED–QCD interference at O(α2
sα)

The essential differences between the calculation of the O(α3
s) and of QED O(α2

sα) terms are
the coupling constants and the appearance of the SU(3) generators in the strong vertices. Summing
over color in the final state and averaging in the initial state we find for the virtual contributions
to the antisymmetric cross section the following ratio,

|Mtt̄|
2

O(α2
s
α),asym

|Mtt̄|
2

O(α3
s
),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s
)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s
)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(8)
that can be expressed in terms of two factors F tt̄

QED and F tt̄
QCD depending only on coupling constants

and color traces,

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2, (9a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq. (9b)

F tt̄
QCD contains two different color structures and the result depends on d2 = dABCdABC = 40

3 ,

which arises from Tr(tAtBtC) = 1
4 (if

ABC + dABC). F tt̄
QED instead depends on the charges of the

incoming quarks (Qq) and of the top quark (Qt), together with ntt̄ = 3 corresponding to Figure 4.
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 u and d have different charges: contributions of opposite sign for  
!

(a) Att̄
FB

Att̄
FB µ = mt/2 µ = mt µ = 2mt

O(α3
s) uū 7.01% 6.29% 5.71%

O(α3
s) dd̄ 1.16% 1.03% 0.92%

O(α2
sα)QED uū 1.35% 1.35% 1.35%

O(α2
sα)QED dd̄ -0.11% -0.11% -0.11%

O(α2
sα)weak uū 0.16% 0.16% 0.16%

O(α2
sα)weak dd̄ -0.04% -0.04% -0.04%

O(α2) uū 0.18% 0.23% 0.28%

O(α2) dd̄ 0.02% 0.03% 0.03%

tot pp̄ 9.72% 8.93% 8.31%

(b) App̄
FB

App̄
FB µ = mt/2 µ = mt µ = 2mt

O(α3
s) uū 4.66% 4.19% 3.78%

O(α3
s) dd̄ 0.75% 0.66% 0.59%

O(α2
sα)QED uū 0.90% 0.90% 0.90%

O(α2
sα)QED dd̄ -0.07% -0.07% -0.07%

O(α2
sα)weak uū 0.10% 0.10% 0.10%

O(α2
sα)weak dd̄ -0.03% -0.03% -0.03%

O(α2) uū 0.11% 0.14% 0.17%

O(α2) dd̄ 0.01% 0.02% 0.02%

tot pp̄ 6.42% 5.92% 5.43%

Table 4: Individual and total contributions to Att̄
FB and App̄
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- RQED depend only on the 
renormalization scale, not on 
AFB definitions and cuts. 
(with fixed scales)  
!
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σ(pb) µ = mt/2 µ = mt µ = 2mt

uū 6.245 4.454 3.355

dd̄ 1.112 0.777 0.575

ss̄ 1.37× 10−2 9.60× 10−3 0.706 × 10−2

cc̄ 2.24× 10−3 1.69× 10−3 1.32× 10−3

gg 0.617 0.378 0.248

pp̄ 7.990 5.621 4.187

Table 1: Integrated cross sections at O(α2
s) from the various partonic channels

AFB are

Rtt̄
EW =

N tt̄
O(α2

s
α)+O(α2)

N tt̄
O(α3

s
)

= (0.190, 0.220, 0.254),

Rpp̄
EW =

Npp̄
O(α2

s
α)+O(α2)

Npp̄
O(α3

s
)

= (0.186, 0.218, 0.243), (14)

which are larger than the estimate of 0.09 given in [5]. This shows that the electroweak contribution
provides a non-negligible fraction of the QCD-based antisymmetric cross section with the same
overall sign, thus enlarging the Standard Model prediction for the asymmetry (the electroweak
O(α2

sα) contribution of uū → tt̄ to the asymmetry is even bigger than the O(α3
s) contribution of

dd̄ → tt̄).
The final result for the two definitions of AFB can be summarized as follows,

Att̄
FB = (9.7, 8.9, 8.3)%, App̄

FB = (6.4, 5.9, 5.4)%. (15)

Figure 7 displays the theoretical prediction versus the experimental data. The prediction is
almost inside the experimental 1σ range for Att̄

FB and inside the 2σ range for App̄
FB . It is important

to note that the band indicating the scale variation of the prediction does not account for all the
theoretical uncertainties. For example, the O(α4

s) term in N is missing, and we did not include the
O(α3

s) part in D. Including the NLO term for the cross section in D would decrease the asymmetry
by about 30%, which indicates the size of the NLO terms. In a conservative spirit one would
consider this as an uncertainty from the incomplete NLO calculation (see also the discussion in [5]).

We have performed our analysis also for applying two different types of cuts, one to the tt̄
invariant mass and the other one to the rapidity: Mtt̄ > 450 GeV and |∆y| > 1. With those cuts,
experimental data have also been presented in [3]. The cross section values for these cuts at LO
are given in Table 2. The various terms of the antisymmetric cross section contributing to N , as

σ(pb) µ = mt/2 µ = mt µ = 2mt

pp̄(Mtt̄ > 450 GeV) 3.113 2.148 1.573

pp̄(|∆y| > 1) 1.846 1.276 0.937

Table 2: Cross sections with cuts at O(α2
s)

discussed above in the case without cuts, are now calculated for Att̄
FB for both cases Mtt̄ > 450 GeV

7

and |∆y| > 1. The corresponding contributions to the asymmetry Att̄
FB are the entries of Table 5.

The asymmetry with cuts is the total result,

Att̄
FB(Mtt̄ > 450 GeV) = (13.9, 12.8, 11.9)%, Att̄

FB(|∆y| > 1) = (20.7, 19.1, 17.5)%. (16)

A comparison of Table 5 with Table 3(a) shows that the ratio of the QCD contribution to the
uū → tt̄ and dd̄ → tt̄ subprocesses is larger with the Mtt̄ > 450 GeV cut, which leads to a slight
increase of Rtt̄

EW :

Rtt̄
EW (Mtt̄ > 450 GeV) = (0.200, 0.232, 0.266) Rtt̄

EW (|∆y| > 1) = (0.191, 0.216, 0.246). (17)

It is, however, not enough to improve the situation.
Figure 8 displays the theoretical prediction versus data for Att̄

FB with cuts. The Standard
Model prediction is inside the 2σ range for the |∆y| > 1 cut, but it is at the 3σ boundary for the
invariant-mass cut Mtt̄ > 450 GeV.

4 Conclusions

Our detailed analysis of the electroweak contributions to the forward-backward asymmetry in tt̄
production shows that they provide a non-negligible fraction of the QCD-induced asymmetry with
the same overall sign, thus enlarging the Standard Model prediction for the asymmetry at the
Tevatron. For high invariant masses, a 3σ deviation from the measured value still persists. The
observed dependence of AFB on the invariant mass of tt̄ could be an indication for the presence of
new physics below the TeV scale; it is, however, difficult to interpret these deviations as long as the
NLO QCD calculation for the asymmetry is not available.
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- LO cross section is           , LO numerator of AFB is 
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EW corrections to AFB are not induced by Sudakov logs. However, they 
are “more important” than EW corrections to cross sections. 2 Reasons: 

- The dominant EW contribution (          QED) to the AFB originates only 
from boxes: 3 times the number of diagrams of the QCD case. 
The QED contribution to the total cross section originates “from vertex 
corrections”: same number of diagrams of QCD case. 
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2 Calculational basis

At leading order the production of tt̄ pairs in pp̄ collisions originates, via the strong interaction,
from the partonic processes qq̄ → tt̄ and gg → tt̄, which yield the O(α2

s) of the (integrated) cross
section, i.e. the denominator of AFB in (1) and (2). The antisymmetric cross section, the numerator
of AFB , starts at O(α3

s) and gets contributions from qq̄ → tt̄(g) with q = u, d (the processes from
other quark species, after convolution with the parton distributions and summation, are symmetric
under yt → −yt and thus do not contribute to AFB) as well as from qg → tt̄q and q̄g → tt̄q̄.

Writing the numerator and the denominator of AFB (for either of the definitions (1) and (2))
in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (5)

The terms up to one-loop (D0, D1, N1) have been calculated [9, 10, 11, 12, 13, 14], [15, 16, 17, 18],
[5], whereas only some parts of N2 are currently known [19, 20]. The inclusion of the N1D1/D0

term without N2 would hence be incomplete, and we have chosen to use only the lowest order cross
section in the denominator and the O(α3

s) term in the numerator, as done in [5].
Rewriting N and D to include the EW contributions yields the following expression for the

leading terms,

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (6)

where the incomplete O(α2
s) part has been dropped. In the following we (re-)evaluate the three

contributions on the r.h.s. of (6).
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield

2

yield contributions to AFB which are numerically not important [5].
In order to analyze the electroweak O(α2

sα) terms, it is useful to separate the QED contributions
involving photons from the weak contributions with Z bosons. In the QED sector we obtain the
O(α2

sα) contributions to N from three classes of partonic processes: qq̄ → tt̄, qq̄ → tt̄g and qq̄ → tt̄γ.
The first case is the virtual-photon contribution, which can be obtained from the QCD analogue,
namely the O(α3

s) interference of box and tree-level amplitudes, by substituting successively each
one of the three internal gluons by a photon, as displayed in Figure 4.
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Figure 4: Different ways of QED–QCD interference at O(α2
sα)

The essential differences between the calculation of the O(α3
s) and of QED O(α2

sα) terms are
the coupling constants and the appearance of the SU(3) generators in the strong vertices. Summing
over color in the final state and averaging in the initial state we find for the virtual contributions
to the antisymmetric cross section the following ratio,

|Mtt̄|
2

O(α2
s
α),asym

|Mtt̄|
2

O(α3
s
),asym

=
2Re

(

Mtt̄
O(α)M

tt̄ ∗
O(α2

s
)

)

asym
+ 2Re

(

Mtt̄
O(αs)

Mtt̄ ∗
O(αsα)

)

asym

2Re
(

Mtt̄
O(αs)

Mtt̄ ∗
O(α2

s
)

)

asym

=
F tt̄
QED(αs,α, Qt, Qq)

F tt̄
QCD(αs)

(8)
that can be expressed in terms of two factors F tt̄

QED and F tt̄
QCD depending only on coupling constants

and color traces,

F tt̄
QCD =

g6s
9
δADδBF δECTr(t

AtBtC)
[1

2
Tr

(

tDtEtF
)

+
1

2
Tr

(

tDtF tE
)

]

=
g6s

16 · 9
d2, (9a)

F tt̄
QED = ntt̄

{g4se
2QqQt

9
δACδBDTr(tAtB)Tr(tCtD)

}

=
6g4se

2

9
QtQq. (9b)

F tt̄
QCD contains two different color structures and the result depends on d2 = dABCdABC = 40

3 ,

which arises from Tr(tAtBtC) = 1
4 (if

ABC + dABC). F tt̄
QED instead depends on the charges of the

incoming quarks (Qq) and of the top quark (Qt), together with ntt̄ = 3 corresponding to Figure 4.

4

Forward-backward asymmetry 

The complete ratios REW depend on fac/ren scales, and very slightly on AFB 
definitions and cuts.  
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[28] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded definition (2), while small letters
(nlo, nnlo) to the definition (3). The CDF/DØ (naive) av-
erage is from Ref. [29]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

ing in eq. (3).] The first definition, eq. (2), uses exact re-
sults in both numerator and denominator of eq. (1), while
the second, eq. (3), is the expansion of the ratio eq. (2) in
powers of αS . (Such an expansion is not, strictly speak-
ing, fully consistent since the αS expansion is performed
after convolution with pdf’s. Nevertheless, following the
existing literature, we consider it as an indication of the
sensitivity of AFB to missing higher order terms.)

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry,
see fig. 1, is computed with both definitions (2) and (3)
including EW corrections. (EW corrections to Di are
neglected since EW effects to the total cross-section are
very small O(1%), see Refs. [57–61].) The numerator
factor NEW is taken from Table 2 in Ref. [28]. (We have
checked that the different pdf and mt used in Ref. [28]
have negligible impact on the QCD numerator N3 and
so we expect the same to hold for NEW.) Only for the
inclusive asymmetry we determine the scale variation by
keeping µR = µF (since the scale dependence of NEW is
published [28] only for µR = µF ). (We have checked that
for the pure QCD corrections to the total asymmetry the
difference with respect to scale uncertainty derived with
µR ̸= µF variation is negligible.) We also note that the
scale variation of AFB is derived from the consistent scale
variation of the ratio, i.e. both numerator and denom-
inator in eqs. (2) and (3) are computed for each scale
value.
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DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive
AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition

Czakon, Fiedler, Mitov ’14
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Figure 2: Pair charge asymmetry Att̄(Y ) as a function of the mean rapidity Y = (yt + yt̄)/2. Solid line:
without cut on ptt̄⊥, dotted/dashed lines: with cut on p

tt̄
⊥.

Table 1: Predicted asymmetries in the laboratory Alab and the tt̄ rest frame Att̄ at Tevatron. Predictions
are given also for samples with the top quark pair invariant mass mtt̄ above and below 450 GeV, and with
|Δy|= |yt − yt̄ | larger or smaller than one in the tt̄ rest frame.

laboratory Alab mtt̄ < 450 GeV mtt̄ > 450 GeV
SM 0.056 (7) 0.029 (2) 0.102 (9)

MCFM [8] 0.038 (6)
tt̄ rest frame Att̄ mtt̄ < 450 GeV mtt̄ > 450 GeV |Δy|< 1 |Δy|> 1

SM 0.087 (10) 0.062 (4) 0.128 (11) 0.057 (4) 0.193 (15)
MCFM [8] 0.058 (9) 0.040 (6) 0.088 (13) 0.039 (6) 0.123 (18)

and the asymmetry in the tt̄ rest frame

Att̄ =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

. (3.3)

Results for both of them in the SM are listed in Table 1. These predictions include also the QED
and weak (strongly suppressed) corrections. Those corrections enhance the QCD asymmetry by
an overall factor 1.21, which is slightly different from Eq. (2.2) due to the deviation of the relative
amount of uū and dd̄ contributions from the simple approximation 4 : 1.

In order to compare theoretical results in the SM with the most recent measurements at Teva-
tron, predictions in Table 1 are presented also for samples withmtt̄ larger and smaller than 450 GeV,
and with |Δy| = |yt − yt̄ | larger and smaller than 1. It is also interesting to compare these results
with those based on a Monte Carlo prediction [8] based on MCFM [22]. The enhancement factor
of the SM result in Table 1 compared to MCFM of about 1.5 is easily understood: a factor 1.2 orig-
inates from the inclusion of QED effects. Another factor of about 1.3 originates from normalizing
with respect to the Born cross-section instead of the NLO result. Since the asymmetric part of the
cross-section is presently known to LO only we consider the normalization to the LO cross-section
more plausible [3, 4, 15, 16].

4

- EW contribution is relevant. 
- NLO≠NNLO, nlo~nnlo.
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erage is from Ref. [29]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

ing in eq. (3).] The first definition, eq. (2), uses exact re-
sults in both numerator and denominator of eq. (1), while
the second, eq. (3), is the expansion of the ratio eq. (2) in
powers of αS . (Such an expansion is not, strictly speak-
ing, fully consistent since the αS expansion is performed
after convolution with pdf’s. Nevertheless, following the
existing literature, we consider it as an indication of the
sensitivity of AFB to missing higher order terms.)

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry,
see fig. 1, is computed with both definitions (2) and (3)
including EW corrections. (EW corrections to Di are
neglected since EW effects to the total cross-section are
very small O(1%), see Refs. [57–61].) The numerator
factor NEW is taken from Table 2 in Ref. [28]. (We have
checked that the different pdf and mt used in Ref. [28]
have negligible impact on the QCD numerator N3 and
so we expect the same to hold for NEW.) Only for the
inclusive asymmetry we determine the scale variation by
keeping µR = µF (since the scale dependence of NEW is
published [28] only for µR = µF ). (We have checked that
for the pure QCD corrections to the total asymmetry the
difference with respect to scale uncertainty derived with
µR ̸= µF variation is negligible.) We also note that the
scale variation of AFB is derived from the consistent scale
variation of the ratio, i.e. both numerator and denom-
inator in eqs. (2) and (3) are computed for each scale
value.
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DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive
AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition
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2

as well as next-to-next-to leading logarithmic QCD cor-
rections have been studied in [10]. An interesting discrep-
ancy remains between the SM prediction of Att̄

FB at large
invariant mass (Mtt̄ > 450GeV), and the CDF measure-
ment [3].
The EFT method we use can be illustrated using the

process qq̄ → tt̄ for left-handed quarks. At the high scale
µ = Q =

√
ŝ, the scattering is given by an effective La-

grangian

L = C11 qt
aTAq QtaTAQ+ C12 qt

aq QtaQ

+C21 qT
Aq QTAQ+ C22 qq QQ (2)

where q = (u, d)L or (c, s)L are light quark doublets,
and Q = (t, b)L is the heavy quark doublet. TA are
color matrices, ta are SU(2) matrices and Cij(µ) are
hard-matching coefficients. At tree-level, c(Q) is given
by single gauge boson exchange. Gluon exchange gives
C21 = 4παs/Q2, W exchange gives C12 = 4παW /Q2,
and B exchange gives C22 = 4πα/ cos2 θW (1/6)2. At
one-loop, Cij(µ) are given by computing the finite part
of one-loop graphs such as box-graphs with all low scales
such as MZ set to zero. The hard-matching Cij(µ) is
computed at the scale µ = Q, and does not contain any
large logarithms. The Lagrangian is evolved in the EFT
to a low-scale of orderMZ , and then the scattering cross-
section is taken by squaring the EFT amplitude and in-
tegrating with PDFs. The EWS terms arise from the
renormalization group evolution of the coefficients Cij

from µ = Q down to µ ∼ MZ . This method has been
checked against fixed order computations up to two-loop
order, and details can be found in Ref. [2].
Here we report on the numerical computation of EWS

corrections to dijet and tt production. These corrections
are defined as

RFB(t) =
σQCD+EWS
FB (tt̄)

σQCD
FB (tt̄)

, Rt =
σQCD+EW
tt̄

σQCD
tt̄

. (3)

σFB and σtt̄ are the forward-backward asymmetry and
the total cross-section. The superscript QCD + EW
means that the EFT calculation is done using the full
standard model, and QCD means that QCD alone has
been used. The cross-sections include virtual electroweak
effects, but not real radiation of additional EW bosons.
In dijet production, for example, such events would be
part of the W,Z+jets signal. With this definition, mul-
tiplying by R converts a QCD computation into one in-
cluding EWS corrections as well. The QCD computation
can be done using an EFT, or by any other method. The
ratios are insensitive to the choice of PDF.
We incorporate EWS corrections by modifying the an-

alytic results of [6] using the results of Ref. [2]. The
asymmetry is defined as the ratio A = (F −B)/(F +B),
where F and B are the cross-section in the forward and
backward hemisphere. In QCD, F and B are order α2

s,

Bin [GeV] Att̄
FB(%) RFB(t) Rα2

s

FB
(t) Rt

[2mtt̄, 1960] 7.7 7.5 1.6 1.02 1.03 0.98

[2mtt̄, 450] 5.6 5.4 − 1.02 1.03 0.98

[450, 900] 11 12 2.3 1.02 1.04 0.97

TABLE I: The EWS corrections for the Tevatron. The second
column gives Att̄

FB for our SM QCD calculation applying the
EWS correction, the third column applies the EWS correction
to the quoted central value of the QCD NLO +NNLL calcu-
lation of Ahrens et al. [10]. The fourth column quotes the
contribution due to the fixed order EW terms of [9]. There
is overlap between our EWS calculation and the results of
Ref. [9]. We estimate this double counting is ∼ 0.5% in Att̄

FB.
With this caveat, columns three and four can be added.

Bin[GeV] Abb̄
FB (%) RFB(b) Rb Acc̄

FB (%) RFB(c) Rc

[50, 1960] 0.4 0.4 1.06 0.99 0.3 0.3 0.99 0.99

[50, 350] 0.4 0.4 1.06 0.99 0.3 0.3 0.98 0.99

[350, 650] 8.1 7.8 1.00 1.00 6.7 6.6 1.04 1.00

[650, 950] 20 17 0.97 0.98 18 16 1.06 0.99

TABLE II: The EWS corrections and the uncorrected asym-
metry Abb̄

FB, A
cc̄
FB at the Tevatron. The left and right columns

are with renormalization and factorization scale µ = MZ and
µ =

√
ŝ, respectively. The EWS correction is very weakly

dependent on the scale choice. In this table Aqq̄
FB

is the un-
corrected asymmetry (unlike Table I). The EWS corrected
asymmetry is Aqq̄

FB
RFB(q)/Rq for q = b, c.

whereas F − B is order α3
s because the order α2

s cross-
section is FB symmetric. The EWS corrections are not
FB symmetric. There are three contributions that we in-
clude that have been previously neglected: (a) the change
in the normalization of the LO cross section of order
α2
s α

n
WLm≤2n given by Rt which multiplies the denom-

inator in A. (b) a new term in the numerator of A of
order α2

s α
n
WLm≤2n from multiplying the FB symmetric

QCD cross-section by the EWS corrections (Rα2

s

FB(t) in
Table I). (c) the effect of EWS corrections on the leading
QCD FB asymmetry of order α3

s α
n
WLm≤2n. The sum of

(b) and (c) is RFB(t) in Eq. (3), and is the total rescaling
of the numerator of A.3

We use NLO MSTW PDFs [11] with the LO QCD
results and µ = mt = 173.1GeV for the factorization
and renormalization scales. αs is set by the MSTW fit
value: αs(MZ) = 0.12018. Numerical values are given
in Table I. We find Att̄

FB = 7.4% and Att̄
FB(mtt̄ < 450) =

5.3%, Att̄
FB(mtt̄ > 450) = 10.7% for the purely QCD

asymmetry, in good agreement with other determina-
tions [4, 6, 9, 10]. We find that (a) and (c) essentially

3 There is also an induced contribution of order α3
s α

n
WLm≤2n from

the α3
s FB symmetric cross-section, which is smaller than (b),

and has been neglected. We have also neglected the flavor exci-
tation process qg → qtt as it is highly suppressed [6].

Sudakov logs suppress the total cross section 
in the denominator (especially for high 
invariant mass) and increase the asymmetric 
numerator. 
!
Resummed logs increase AFB  by a factor 1.05. 
(0.5% overlap with NLO EW)  
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Figure 2: Pair charge asymmetry Att̄(Y ) as a function of the mean rapidity Y = (yt + yt̄)/2. Solid line:
without cut on ptt̄⊥, dotted/dashed lines: with cut on p

tt̄
⊥.

Table 1: Predicted asymmetries in the laboratory Alab and the tt̄ rest frame Att̄ at Tevatron. Predictions
are given also for samples with the top quark pair invariant mass mtt̄ above and below 450 GeV, and with
|Δy|= |yt − yt̄ | larger or smaller than one in the tt̄ rest frame.

laboratory Alab mtt̄ < 450 GeV mtt̄ > 450 GeV
SM 0.056 (7) 0.029 (2) 0.102 (9)

MCFM [8] 0.038 (6)
tt̄ rest frame Att̄ mtt̄ < 450 GeV mtt̄ > 450 GeV |Δy|< 1 |Δy|> 1

SM 0.087 (10) 0.062 (4) 0.128 (11) 0.057 (4) 0.193 (15)
MCFM [8] 0.058 (9) 0.040 (6) 0.088 (13) 0.039 (6) 0.123 (18)

and the asymmetry in the tt̄ rest frame

Att̄ =
N(yt > yt̄)−N(yt̄ > yt)
N(yt > yt̄)+N(yt̄ > yt)

. (3.3)

Results for both of them in the SM are listed in Table 1. These predictions include also the QED
and weak (strongly suppressed) corrections. Those corrections enhance the QCD asymmetry by
an overall factor 1.21, which is slightly different from Eq. (2.2) due to the deviation of the relative
amount of uū and dd̄ contributions from the simple approximation 4 : 1.

In order to compare theoretical results in the SM with the most recent measurements at Teva-
tron, predictions in Table 1 are presented also for samples withmtt̄ larger and smaller than 450 GeV,
and with |Δy| = |yt − yt̄ | larger and smaller than 1. It is also interesting to compare these results
with those based on a Monte Carlo prediction [8] based on MCFM [22]. The enhancement factor
of the SM result in Table 1 compared to MCFM of about 1.5 is easily understood: a factor 1.2 orig-
inates from the inclusion of QED effects. Another factor of about 1.3 originates from normalizing
with respect to the Born cross-section instead of the NLO result. Since the asymmetric part of the
cross-section is presently known to LO only we consider the normalization to the LO cross-section
more plausible [3, 4, 15, 16].

4

- EW contribution is relevant. 
- NLO≠NNLO, nlo~nnlo.



Charge asymmetry 
At the LHC same partonic processes, but different partonic luminosities. 

The gluon-gluon luminosity is larger, so the asymmetry is smaller. 
Gluon-quark initial states start to be “interesting” (per mill). 

The ratio of integrated luminosities      /      at the Tevatron(LHC) is 4(2).  
The cancellation between QED contributions is bigger. The EW contribution 
at the LHC is in general smaller (~ 15%, 20% of QCD contribution).   

exhibit small, but non-zero SM-induced charge asymmetries and are useful in discriminating
between various new physics models which were proposed to explain the Tevatron asymmetry.
In the following analysis of various LHC charge asymmetries, we have taken into account in
the computation of the respective numerators the O(α3

s) QCD and the O(α2) and O(α2
sα)

electroweak contributions as outlined in Sect. 2.1. As mentioned above, the antisymmetric
contributions from qg fusion of O(α3

s) are not negligible at the LHC. For completeness, we
take into account also the mixed QCD-QED corrections of O(αα2

s) to qg fusion – see below.
The denominators of the asymmetries are evaluated again with LO QCD matrix elements
and the NLO PDF set CTEQ6.6M.

Central and edge charge asymmetry

Choosing a cut yc on the rapidities of the t and t̄ quarks, one may define central and edge
(or forward) charge asymmetries AC , AE [6, 18, 19]:

AC(yc) =
N(|yt| ≤ yc)−N(|yt̄| ≤ yc)

N(|yt| ≤ yc) +N(|yt̄| ≤ yc)
, (4)

AE(yc) =
N(yc ≤ |yt|)−N(yc ≤ |yt̄|)
N(yc ≤ |yt|) +N(yc ≤ |yt̄|)

, (5)

where the (anti)top rapidities are defined in the laboratory frame. The above discussion
tells us that for suitably chosen yc, the central asymmetry AC(yc) < 0 and AE(yc) > 0
in the SM. Because the fraction of qq̄ initiated tt̄ events, σqq̄→tt̄/σtt̄, is enhanced in the
forward/backward region, AE will in general be larger than |AC |. On the other hand, the
event numbers decrease rapidly with increasing |y|; i.e., yc must be chosen appropriately for
each of these observables in order to optimize the statistical sensitivity of AE .
For the computation of the central asymmetry we choose yc = 1 and take into account tt̄
events with Mtt ≥ Mc. We choose Mc = 2mt, 0.5 TeV, 0.7 TeV and 1 TeV. The various
contributions to the numerator and the resulting values of AC(yc = 1) at 7 TeV center-of-
mass energy are given in Table 4. The size of the O(αα2

s) mixed QCD-QED corrections to
qq̄ initiated contributions relative to those of O(α3

s) QCD is now ∼ 13%, which, as already
mentioned in Sect. 2.1, is due to the fact that the ratio of uū versus dd̄ annihilation is 2:1
at the LHC as compared to 4 : 1 for pp̄ collisions. The size of the O(α3

s) QCD contributions
from qg fusion amount to about 5% (Mc = 2mt) of the qq̄ contributions. At

√
s = 14 TeV

andMc = 1 TeV, they rise to ∼ 17%. Here, and also for all other LHC asymmetries discussed
below, we take into account also the mixed QCD-QED corrections of O(αα2

s) to qg → tt̄q
which are of the same order of magnitude as the mixed QCD-weak corrections of O(αα2

s),
as shown in Table 4. The size of these corrections can be easily understood. By diagram
inspection at the level of initial partons one obtains that the ratio fq = O(αα2

s)QED/O(α3
s)

for qg → tt̄q is given by

fq =
4αQqQt

αsd2abc/4
=

24αQqQt

5αs

, (6)

where d2abc = 40/3. For pp collisions at the LHC one gets therefore the ratio

fQED =
4fu + 2fd

6
=

16α

15αs

. (7)
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√
s yc = 0.5 yc = 1 yc = 2

7 TeV QCD: AE (%) 0.35 (1) 0.90 (3) 3.16 (6)
QCD + EW: AE (%) 0.39 (2) 1.04 (4) 3.69 (7)

8 TeV QCD: AE (%) 0.29 (1) 0.74 (3) 2.69 (6)
QCD + EW: AE (%) 0.31 (2) 0.86 (3) 3.24 (6)

14 TeV QCD: AE (%) 0.12 (1) 0.32 (1) 1.28 (5)
QCD + EW: AE (%) 0.14 (1) 0.37 (3) 1.49 (9)

Table 7: The edge asymmetry AE as a function of yc for the LHC at 7, 8, and 14 TeV. The
uncertainties are due to scale variations.

√
s Mc = 2mt 0.5 TeV 0.7 TeV 1 TeV

7 TeV QCD: A∆|y|
C (%) 1.07 (4) 1.27 (4) 1.68 (4) 2.06 (5)

QCD + EW: A∆|y|
C (%) 1.23 (5) 1.48 (4) 1.95 (4) 2.40 (6)

8 TeV QCD: A∆|y|
C (%) 0.96 (4) 1.14 (4) 1.48 (4) 1.85 (4)

QCD + EW: A∆|y|
C (%) 1.11 (4) 1.33 (5) 1.73 (5) 2.20 (5)

Mc = 2mt 0.5 TeV 1 TeV 2 TeV

14 TeV QCD: A∆|y|
C (%) 0.58 (3) 0.74 (3) 1.11 (5) 1.72 (10)

QCD + EW: A∆|y|
C (%) 0.67 (4) 0.86 (5) 1.32 (8) 2.12 (10)

Table 8: The charge asymmetry A∆|y|
C defined in (8) at the LHC, for Mtt̄ ≥ Mc.

The experimental results of the CMS and ATLAS collaborations are given in Table 10. The
results agree, within the present uncertainties, with the SM predictions given above6.
The recent CMS analysis [14], based on a data sample of Lint = 4.7 fb−1, measured the

charge asymmetry A∆|y|
C also differentially; in particular as a function of Mtt̄. The respective

data given in [14] agree, within the still large experimental errors, with our SM prediction

of the Mtt̄ dependence of A∆|y|
C given in Table 8.

Boosted charge asymmetry

Another way to enhance the tt̄ charge asymmetries at the LHC is to select tt̄ events whose
center-of-mass frame has a considerable Lorentz boost with respect to the beam axis. The
velocity of the tt̄ system along the beam axis is given by

β =
|pzt + pzt̄ |
Et + Et̄

, (10)

6In view of the positive charge asymmetry measured at the Tevatron one expects the LHC asymmetry
AC to be positive, too, within the SM. However, there are examples of new physics models which yield a
negative LHC asymmetry; see, e.g., [54].
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Top-quark pair in association with a heavy boson

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=
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@
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In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as
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In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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QCD corrections included in a consistent framework, with scale uncertainties.  
PDF errors for NLO QCD+EW.  
Automated results via MadGraph5_aMC@NLO. 



The Photon PDF (with large uncertainties) 
enters in LO EW and NLO EW.

Heavy Boson radiation HBR (                     ) 
is of the same order of NLO EW. 
(Does it cancel Sudakov logs?)

LO QCD                     LO EW                     

NLO QCD                     

    production: numerical results

Alpha(mZ)-scheme,    NNPDF2.3_QED,                       ,   

and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

origin). In our default α(mZ)-scheme, the EW coupling constant is [69]:

1

α(mZ)
= 128.93 . (3.2)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies that affect the coefficient Σ4,0 have been evaluated by varying

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

and by keeping the value of α fixed. The calculation of this theory systematics does not

entail any independent runs, being performed through the reweighting technique introduced

in ref. [70], which is fully automated in MadGraph5 aMC@NLO. All the input parameters

not explicitly mentioned here have been set equal to their PDG values [71].

We shall consider two scenarios: one where no final-state cuts are applied (i.e. fully

inclusive), and a “boosted” one, generally helpful to reduce the contamination of light-Higgs

signals due to background processes [72,73], where the following cuts

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (H) ≥ 200 GeV , (3.5)

are imposed; since these emphasise the role of the high-pT regions, the idea is that of

checking whether weak effects will have a bigger impact there than in the whole of the

phase space. We shall report in sect. 3.1 our predictions for total rates, for the three

collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2

several differential distributions will be shown, at a c.m. of 13 TeV with and without the

cuts of eq. (3.5), and at a c.m. of 100 TeV in the fully-inclusive case only.

Throughout this section, we shall make use of the shorthand notation introduced at

the end of sect. 2 – see in particular table 4.

3.1 Inclusive rates

In this section we present our predictions for inclusive rates, possibly within the cuts of

eq. (3.5). As was already stressed, the results for the LO and NLO QCD contributions are

computed in the same way as has been done previously with MadGraph5 aMC@NLO or

its predecessor aMC@NLO in refs. [21,44]. There are small numerical differences (O(3%))

with ref. [44], which are almost entirely due to the choice of the value of α, and to a very

minor extent to that of mt. As far as ref. [21] is concerned, different choices had been made

there for the top and Higgs masses, and for the reference scale.
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Contributions

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as
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In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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Alpha(mZ)-scheme,    NNPDF2.3_QED,                       ,   

and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

origin). In our default α(mZ)-scheme, the EW coupling constant is [69]:

1

α(mZ)
= 128.93 . (3.2)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies that affect the coefficient Σ4,0 have been evaluated by varying

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

and by keeping the value of α fixed. The calculation of this theory systematics does not

entail any independent runs, being performed through the reweighting technique introduced

in ref. [70], which is fully automated in MadGraph5 aMC@NLO. All the input parameters

not explicitly mentioned here have been set equal to their PDG values [71].

We shall consider two scenarios: one where no final-state cuts are applied (i.e. fully

inclusive), and a “boosted” one, generally helpful to reduce the contamination of light-Higgs

signals due to background processes [72,73], where the following cuts

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (H) ≥ 200 GeV , (3.5)

are imposed; since these emphasise the role of the high-pT regions, the idea is that of

checking whether weak effects will have a bigger impact there than in the whole of the

phase space. We shall report in sect. 3.1 our predictions for total rates, for the three

collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2

several differential distributions will be shown, at a c.m. of 13 TeV with and without the

cuts of eq. (3.5), and at a c.m. of 100 TeV in the fully-inclusive case only.

Throughout this section, we shall make use of the shorthand notation introduced at

the end of sect. 2 – see in particular table 4.

3.1 Inclusive rates

In this section we present our predictions for inclusive rates, possibly within the cuts of

eq. (3.5). As was already stressed, the results for the LO and NLO QCD contributions are

computed in the same way as has been done previously with MadGraph5 aMC@NLO or

its predecessor aMC@NLO in refs. [21,44]. There are small numerical differences (O(3%))

with ref. [44], which are almost entirely due to the choice of the value of α, and to a very

minor extent to that of mt. As far as ref. [21] is concerned, different choices had been made

there for the top and Higgs masses, and for the reference scale.
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Contributions

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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!
Sudakov logs are relevant in these regions!

The Photon PDF (with large uncertainties) 
enters in LO EW and NLO EW.

Heavy Boson radiation HBR (                     ) 
is of the same order of NLO EW. 
(Does it cancel Sudakov logs?)

of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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Numerical results

!

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

LO EW 1.8 ± 1.3 1.2 ± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2 ± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2 ± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5 ± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

due to processes with initial-state photons are quite large at the LO (except for tt̄W±

production, which has a LO EW cross section identically equal to zero), but consistitute

only a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial state, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

of tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC,

NLO EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and

the smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production, while

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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Scale variation

(NLO QCD+EW) PDF var.
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Scale (for NLO QCD) and PDF uncertainties are also shown.

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

due to processes with initial-state photons are quite large at the LO (except for tt̄W±

production, which has a LO EW cross section identically equal to zero), but consistitute

only a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial state, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

of tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC,

NLO EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and

the smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production, while

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 45.9+13.2

−15.5 (40.2+11.1
−15.0) 50.4+11.4

−10.9

LO EW 0.5± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

within the NLO QCD uncertainties. By imposing at the NLO EW level and at the 13-TeV

LHC the boost conditions enforced by eq. (3.1), the change w.r.t. the non-boosted scenario

is largest in the case of tt̄H production (by a factor equal to about 6.8 SCHEME?);

tt̄Z and tt̄W± behave similarly, with enhancement factors in the range 2.5 − 3. However,

for all processes the boosted kinematics are such that the NLO EW terms are equal or

larger than the scale uncertainties that affect the corresponding NLO QCD terms. For

both of the processes (tt̄H and tt̄Z) which have a non-trivial LO EW cross section, the

bb̄- and γg-initiated contributions tend to cancel each other. In the case of tt̄H, an almost

complete cancellation (relative to the LO QCD term) occurs at a c.m. energy of 100 TeV,

while for tt̄Z is so does at the much lower LHC Run II energy. This implies that the

impact of EW effects at the 13-TeV LHC is more important in the case of tt̄Z than for

tt̄H production, where LO and NLO tend to cancel in the sum. However, it is necessary to

keep in mind the observation about the uncertainties induced on the LO EW cross section

by the photon density: a better determination of such a PDF would be highly desirable, in

order to render the statement above quantitatively more precise. Finally, by comparing the

results of table 4 relevant to the NLO EW terms with those of table 6 of ref. [?] relevant to

the weak-only contributions to the NLO cross section, one sees that the relative impact of

QED effects decreases with the c.m. energy and is rather negligible in the boosted scenario,

as expected. These QED effects have the opposite sign w.r.t. those of weak origin, and can

be as large as half of the latter at the LHC Run I.

As far as the HBR cross sections are concerned, some general considerations about

– 9 –

Scale variation

(NLO QCD+EW) PDF var.

tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 45.9+13.2

−15.5 (40.2+11.1
−15.0) 50.4+11.4

−10.9

LO EW 0.5± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

within the NLO QCD uncertainties. By imposing at the NLO EW level and at the 13-TeV

LHC the boost conditions enforced by eq. (3.1), the change w.r.t. the non-boosted scenario

is largest in the case of tt̄H production (by a factor equal to about 6.8 SCHEME?);

tt̄Z and tt̄W± behave similarly, with enhancement factors in the range 2.5 − 3. However,

for all processes the boosted kinematics are such that the NLO EW terms are equal or

larger than the scale uncertainties that affect the corresponding NLO QCD terms. For

both of the processes (tt̄H and tt̄Z) which have a non-trivial LO EW cross section, the

bb̄- and γg-initiated contributions tend to cancel each other. In the case of tt̄H, an almost

complete cancellation (relative to the LO QCD term) occurs at a c.m. energy of 100 TeV,

while for tt̄Z is so does at the much lower LHC Run II energy. This implies that the

impact of EW effects at the 13-TeV LHC is more important in the case of tt̄Z than for

tt̄H production, where LO and NLO tend to cancel in the sum. However, it is necessary to

keep in mind the observation about the uncertainties induced on the LO EW cross section

by the photon density: a better determination of such a PDF would be highly desirable, in

order to render the statement above quantitatively more precise. Finally, by comparing the

results of table 4 relevant to the NLO EW terms with those of table 6 of ref. [?] relevant to

the weak-only contributions to the NLO cross section, one sees that the relative impact of

QED effects decreases with the c.m. energy and is rather negligible in the boosted scenario,

as expected. These QED effects have the opposite sign w.r.t. those of weak origin, and can

be as large as half of the latter at the LHC Run I.

As far as the HBR cross sections are concerned, some general considerations about
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 50.1+14.2

−13.5 (59.7+18.9
−17.7) 156.4+38.3

−35.0

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [?]; they are not

tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in a

boosted configuration at the LHC Run II). The origin of this fact is the same as that of the

growth of the NLO QCD contributions, namely partonic luminosities; in particular, the

tt̄W±V final states can be obtained from gg-initiated partonic processes. While the above

statement must be carefully reconsidered in the context of fully-realistic simulations, where

acceptance cuts are imposed on the decay products of the tops and of the vector bosons, it

does say that, in such simulations, HBR contributions cannot simply be neglected. Note

that the behaviour with the c.m. energy of tt̄W+ and tt̄W− is not identical, mainly owing

to the fact that the former (latter) process is more sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus present predictions obtained in the Gµ scheme, with the
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Scale variation
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 50.1+14.2

−13.5 (59.7+18.9
−17.7) 156.4+38.3

−35.0

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [?]; they are not

tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in a

boosted configuration at the LHC Run II). The origin of this fact is the same as that of the

growth of the NLO QCD contributions, namely partonic luminosities; in particular, the

tt̄W±V final states can be obtained from gg-initiated partonic processes. While the above

statement must be carefully reconsidered in the context of fully-realistic simulations, where

acceptance cuts are imposed on the decay products of the tops and of the vector bosons, it

does say that, in such simulations, HBR contributions cannot simply be neglected. Note

that the behaviour with the c.m. energy of tt̄W+ and tt̄W− is not identical, mainly owing

to the fact that the former (latter) process is more sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus present predictions obtained in the Gµ scheme, with the
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table 8, respectively.

Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 51.5+14.8

−13.8 (66.3+21.7
−19.6) 153.6+37.7

−34.9

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

parameters set as given in eq. (3.6), and limit ourselves to consider the 13-TeV LHC. We

define an analogous quantity as that in eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following relative differences, that help measure the difference be-

tween analogous results in the two schemes:

∆
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σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
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LO EW =
σLO QCD + σLO EW − (σ
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Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)

The results are collected in table 11, where for ease of comparison we also report the relevant

predictions given previously in the α(mZ) scheme. RESULTS TO BE RECHECKED.

2.5 at the LO directly due to α. 1.2 has nothing to do with it (indeed it is there only for

tt̄H, and changes with energy)

3.2 Differential distributions

In analogy with ref. [?], we have considered the following observables:
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tt̄W±, tt̄Z, tt̄�, tt̄H

tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�, tt̄W±Z, tt̄Z�

tt̄tt̄

In this work we contribute to this aim, focussing on two specific classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tt̄V ) or two gauge vector bosons (tt̄V V ). The former includes the pro-
cesses tt̄W±, tt̄Z and tt̄�, while the latter is constituted by tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�,
tt̄W±Z and tt̄Z�. In addition, we consider also the associate production of two top-quark
pairs (tt̄tt̄), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at fixed
NLO QCD accuracy for all the tt̄V - and tt̄V V -type processes and for tt̄tt̄ production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
definition of) the renormalization and factorization scale. For the tt̄V V -type processes
a detailed study of NLO QCD corrections has been performed only for tt̄�� [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tt̄V V -type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tt̄H) of a top-quark pair with a Higgs boson. Specifically, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! ��). The processes
tt̄W+W�, tt̄ZZ, tt̄W±Z and tt̄�� contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g., tt̄W+W� production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, also tt̄tt̄ production gives a back-
ground contribution of the same size. Furthermore, the tt̄V -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tt̄V V and tt̄tt̄ production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can find in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here. [Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya ]

The structure of the paper is the following. In section 2 we present a detailed study
of the NLO QCD corrections to the cross sections of tt̄V and tt̄V V -type processes and
tt̄tt̄ production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the differences among the usage of a
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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tt̄tt̄

In this work we contribute to this aim, focussing on two specific classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tt̄V ) or two gauge vector bosons (tt̄V V ). The former includes the pro-
cesses tt̄W±, tt̄Z and tt̄�, while the latter is constituted by tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�,
tt̄W±Z and tt̄Z�. In addition, we consider also the associate production of two top-quark
pairs (tt̄tt̄), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at fixed
NLO QCD accuracy for all the tt̄V - and tt̄V V -type processes and for tt̄tt̄ production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
definition of) the renormalization and factorization scale. For the tt̄V V -type processes
a detailed study of NLO QCD corrections has been performed only for tt̄�� [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tt̄V V -type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tt̄H) of a top-quark pair with a Higgs boson. Specifically, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! ��). The processes
tt̄W+W�, tt̄ZZ, tt̄W±Z and tt̄�� contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g., tt̄W+W� production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, also tt̄tt̄ production gives a back-
ground contribution of the same size. Furthermore, the tt̄V -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tt̄V V and tt̄tt̄ production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can find in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here. [Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya ]

The structure of the paper is the following. In section 2 we present a detailed study
of the NLO QCD corrections to the cross sections of tt̄V and tt̄V V -type processes and
tt̄tt̄ production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the differences among the usage of a
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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NLO QCD corrections for several distributions and we look into their dependence on (the
definition of) the renormalization and factorization scale. For the tt̄V V -type processes
a detailed study of NLO QCD corrections has been performed only for tt̄�� [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tt̄V V -type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tt̄H) of a top-quark pair with a Higgs boson. Specifically, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! ��). The processes
tt̄W+W�, tt̄ZZ, tt̄W±Z and tt̄�� contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g., tt̄W+W� production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, also tt̄tt̄ production gives a back-
ground contribution of the same size. Furthermore, the tt̄V -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tt̄V V and tt̄tt̄ production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can find in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here. [Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya ]

The structure of the paper is the following. In section 2 we present a detailed study
of the NLO QCD corrections to the cross sections of tt̄V and tt̄V V -type processes and
tt̄tt̄ production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the differences among the usage of a
fixed scale and other two possible definitions of dynamical scales. Inclusive and differential
K-factors are also shown. As said, these processes are all part of the background to the
tt̄H production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results for tt̄H production.

NLO QCD corrections have already been calculated for tt̄� in [7], for tt̄Z in [8–12],
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]
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by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
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total cross sections and global K-factors for proton–proton collision energies from 8 to 100
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Distributions: representative results at fixed order
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13 TeV Ac [%] tt̄H tt̄Z tt̄W± tt̄�

LO - �0.12+0.01
�0.01

+0.01
�0.02 ± 0.03 - �3.93+0.26

�0.23
+0.14
�0.11 ± 0.03

NLO 1.00+0.30
�0.20

+0.06
�0.04 ± 0.02 0.85+0.25

�0.17
+0.06
�0.05 ± 0.03 2.90+0.67

�0.47
+0.06
�0.07 ± 0.07 �1.79+0.50

�0.39
+0.06
�0.09 ± 0.06

Table 2. NLO and LO central asymmetries for tt̄V -type processes and tt̄H production at 13 TeV
for µ = µg. The first uncertainty is given by the scale variation within [µg/2 < µf , µr < 2µg], the
second one by PDF’s. The assigned error is the absolute statistical integration error. [Davide: Let’s
decide what to do with the statistical error. It is hopeless to reduce it. Only tt̄� is still running at
better precision.]

instead analytically zero in tt̄W± (tt̄H) production, where the interference of initial- and
final- state W (Higgs) bosons is not possible.6

At NLO, all the tt̄V processes and tt̄H production have an asymmetry, as can be seen
from the NLO y(t)/y(t̄) ratios in fig.8. In the case of tt̄W± production, the asymmetry
which is generated by NLO QCD corrections has already been studied in detail in [14], in
all the other cases it is analyzed for the first time here.

NLO and LO results at 13 TeV for Ac defined as [Davide: Should we mention in the
introduction these results? ]

Ac =
�(|yt| > |yt̄|)� �(|yt| < |yt̄|)
�(|yt| > |yt̄|) + �(|yt| < |yt̄|)

(2.3)

are listed in table 2.
Table 2 clearly demonstrates why NLO effects cannot be neglected, once again, in the

predictions of the asymmetries. NLO QCD corrections are the first order that originates
an asymmetry for tt̄W± and tt̄H production. Furthermore, they change sign and increase
by a factor ⇠ 7 the asymmetry in tt̄Z production and they decrease it by a factor larger
than two [Davide: let’s see] in tt̄� production.

6In principle, when the couplings of light-flavor quarks are considered non-vanishing, the initial-state
radiation of the HIggs boson is possible and also a small asymmetry is generated. However, this possibility
is ignored here.
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fixed scale and other two possible definitions of dynamical scales. Inclusive and differential
K-factors are also shown. As said, these processes are all part of the background to the
tt̄H production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results for tt̄H production.

NLO QCD corrections have already been calculated for tt̄� in [7], for tt̄Z in [8–12],
for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
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In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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Distributions: representative results at fixed order
dm

/d
p T

 [p
b/

bi
n]

tt-W+W− (µg) , LHC13 NLO
LO

 1e−05

 0.0001

 0.001

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Q
(µ

g)

LO unc. NLO unc.

 0.5
 1

 1.5

Q
(µ

a)

 0.5
 1

 1.5

Q
(m

t)

 0.5
 1

 1.5

µ
a/µ

g µg unc. µa unc.

 0.7
 1

 1.3

m
t/µ

g

pT(tt-) [GeV]

µg unc. mt unc.

 0.7
 1

 1.3

 0  100  200  300  400  500  600  700  800

dm
/d

p T
 [p

b/
bi

n]

tt-tt- (µg) , LHC13 NLO
LO

 1e−05

 0.0001

 0.001

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Q
(µ

g)

LO unc. NLO unc.

 1
 2
 3
 4

Q
(µ

a)

 1
 2
 3
 4

Q
(m

t)
 0.5
 1.5
 2.5

µ
a/µ

g µg unc. µa unc.

 0.5
 1

 1.5
 2

m
t/µ

g

pT(t1t-1) [GeV]

µg unc. mt unc.

 0.5
 1

 1.5
 2

 0  100  200  300  400  500  600  700  800

distribution plots in section 2.1, where it is also described in detail. For m(tt̄) distributions,
we notice features that are in general common to all the distributions and have already been
addressed for tt̄V -type processes in section 2.1. For instance, the usage of µ = µa leads to
NLO values compatible with, but systematically smaller than, those obtained with µ = µg.
Conversely, the usage of µ = mt leads to scale uncertainties bands that overlaps with those
obtained with µ = µg. The NLO corrections in tt̄ZZ production are very close to zero, for
µ = µg, and very stable under scale variation (see also table 5). For all the processes, the
two dynamical scales µg and µa yield flatter K-factors than those from the fixed scale mt.

In fig. 12 we show the distributions for pT (tt̄). As for tt̄V -type processes (see fig. 4),
these distributions receive large corrections in the tails. This effect is especially strong for
the processes involving a photon in the final state, namely, tt̄��, tt̄Z� and tt̄W±�. Also, for
all the three choices of µ employed here, K-factors are not flat. Surprisingly, the K-factors
for tt̄ZZ, tt̄W±Z and tt̄W+W� production show a larger dependence on the value of pT (tt̄)

when µ is a dynamical quantity, as can be seen from a comparison of the first (µ = µg) and
second (µ = µa) insets with the third insets (µ = mt). From the fourth insets of all the six
plots, it is possible to notice how the scale dependence at NLO for µ = µg it is much larger
than for µ = µa.

In fig. 13 we show the distributions for pT (t). Most of the features discussed for m(tt̄)

in fig. 11 appear also for these distributions. The same applies to the distributions of the
pT of the two vector bosons, which are displayed in fig. 14. In the plots of fig. 14 and in
all the remaining figures of this section we will use the same format used in section 2.1 for
fig. 8. Thus, differential K-factors will not be explicitly shown.

In the first and second inset we show the ratio of the pT of the two vector bosons,
respectively at NLO and LO accuracies. In the case of tt̄�� production, �1 is the hardest
photon, while �2 is the softest one. Similarly, in tt̄ZZ production, Z1 is the hardest Z

boson, while Z2 is the softest one. As can be noticed, for each process this ratio is the same
at LO and NLO accuracy and thus is not sensitive to NLO QCD corrections.

In fig. 15 we show the distributions for y(t) and y(t̄). The tt̄V V -type processes, with the
exception of tt̄W+W� 8, at LO exhibit a central asymmetry for top quarks and antiquarks.
Top quarks are more centrally distributed than top antiquarks in tt̄��, tt̄W±� and tt̄Z�

productions, while they are more peripherally distributed in tt̄ZZ and tt̄W±Z production.
In all the tt̄V V -type processes, NLO QCD corrections lead to a relatively more peripheral
distribution of top quarks than antiquarks. This effects yield to a non-vanishing central
asymmetry for tt̄W+W� production and almost cancel the LO central asymmetry of tt̄Z�

production. Here, we refrain to present results for the central asymmetries of tt̄V V -type
processes, since it is extremely unlikely that at the LHC it will be possible to accumulate
enough statistics to perform these measurements.

In fig. 16 we show the distributions for y(V1) and y(V2). Comparing the first and
second insets, only small differences can be seen for the ratios of the distributions at LO
and NLO. Thus, unlike for the top quark and antiquark, the rapidity of the first and the

8Analytically, this processes is supposed to give an asymmetry. Numerically, it turns out to be safely
considered as zero.
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than for the tt̄V -type processes. As we said, all these features are not peculiar for the m(tt̄)

distribution, and are consistent with fig. 1 and table 1. From fig. 3 one can see that the two
dynamical scales µg and µa yield flatter K-factors than those from the fixed scale mt. This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tt̄)), where the differential K-factors
strongly depend on the value of pT (tt̄) for both dynamical and fixed scales. The relative size
of QCD corrections grows with the values of pT (tt̄) and this effect is particularly large in
tt̄W± and tt̄� production. We explain in the following the origin of these large K-factors.

Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a large pT receives
large corrections from (anti)quark–gluon initial state, which appears only at NLO. This
effect is further enhanced in tt̄W± production for two different reasons. First, at LO
tt̄W± production does not originate, unlike the other production processes, form the gluon–
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quark–gluon initial states have a larger impact. Second, the emission of
a W collinear to the final-state (anti)quark in qg ! tt̄W±q0 can be approximated as the
qg ! tt̄q process times a q ! q0W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by the W mass. Thus, once the the
W momentum is integrated, the qg ! tt̄W±q0 process yields contributions to the pT (tt̄)

distributions that are proportional to ↵ log2 [pT (tt̄)/mW ].5 The same effect has been already
observed for the pT distribution of one vector boson in NLO QCD and EW corrections to
WW,WZ and ZZ bosons hadroproduction [32–34]. This mechanism is also the source
of the giant K-factors in tt̄� production. This process can originate from the gluon–gluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the final-state
(anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q process times
a q ! q� splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcutT ) and the Frixione isolation parameter R0. We checked that,
increasing the values of pcutT and/or R0, the size of the K-factors is reduced. It is interesting
to note also that corrections in the tail are much larger for µ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereas µa is by construction larger than 2pT (tt̄).

In figs. 5 and 6 we respectively show the pT distributions for the top quark and the
vector or scalar boson, pT (t) and pT (V ). For these two observables, we find the general
features which have already been addressed for the m(tt̄) distributions in fig. 3. [Davide: I
don’t know what to write more]

In fig. 7 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways

5In tt̄Z the same arguments holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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Figure 17. NLO and LO cross sections for tt̄tt̄ production at 13 TeV. Comparison of the scale
dependence in the interval [µc/8 < µ < 8µc] for the four different choices of the central value µc:
µg, µa, µLO

a , mt.

2.3 tt̄tt̄ production

In this section we present results for tt̄tt̄ production. In figure 17 we show the dependence
of the LO (red lines) and NLO (black lines) total cross section at 13 TeV. [Davide: I would
invert the colors or even put the LO in blue as in the distributions and NLO in red.] As
for the previous cases, we vary µ = µr = µf by a factor 8 around the central value µ = µg

(solid lines), µ = µa (dashes lines) and µ = mt (dotted lines). In this case we also show
with a dot-dashed line the dependence of the NLO cross section on an alternative definition
of µa, in which HT does not include the mT from possible additional partons appearing in
the final state10. From now on, we will refer to it as µLO

a .
As expected, µg and µLO

a lines are almost overlapping. Conversely, µa and µLO
a lines are

significantly different. It is interesting to note that the value of µa and µLO
a is the same for

Born and and virtual contributions from any kinematic configuration. Thus, the difference
between dashed and dot-dashed lines is formally an NNLO effect that arise from differences
in the scale renormalization for real radiation events only.11

Since the LO cross section is of O(↵4
s), it strongly depends on the value of the renor-

malization scale, as can be seen in figure 17. These dependence is considerably reduced at
NLO QCD accuracy in the standard interval [µg/2 < µ < 2µg]. Conversely, for µ < µg/4

the value of the cross section falls rapidly down, reaching the zero for µ ⇠ µg/8. This is
a signal that in this region the dependence of the cross section on µ is not under control.
Qualitatively similar considerations apply also for the different choices of scales, as can be

10This corresponds to simply set µ = 1
N

P
i=1,N mT,i. Clearly, at LO µa = µLO

a
11We explicitly checked that this difference is mainly induced by a different definition of the renormal-

ization scale and not of the factorization scale. Also with tt̄V -type and tt̄V V -type processes we observe
a similar trend, but, since the masses of the final-state particles are different, µg and µLO

a lines are more
distant than in tt̄tt̄ production.
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seen in figure 17.
In eqs. (2.4) and (2.4), we list the NLO and LO cross sections evaluated at the scale

µ = µg together with scale and PDF uncertainties. As done in previous subsections, scale
uncertainties are evaluated by varying µ = µf = µr in the standard interval [µg/2 <

µf , µr < 2µg]. In eq. we show the K-factor for µ = µg.

�NLO = 13.31+25.8%
�25.3%

+5.8%
�6.6% fb (2.4)

�LO = 10.94+81.1%
�41.6%

+4.8%
�4.7% fb (2.5)

K�factor = 1.22 (2.6)

We now discuss the effect of NLO QCD corrections on differential distributions. We an-
alyzed the distribution of the invariant mass, the pT and the rapidity of top quark(antiquarks)
and the possible top-quark pairs. Again, given the large amount of distributions, we show
only representative results. All the distributions considered and additional ones can be pro-
duced via the public code MadGraph5_aMC@NLO. For this process the scale dependence
of many distributions has been studied also in [15] and our results are in agreement with
those therein. In fig. 18 we show plots with the same formats already used and described
in the previous sections. Specifically, we display with the format that includes K-factors
and comparisons between the choices of µ: the distributions for the total pT of the two
hardest top quark and antiquark (pT (t1t̄1)), their invariant mass (m(t1t̄1)), the rapidity of
the hardest top quark y(t) and the invariant mass of the tt̄tt̄ system (m(tt̄tt̄)). Also, in the
last plot of fig. 18, we show together the pT distributions of the hardest and softest top
quarks, pT (t1) and pT (t2), and their ratios at NLO and LO.

We avoid to repeat once again the general features that have already been pointed out
several times in the previous two sections; they are still valid for tt̄tt̄ production. Here, we
found, interestingly, that NLO corrections rapidly grow in the threshold region for m(t1t̄1).
[Davide: why ???? ]. It is worth to notice that also for this process NLO QCD corrections
are very large in the tail of the pT (t1t̄1) distribution and that, as can be seen in the last
plot, the ratios of pT (t1) and pT (t2) distributions is not sensitive to NLO QCD corrections.
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Fig. 1. – In the left panel we show the total cross section for single (anti-)top production as
a function of a cut pcut

T on the transverse momentum of the (anti-)top. In the right panel the
relative contribution δ = [σNLO

− σLO]/σLO of the EW corrections to this observable is shown.
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Fig. 2. – Relative contribution of the EW corrections to Rt-prod./t̄-prod., defined as the ratio
between the total cross section for single top production and that for single anti-top production.
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pp → Z0(µ+µ−) W+(µ+νµ) W−(µ−ν̄µ)
LO 3338(1) 10696(1) 7981(1)
LO MCFM 3338(1) 10696(1) 7981(1)
NLO QCD 3388(2) 12263(4) 9045(4)
NLO MCFM 3382(1) 12260(1) 9041(5)
NLO EW 3345(1) 10564(1) 7861(1)
δQCD, % 1.49(3) 14.66(1) 13.35(3)
δEW , % 0.22(1) -1.23(1) -1.49(1)

Table 2: NC and CC DY processes, i.e. for pid =
002,±102. LO, NLO EW, NLO QCD cross sections are
given in picobarns and compared with corresponding val-
ues obtained with the program MCFM. The correction
factors δ are shown in %.

The quark mass is used to regularize the collinear di-
vergences, the soft-hard separator is a remainder of in-
frared divergences. The sum of contributions with id3
and id4 is independent of ω̄. The sums id1+id2+id3+id4
and id5+id6 are separately independent of mq. There-
fore, the entire NLO sub-process is independent of both
unphysical parameters ω̄ and mq.

pp → Z0 +H W+ +H W− +H
LO 0.8291(1) 0.9277(1) 0.5883(1)
LO MCFM 0.8292(1) 0.9280(2) 0.5885(1)
NLO QCD 0.9685(3) 1.0897(3) 0.6866(3)
NLO MCFM 0.9686(1) 1.0901(2) 0.6870(1)
NLO EW 0.7877(1) 0.8672(2) 0.5508(1)
δQCD,% 16.81(3) 17.47(3) 16.72(5)
δEW ,% -5.00(2) -6.52(2) -6.38(3)

Table 3: The same as in Table 2 but for processes of
HZ(W±) production, i.e. pid= 004,±104.

Below we provide numerical cross checks for the
mcsanc-v1.01 integrator. The SANC DY NLO elec-
troweak corrections were thoroughly compared with other
calculations earlier in [66–68] during theoretical workshops
on the subject. Therefore they are not repeated here. The
newer QCD results are validated using the MCFM pro-
gram [69]. At the moment this work is being completed
the comparison of Monte Carlo codes for the accurate de-
scription of the Drell–Yan processes at hadron colliders
is ongoing within the W -mass workshop held by the EW
working group of the LPCC [70]. The resulting publication
will contain a detailed cross check of several MC instru-
ments including mcsanc-v1.01.
Tables 2-4 contain results for integrated LO and NLO

EW and QCD cross sections obtained with the mcsanc-
v1.01 integrator. The LO and NLO QCD values are in
agreement with the MCFM [69] program within statistical
error. A detailed comparison of differential neutral current
Drell–Yan cross section is shown on Figures 5 and 6 for
dilepton invariant mass and lepton transverse momentum
distributions correspondingly. The lower plots on these fig-

pp → t+ b̄ t̄+ b
(s-channel) (s-channel)

LO 5.134(1) 3.205(1)
LO MCFM 5.133(1) 3.203(1)
NLO QCD 6.921(2) 4.313(2)
NLO MCFM 6.923(2) 4.309(1)
NLO EW 5.022(1) 3.140(1)
δQCD,% 34.79(5) 34.56(8)
δEW ,% -2.18(1) -2.02(2)

pp → t+ q t̄+ q
(t-channel) (t-channel)

LO 158.73(2) 95.18(2)
LO MCFM 158.69(7) 95.27(4)
NLO QCD 152.13(9) 90.44(7)
NLO MCFM 152.07(14) 90.50(8)
NLO EW 164.44(5) 98.65(4)
δQCD,% -4.17(6) -4.08(8)
δEW ,% 3.59(3) 3.66(5)

Table 4: The same as in Table 2 but for single top pro-
duction, s- and t-channel, i.e. for pid= ±105,±106.

ures show good agreement between NLO QCD correction
factors obtained with mcsanc-v1.01 and MCFM.

Plots on Figures 7, 8 show separate EW and QCD con-
tributions to the differential NC DY cross section and their
sum. The electroweak radiation produce high corrections
around the Z resonance peak for the dilepton invariant
mass distribution, while the QCD corrections are flatter.

4. Summary

The presented mcsanc integrator is a new Monte Carlo
tool for evaluating higher order (NLO) EW and QCD cross
sections. The integrator is based on the SANC frame-
work modules and calculates integrated and differential
cross sections for Drell–Yan processes, associated Higgs
and gauge boson production and single-top quark produc-
tion. The code was thoroughly cross checked against an-
other tools to provide consistent results. mcsanc uses ad-
vantage of multicore implementation of the Cuba Monte
Carlo integration library and supports simple histogram-
ming setup.
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Pathologies
All the previous calculations included only real photon radiation. 
Real quark radiation and initial-state photons have NOT been taken into account. 
What if we include them?

g

b

b

t

W
q

q̄′

γ

g

t

t̄ W

b̄

NLO EW quark radiation to tj or 
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NLO QCD pathologies are present also at the NLO EW. 
With 4FS (and HBR) pathologies become even worse. 

Is it necessary to move to stable final-state particles?



CONCLUSION 
EW corrections to the asymmetries are huge and necessary for a 
realistic description. They are not Sudakov enhanced.

The        (                       ) processes show non-negligible corrections 
for large pt, due to Sudakov logs. They are particularly large for         
!
       and            have been studied at NLO QCD accuracy, K-factors 
for charged final states strongly depend on energy of pp collision. 
Top-quark asymmetries are present also for   and NLO QCD 
corrections reduce the value for       .    
!
Single top: EW corrections are large for tW production. For t-channel, 
they are of the same size of NLO QCD corrections, with opposite 
sign. 
Updated results involving quark radiation and photons in the initial 
states are desirable, but technically not straightforward.

torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 50.1+14.2

−13.5 (59.7+18.9
−17.7) 156.4+38.3

−35.0

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [?]; they are not

tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in a

boosted configuration at the LHC Run II). The origin of this fact is the same as that of the

growth of the NLO QCD contributions, namely partonic luminosities; in particular, the

tt̄W±V final states can be obtained from gg-initiated partonic processes. While the above

statement must be carefully reconsidered in the context of fully-realistic simulations, where

acceptance cuts are imposed on the decay products of the tops and of the vector bosons, it

does say that, in such simulations, HBR contributions cannot simply be neglected. Note

that the behaviour with the c.m. energy of tt̄W+ and tt̄W− is not identical, mainly owing

to the fact that the former (latter) process is more sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus present predictions obtained in the Gµ scheme, with the
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
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In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.

– 4 –

Distributions: representative results at fixed order
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13 TeV Ac [%] tt̄H tt̄Z tt̄W± tt̄�

LO - �0.12+0.01
�0.01

+0.01
�0.02 ± 0.03 - �3.93+0.26

�0.23
+0.14
�0.11 ± 0.03

NLO 1.00+0.30
�0.20

+0.06
�0.04 ± 0.02 0.85+0.25

�0.17
+0.06
�0.05 ± 0.03 2.90+0.67

�0.47
+0.06
�0.07 ± 0.07 �1.79+0.50

�0.39
+0.06
�0.09 ± 0.06

Table 2. NLO and LO central asymmetries for tt̄V -type processes and tt̄H production at 13 TeV
for µ = µg. The first uncertainty is given by the scale variation within [µg/2 < µf , µr < 2µg], the
second one by PDF’s. The assigned error is the absolute statistical integration error. [Davide: Let’s
decide what to do with the statistical error. It is hopeless to reduce it. Only tt̄� is still running at
better precision.]

instead analytically zero in tt̄W± (tt̄H) production, where the interference of initial- and
final- state W (Higgs) bosons is not possible.6

At NLO, all the tt̄V processes and tt̄H production have an asymmetry, as can be seen
from the NLO y(t)/y(t̄) ratios in fig.8. In the case of tt̄W± production, the asymmetry
which is generated by NLO QCD corrections has already been studied in detail in [14], in
all the other cases it is analyzed for the first time here.

NLO and LO results at 13 TeV for Ac defined as [Davide: Should we mention in the
introduction these results? ]

Ac =
�(|yt| > |yt̄|)� �(|yt| < |yt̄|)
�(|yt| > |yt̄|) + �(|yt| < |yt̄|)

(2.3)

are listed in table 2.
Table 2 clearly demonstrates why NLO effects cannot be neglected, once again, in the

predictions of the asymmetries. NLO QCD corrections are the first order that originates
an asymmetry for tt̄W± and tt̄H production. Furthermore, they change sign and increase
by a factor ⇠ 7 the asymmetry in tt̄Z production and they decrease it by a factor larger
than two [Davide: let’s see] in tt̄� production.

6In principle, when the couplings of light-flavor quarks are considered non-vanishing, the initial-state
radiation of the HIggs boson is possible and also a small asymmetry is generated. However, this possibility
is ignored here.
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Central Asymmetries

fixed scale and other two possible definitions of dynamical scales. Inclusive and differential
K-factors are also shown. As said, these processes are all part of the background to the
tt̄H production with the Higgs boson decaying into leptons, which is also studied in this
work. To this purpose, we show also the same kind of results for tt̄H production.

NLO QCD corrections have already been calculated for tt̄� in [7], for tt̄Z in [8–12],
for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
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in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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2 representative examples:
Why do we care about photons in the proton?

Table 1: Integrated hadronic cross section for tt̄ production at the LHC, at NLO QED
in different production subprocesses, without and with cuts.

Process σtot without cuts [pb] σtot with cuts [pb]

Born correction Born correction

uū 34.25 -1.41 18.64 -0.770

dd̄ 21.61 -0.228 11.54 -1.68

ss̄ 4.682 -0.0410 2.253 -0.0304

cc̄ 2.075 -0.0762 0.9630 -0.0446

gg 407.8 2.08 213.6 0.524

gγ 4.45 2.29

pp 470.4 4.78 247.0 1.80

Table 2: Integrated hadronic cross section for tt̄ production at the Tevatron, at NLO
QED in different production subprocesses, without and with cuts.

Process σtot without cuts [pb] σtot with cuts [pb]

Born correction Born correction

uū 3.411 -0.117 3.189 -0.118

dd̄ 0.5855 -2.89×10−3 0.5432 -2.91×10−3

ss̄ 8.063×10−3 -1.21×10−5 7.343×10−3 -1.79×10−5

cc̄ 2.044×10−3 -5.06×10−5 1.857×10−3 -5.00×10−5

gg 0.4128 3.17×10−3 0.3803 2.69×10−3

gγ 0.0154 0.0143

pp̄ 4.420 -0.102 4.121 -0.104

with cross section at NLO, dσNLO, and the Born cross section dσB.
In Fig. 9 the pT and

√
ŝ distributions are shown (left), as well as the relative QED

corrections (right), for the gg and qq parton channel at the LHC. The effect of the
NLO QED corrections in the dominant gg fusion channel is rather small, less than 1%
over most of the pT range and also over most of the

√
ŝ range. Differently from the gg

channel, the NLO contributions for qq annihilation are negative over the whole pT and√
ŝ range, reaching the 5% level for pT ! 400 GeV and

√
ŝ ! 1200 GeV. They further

grow in size with increasing pT and
√

ŝ and for very high pT the qq channel starts to
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1 Introduction

Experimental investigations of the top quark at the Tevatron have significantly con-
tributed to precision tests of the Standard Model (SM) since the top discovery in
1995 [1, 2]. The top quark mass is an important parameter within the SM and its pre-
cise knowledge is an essential ingredient to constrain the mass of the Higgs boson [3].
Besides the top mass, the measurement of the top-pair production cross section is an
important test of the SM, and possible observation of deviations from the SM predic-
tions could indicate new, non-standard, contributions. Moreover, precise knowledge
of the SM processes as a main source of background is crucial in direct searches for
potential new physics beyond the SM.

At the Tevatron, the dominant production mechanism is the annihilation of quark-
antiquark pairs q + q → t + t, wheras at LHC energies, tt production proceeds mainly
through gluon fusion, g + g → t + t. In lowest order, the tt production cross section
in hadronic collisions is of O(α2

s ) and was calculated in [4]. The corresponding lowest-
order electroweak contributions of O(α2) to the Drell-Yan annihilation process via
γ- and Z-exchange are very small, contributing less than 1% at the partonic level [5],
and are thus negligible. Accordingly, the main higher order contributions arise from
QCD. Cross sections and distributions including QCD effects of O(α3

s ) were computed
in [6, 7], and an inspection of the QCD effects close to the production threshold was
performed in [8]. Including the resummation of large logarithmic QCD contributions
in the threshold region improves the perturbative calculation and was done in [9, 10,
11, 12, 13]. The prediction for the tt production cross section currently used at the
Tevatron is based on the studies in [14], which include the next-to-leading-order (NLO)
contributions and the resummation of soft logarithms (NLL). In [15], also the next-to-
next-to-leading-order (NNLO) soft-gluon corrections were taken into account, extended
to NNNLO in [16].

From the electroweak (EW) side, the EW one-loop corrections to the QCD-based
lowest order calculations, which are of O(αα2

s ), were investigated first in [17] for the
subclass of the infrared-free non-photonic contributions, i.e. those loop contributions
without virtual photons. They are of special interest due to the large Yukawa coupling
of the top quark to the Higgs boson. However, they have little impact within the SM,
about 1% of the lowest-order cross section for the Tevatron, and not more than 3% for
the LHC [17, 18]. In these calculations contributions including the interference of QCD
and EW interactions were neglected. A study of the non-photonic EW corrections with
the gluon–Z interference effects was done more recently in [19, 20, 21, 22].

Still, a subset of the full EW corrections, corresponding to the QED corrections
with real and virtual photons, was not included in the previous calculations. In this
paper we close this gap and present the calculation of the missing QED subset, thus
making the SM prediction at the one-loop level complete.

It is worth to mention also several studies within specific extensions of the SM,
comprising calculations of the Yukawa one-loop corrections within the General 2-Higgs-
Doublet Model (G2HDM) for Tevatron [23] and LHC [24]. Also, the SUSY-QCD O(α2)

1
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γ

t

t

t

g

γ

t

t
t

Figure 8: Feynman diagrams for photon induced tt production at lowest order.

2.3 Photon-induced tt production

In addition to the previously mentioned NLO QED contributions we also have to
inspect the photon-induced production channels. These comprise at lowest order the
gluon–photon fusion amplitudes illustrated in Fig. 8.

In general, photon-induced partonic processes vanish at the hadronic level unless
the NLO QED effects are taken into account. A direct consequence of including these
effects into the evolution of parton distribution functions (PDFs) is the non-zero photon
density in the proton, which leads to photon-induced contributions at the hadronic level
by convoluting the photon-induced partonic cross sections with the PDFs at NLO QED.
Since the photon distribution function is of order α they are formally not of the same
overall order as the other NLO QED contributions. Numerically, however, they turn
out to be sizeable, and we therefore include them in our discussion.

As the PDFs at NLO QED have become available only recently [42], the photon-
induced hadronic processes have not yet been investigated. Here we present the first
study of these effects on the top pair production.

3 Hadronic cross section for pp, pp → ttX

For obtaining the hadronic cross section we have to convolute the various partonic
cross sections with the corresponding parton densities and sum over all contributing
channels, adding up contributions of the non-radiative and radiative processes. As
already mentioned, only the sum of all virtual and real corrections is IR finite. Final
step is the factorization of the remaining mass singularities.

3.1 Mass factorization

The mass-singular logarithmic terms proportional to lnmq are not canceled in the sum
of virtual and real corrections. They originate from collinear photon emission off the
incoming light quarks. In analogy to the factorization of collinear gluon contributions,
they have to be absorbed into the parton densities.

This can be formally achieved by replacing the bare quark distributions qi(x) for
each flavor by the appropriate scale dependent distributions qi(x, Q2) in the following
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Rapidity distributions: unboosted vs. boosted

       13 TeV               13 TeV

σbb̄→tt̄H(pb) 8 TeV 13 TeV 100 TeV

α2
SαΣ3,0 1.8 · 10−4 9.1 · 10−4 8.6 · 10−2

αSα
2 Σ3,1 −1.3 · 10−4 −1.5 · 10−3 −1.3 · 10−1

α3 Σ3,2 3.1 · 10−4 1.6 · 10−3 1.9 · 10−1

Table 10: Leading, second-leading, and third-leading Born contributions due to the bb̄

initial state.

(being at most 0.36% at 100 TeV); those to Σ3,1 and Σ3,2 are comparable or slightly larger

in absolute value, and furthermore they tend to cancel each other. Given that there is no

mechanism at the NLO that could enhance the bb̄-initiated cross section in a much stronger

way than for the other partonic contributions at the same order, our assumption appears to

be perfectly safe. It is thus of academic interest the fact that the results for the bb̄-induced

Σ3,q coefficients do not obey the numerical hierarchy suggested by their corresponding

coupling-constant factors (which hierarchy is violated owing to the opening of t-channel

diagrams, such as the one on the right of fig. 2). When the mixed-coupling expansion

will be fully automated in MadGraph5 aMC@NLO, one will easily verify whether such a

feature survives NLO corrections.

3.2 Differential distributions

We now turn to presenting results for differential distributions. In order to be definite, we

have considered the following observables: the transverse momenta of the Higgs (pT (H)),

top quark (pT (t)), and tt̄ pair (pT (tt̄)), the invariant mass of the tt̄H system (M(tt̄H)),

the rapidity of the top quark (y(t)), and the difference in rapidity between the tt̄ pair and

the Higgs boson (∆y(tt̄,H)). The corresponding six distributions are shown at a collider

energy of 13 TeV (fig. 5), 100 TeV (fig. 6), and 13 TeV in the boosted scenario of eq. (3.5)

(fig. 9). In the case of the HBR process pp → tt̄HH, owing to the inclusive (in the two

Higgses) definition of the latter the histograms relevant to the observables that depend

explicitly on the Higgs four-momentum (i.e., pT (H), M(tt̄H), and ∆y(tt̄,H)) may receive

up to two entries per event.

Figures 5, 6, and 9 have identical layouts. The main frame displays three distributions,

which correspond to the LO (black dashed), LO+NLO QCD (red solid, superimposed with

full circles), and LO+NLO QCD+NLO weak (green solid) cross sections. The latter two

distributions are therefore the bin-by-bin analogues of the sum of the upper two entries and

of the sum of the three entries, respectively, in a given column of table 5. The middle inset

presents the ratios of the two NLO-accurate predictions over the corresponding LO one –

these are therefore the K factors. Centered around the NLO QCD K factor we show a

mouse-grey band, which represents the fractional scale uncertainty, defined in full analogy

to what has been done in table 6. Finally, the lower inset displays the ratios of the NLO

QCD, NLO weak, and HBR (dot-dashed magenta) contributions over the LO cross section

– these are therefore the analogues of the first two lines of table 6 and of the last line of
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tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

LO EW 1.8 ± 1.3 1.2 ± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2 ± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2 ± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5 ± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

due to processes with initial-state photons are quite large at the LO (except for tt̄W±

production, which has a LO EW cross section identically equal to zero), but consistitute

only a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial state, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

of tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC,

NLO EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and

the smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production, while

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply
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Transverse momentum distributions: unboosted vs. boosted
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Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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Further details on the NLO weak and HBR results relevant to figs. 5 and 6 are given

in figs. 7 and 8, respectively. The main frames display the cross sections, and in the

case of the NLO weak contributions the individual results for the three dominant partonic

channels (namely, gg, dd̄, and uū) are also shown. The lower insets contain the same

information, but in the form of fractions over the relevant LO cross sections; these are thus

the differential analogues of tables 7 and 8.

As far as QCD and weak effects are concerned, figs. 5 and 6 show rather similar

patterns. NLO QCD contributions are dominant everywhere in the phase space, and their

size increase with the collider energy in a manner which is, in the first approximation, rather

independent of the observable or the range considered (however, a closer inspection reveals

some minor differences in the shapes of the relative contributions to several observables). In

other words, there is no single phase-space region associated with the growth with energy

of the relative NLO QCD contribution observed in table 6. At a given collider energy,

the NLO QCD K factors are generally not flat, with the exception of y(t) and, to a good

extent, of ∆y(tt̄,H) at 100 TeV; the K factors also tend to flatten out at large transverse

momenta or invariant masses. The case of NLO weak effects is interesting because they

become significant only in certain regions of the phase space (we remind the reader that

we are discussing here the analogue of the fully inclusive case of sect. 3.1, for which at the

level of rates weak contributions are smaller than QCD scale uncertainties, as documented

by the entries not included in round brackets in table 6). In particular, the histograms

that include the NLO weak contributions lie at the lower end of the QCD scale-uncertainty

band at large pT (H), pT (t), and (to a somewhat lesser extent) ∆y(tt̄,H). Weak effects

induce therefore a significant distortion of the spectra in those regions, and cannot be

neglected. The above regions are rather directly related with those relevant to the boosted

scenario; it is therefore consistent with the behaviour of the rates within the cuts of eq. (3.5)

shown in table 6 that we observe that the relative importance of NLO weak vs NLO QCD

contributions is greater at 13 TeV than at 100 TeV.

One has to keep in mind that the impact of the NLO weak effects discussed above can

be partly compensated by that of the HBR contributions, since the relative importance of

the latter tends to increase (in absolute value) in the same regions where the NLO weak

corrections are most significant, at both 13 and 100 TeV, as shown by the insets of figs. 7

and 8. From these figures, we also see the differential counterpart of table 7: at 13 TeV,

the interplay of the gg with the dd̄ and uū channels is involved, while at 100 TeV one is

dominated everywhere in the phase space by the gg-initiated process.

We conclude this section by presenting in fig. 9 the results for our six reference differen-

tial distributions obtained by imposing the cuts of eq. (3.5). As expected, the effect of such

cuts is that of further enhancing the impact of the NLO weak contributions, which become

competitive with the QCD ones, and non-negligible even close to the pT thresholds (com-

pare e.g. the insets of the upper two panels of figs. 5 and 9). Note that this conclusion is

not modified when the HBR contributions are taken into account, as was already observed

for the predictions of the total rates. We finally comment on a few visible features that

appear in the differential pT (t), pT (tt̄), and M(tt̄H) distributions in the boosted scenario.
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Structure of NLO EW-QCD corrections
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qq̄ → tt̄H, q = b α1
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1/2, α3/2 α2
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1, α1
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Table 1: Born-level partonic processes relevant to tt̄H production. For each of them,

we report the coupling-constant factors in front of the non-null contributions, both at the

amplitude (middle column) and at the amplitude squared (rightmost column) level.

Figure 1: Representative O(α1
sα

1/2) Born-level diagrams.

Figure 2: Representative O(α3/2) Born-level diagrams.

tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α ≪ αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the
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tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α ≪ αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the
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Table 2: Coupling-constant factors relevant to Born, one-loop, and real-emission ampli-

tudes; see the text for more details.

in the context of a mixed QCD-EW expansion, the virtual or final-state particle mentioned

before must be chosen in a set larger than the one relevant to a single-coupling series. In

particular, for the case of tt̄H production with stable top quarks and Higgs, such a set is:
{

g, q, t, Z,W±,H, γ
}

, (2.5)

where the light quark q may also be a b quark, and the top quark enters only one-loop

contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully

analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and

Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)

is strongly interacting, it is then natural to classify the resulting one-loop or real-emission

diagram as a QCD-type contribution, and a EW-type contribution otherwise2. The idea

of this amplitude-level classification is that QCD-type and EW-type contributions will

generally lead to QCD and EW corrections at the amplitude-squared level, respectively.

However, this correspondence, in spite of being intuitively appealing, is not exact, as we

shall show in the following; this is one of the reasons why “QCD corrections” and “EW

corrections” must not be interpreted literally. The classification just introduced is used in

table 2: for a given Born-level amplitude Bi associated with a definite coupling-constant

factor, the corresponding one-loop and real-emission quantities are denoted by VQCD,i and

RQCD,i in the case of QCD-type contributions, and by VEW,i and REW,i in the case of EW-

type contributions. We can finally consider all possible combinations Bi·V∗,j, RQCD,i·RQCD,j,

and REW,i ·REW,j and associate them with the relevant amplitude-squared quantities Σ4,q.

Note that one must not consider the RQCD,i · REW,j combinations, owing to the fact that

the two amplitudes here are relevant to different final states3.

We now observe that this bottom-up construction leads to redundant results. Here,

the case in point is that of VQCD,1 and VEW,0: the one-loop diagram (which enters VQCD,1)

obtained by exchanging a gluon between the q̄ and t̄ legs of the diagram to the left of fig. 2

is the same diagram as that (which enters VEW,0) obtained by exchanging a Z between the

q and intermediate-t legs of the diagram to the right of fig. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to tt̄H production and to pro-

cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution

according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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Table 1: Born-level partonic processes relevant to tt̄H production. For each of them,

we report the coupling-constant factors in front of the non-null contributions, both at the

amplitude (middle column) and at the amplitude squared (rightmost column) level.

Figure 1: Representative O(α1
sα

1/2) Born-level diagrams.

Figure 2: Representative O(α3/2) Born-level diagrams.

tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α ≪ αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the
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particular, for the case of tt̄H production with stable top quarks and Higgs, such a set is:
{

g, q, t, Z,W±,H, γ
}

, (2.5)

where the light quark q may also be a b quark, and the top quark enters only one-loop

contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully

analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and

Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)

is strongly interacting, it is then natural to classify the resulting one-loop or real-emission

diagram as a QCD-type contribution, and a EW-type contribution otherwise2. The idea

of this amplitude-level classification is that QCD-type and EW-type contributions will

generally lead to QCD and EW corrections at the amplitude-squared level, respectively.

However, this correspondence, in spite of being intuitively appealing, is not exact, as we

shall show in the following; this is one of the reasons why “QCD corrections” and “EW

corrections” must not be interpreted literally. The classification just introduced is used in

table 2: for a given Born-level amplitude Bi associated with a definite coupling-constant

factor, the corresponding one-loop and real-emission quantities are denoted by VQCD,i and

RQCD,i in the case of QCD-type contributions, and by VEW,i and REW,i in the case of EW-

type contributions. We can finally consider all possible combinations Bi·V∗,j, RQCD,i·RQCD,j,

and REW,i ·REW,j and associate them with the relevant amplitude-squared quantities Σ4,q.

Note that one must not consider the RQCD,i · REW,j combinations, owing to the fact that

the two amplitudes here are relevant to different final states3.

We now observe that this bottom-up construction leads to redundant results. Here,

the case in point is that of VQCD,1 and VEW,0: the one-loop diagram (which enters VQCD,1)

obtained by exchanging a gluon between the q̄ and t̄ legs of the diagram to the left of fig. 2

is the same diagram as that (which enters VEW,0) obtained by exchanging a Z between the

q and intermediate-t legs of the diagram to the right of fig. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to tt̄H production and to pro-

cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution

according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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Structure of NLO EW-QCD corrections
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Process O(A) O(Σ)
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qq̄ → tt̄H, q ̸= b α1
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1/2, α3/2 α2
sα

1, α3

qq̄ → tt̄H, q = b α1
sα

1/2, α3/2 α2
sα

1, α1
sα

2, α3

Table 1: Born-level partonic processes relevant to tt̄H production. For each of them,

we report the coupling-constant factors in front of the non-null contributions, both at the

amplitude (middle column) and at the amplitude squared (rightmost column) level.

Figure 1: Representative O(α1
sα

1/2) Born-level diagrams.

Figure 2: Representative O(α3/2) Born-level diagrams.

tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α ≪ αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the
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Born B0 = O(α1
sα

1/2) B1 = O(α3/2)

QCD
Virtual VQCD,0 = O(α2

sα
1/2) VQCD,1 = O(α1

sα
3/2)

Real RQCD,0 = O(α3/2
s α1/2) RQCD,1 = O(α1/2

s α3/2)

EW
Virtual VEW,0 = O(α1

sα
3/2) VEW,1 = O(α5/2)

Real REW,0 = O(α1
sα

1) REW,1 = O(α2)

Table 2: Coupling-constant factors relevant to Born, one-loop, and real-emission ampli-

tudes; see the text for more details.

in the context of a mixed QCD-EW expansion, the virtual or final-state particle mentioned

before must be chosen in a set larger than the one relevant to a single-coupling series. In

particular, for the case of tt̄H production with stable top quarks and Higgs, such a set is:
{

g, q, t, Z,W±,H, γ
}

, (2.5)

where the light quark q may also be a b quark, and the top quark enters only one-loop

contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully

analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and

Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)

is strongly interacting, it is then natural to classify the resulting one-loop or real-emission

diagram as a QCD-type contribution, and a EW-type contribution otherwise2. The idea

of this amplitude-level classification is that QCD-type and EW-type contributions will

generally lead to QCD and EW corrections at the amplitude-squared level, respectively.

However, this correspondence, in spite of being intuitively appealing, is not exact, as we

shall show in the following; this is one of the reasons why “QCD corrections” and “EW

corrections” must not be interpreted literally. The classification just introduced is used in

table 2: for a given Born-level amplitude Bi associated with a definite coupling-constant

factor, the corresponding one-loop and real-emission quantities are denoted by VQCD,i and

RQCD,i in the case of QCD-type contributions, and by VEW,i and REW,i in the case of EW-

type contributions. We can finally consider all possible combinations Bi·V∗,j, RQCD,i·RQCD,j,

and REW,i ·REW,j and associate them with the relevant amplitude-squared quantities Σ4,q.

Note that one must not consider the RQCD,i · REW,j combinations, owing to the fact that

the two amplitudes here are relevant to different final states3.

We now observe that this bottom-up construction leads to redundant results. Here,

the case in point is that of VQCD,1 and VEW,0: the one-loop diagram (which enters VQCD,1)

obtained by exchanging a gluon between the q̄ and t̄ legs of the diagram to the left of fig. 2

is the same diagram as that (which enters VEW,0) obtained by exchanging a Z between the

q and intermediate-t legs of the diagram to the right of fig. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to tt̄H production and to pro-

cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution

according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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Comparison between different schemes

tt̄H tt̄Z tt̄W+ tt̄W−

σLO QCD( pb) 3.617 · 10−1 5.282 · 10−1 2.496 · 10−1 1.265 · 10−1

σ
Gµ

LO QCD( pb) 3.527 · 10−1 5.152 · 10−1 2.433 · 10−1 1.234 · 10−1

∆
Gµ

LO QCD(%) 2.5 2.5 2.5 2.5

δLO EW(%) 1.2 0.0 0 0

δ
Gµ

LO EW(%) 1.2 0.0 0 0

∆
Gµ

LO EW(%) 2.5 2.5 2.5 2.5

δNLO EW(%) −1.2 −3.8 −7.7 −6.7

δ
Gµ

NLO EW(%) 1.8 −0.7 −4.5 −3.5

∆
Gµ

NLO EW(%) −0.5 −0.7 −0.9 −0.9

Table 11: Comparison between results in the α(mZ) and Gµ scheme, at 13 TeV.

The results are collected in table 11, where for ease of comparison we also report the

relevant predictions given previously in the α(mZ) scheme (see tables 3–10).

The scheme dependence of the dominant LO term, σLO QCD, is solely due to the value

of α; thus, the 2.5% reported in the third row of table 11 is simply the relative difference

between the two values of α given in eqs. (3.5) and (3.6), since this LO term factorises a

single power of α. The smallness of σLO EW is such that ∆
Gµ

LO EW, defined in eq. (3.13),

is largely dominated by σLO QCD. Hence its values are also equal to 2.5% within the

numerical accuracy of our results; by increasing the statistics, one would observe tiny

differences w.r.t. the predictions for ∆
Gµ

LO QCD. The predictions for the relative differences

at the LO imply that a change of EW scheme may be significant, being of the same order

as the NLO EW relative contributions, in particular in the case of tt̄H and tt̄Z production,

and slightly less so for tt̄W± production (compare ∆
Gµ

LO EW with δNLO EW). These higher-

order EW results are also affected by a change of EW scheme, as one can see by comparing

the results for δNLO EW and for δ
Gµ

NLO EW in table 11, with the Gµ scheme responsible

for a systematic shift towards positive cross sections. However, the most relevant figure

of merit is actually ∆
Gµ

NLO EW, defined in eq. (3.14), which must be compared with its LO

counterparts, ∆
Gµ

LO QCD and ∆
Gµ

LO EW; the values of the former ratio are significantly smaller

than those of the latter two ratios, as a result of the stabilisation against changes of scheme

that is characteristic of higher-order computations.

We conclude this section by mentioning that we have also computed the LO contribu-

tions of O(α3) to the total rates, since they factor the same power of λ6 as the O(α2
Sα

2)

NLO terms, according to the naive scaling law αS → λαS and α → λ2α. We find that these

third-leading LO rates are smaller (for tt̄H and tt̄Z), or much smaller (for tt̄W±, by a factor

of about ten), than the NLO EW ones; furthermore, they are not enhanced by any Su-

dakov logarithms at large hardness. We finally remark that photon-initiated contributions

of O(α3) are negligibly small. For these reasons, we have not reported any O(α3) results

in the tables above, and have ignored their contributions to differential distributions.
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Label Meaning

LO QCD LO, 1

NLO QCD NLO, 1

LO EW LO, 2

NLO EW NLO, 2; no pp → tt̄V1V2

HBR NLO, 2; only pp → tt̄V1V2

Table 1: Shorthand notation used in sect. 3. V1 and V2 stand for a Higgs, a W±, or a Z

boson. HBR is an acronym for Heavy Boson Radiation, and for a given V1 understands

the sum over V2. The reader is encouraged to check sect. 2 for the precise definitions of all

the quantities involved.

3. Results

In this section we present our predictions for inclusive rates relevant to the production of

tt̄H, tt̄Z, tt̄W+, and tt̄W− at a pp collider with a c.m. energy of 8 TeV (LHC Run I),

13 TeV (LHC Run II), and 100 TeV. In the case of the LHC Run II, we shall also study

the four production processes at the level of several differential distributions. Furthermore,

for such a c.m. energy we shall consider the implications of a “boosted” regime, effectively

obtained by imposing the following final-state cuts:

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (V ) ≥ 200 GeV . (3.1)

In HBR processes, the transverse momentum of the vector boson denoted by X in eq. (2.5)

is not constrained; this implies that, in the case of identical particles (X = V ), a single

vector boson fulfilling the last condition in eq. (3.1) is sufficient for the corresponding

event to contribute to the cross section. While a high-pT regime might be advocated in

the context of Higgs searches [48–50] to increase the relative strength of the signal, in the

present case it is interesting regardless of the nature of the associated heavy boson, because

it is known to enhance the impact of EW effects through large Sudakov logarithms [51–54].

Thus, it allows one to gauge directly the impact of EW corrections where they should

matter most, and hence to assess the reliability of predictions that include only NLO QCD

effects.

We have chosen the particle masses as follows:

mt = 173.3 GeV , mH = 125 GeV , (3.2)

mW = 80.385 GeV , mZ = 91.188 GeV . (3.3)

All widths are set equal to zero, and the massive modes and Yukawas are renormalised on-

shell. We point out that these settings are not hard-coded in MadGraph5 aMC@NLO, but

are inherited [33] from the adopted UFO [55] model. We have chosen the NNPDF2.3QED

PDF set [38] (particularly for the reasons discussed in sect. 2) that is associated with the

value

αS(mZ) = 0.118 . (3.4)
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Our default EW scheme is the α(mZ) scheme, where we set:

1

α(mZ)
= 128.93 . (3.5)

We shall also present results in the Gµ scheme, where:

Gµ = 1.16639 · 10−5 −→
1

α
= 132.23 . (3.6)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.7)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies have been evaluated by varying these scales independently in the

range:
1

2
µ ≤ µR, µF ≤ 2µ , (3.8)

and by taking the envelope of the resulting predictions; the value of α is kept fixed. In this

work, we have limited ourselves to considering the scale dependence of ΣLO,1 and ΣNLO,1,

which corresponds to what is usually identified with the scale uncertainty of the QCD cross

section. We point out that the calculation of this theory systematics does not entail any

independent runs, being performed through the exact reweighting technique introduced

in ref. [56], which is fully automated in MadGraph5 aMC@NLO. The PDF uncertainties

are computed, again through reweighting, by following the NNPDF methodology [57]; we

report the 68% CL symmetric interval (that is the one that contains only 68 replicas out of

a total of a hundred; this is done in order to avoid the problem of outliers, which is severe

in this case owing to the photon PDF [38])

We stress that, because of the choice of PDFs made in this paper, the present results

for tt̄H production would not be exactly identical to those of ref. [31] even if QED effects

were ignored. However, the differences are tiny, so that a direct comparison between the

tt̄H results of this paper and those of ref. [31] is possible, which allows one to assess the

impact of QED-only corrections.

3.1 Inclusive rates

We begin by reporting, in table 2, the results relevant to the individual contributions that

enter the definition of a given HBR cross section. As is implied by eq. (2.5), by summing

the relevant entries of table 2 one obtains the desired HBR rate. For example, in the case

of tt̄H production:

σHBR(tt̄H) = σ(tt̄HH) + σ(tt̄HZ) + σ(tt̄HW+) + σ(tt̄HW−) , (3.9)

and analogously for the other processes. Note that HBR cross sections are inclusive by

definition, and cannot be summed; this is evident if one considers that one given contri-

bution may enter in more than one HBR rate (e.g. σ(tt̄HZ) contributes to the HBR’s of

both tt̄H and tt̄Z). The entries of table 2 have a relative integration error of about 0.1%.
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definition, and cannot be summed; this is evident if one considers that one given contri-

bution may enter in more than one HBR rate (e.g. σ(tt̄HZ) contributes to the HBR’s of

both tt̄H and tt̄Z). The entries of table 2 have a relative integration error of about 0.1%.
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σ( pb) 8TeV 13TeV 100TeV

tt̄HH 1.640 · 10−4 6.947 · 10−4 6.078 · 10−2

tt̄HZ 2.831 · 10−4 1.214 · 10−3 1.212 · 10−1

tt̄HW+ 2.918 · 10−4 8.996 · 10−4 1.982 · 10−2

tt̄HW− 1.139 · 10−4 4.074 · 10−4 1.366 · 10−2

tt̄ZZ 3.373 · 10−4 1.385 · 10−3 1.209 · 10−1

tt̄ZW+ 5.036 · 10−4 1.711 · 10−3 4.634 · 10−2

tt̄ZW− 1.919 · 10−4 7.455 · 10−4 3.084 · 10−2

tt̄W+W− 1.618 · 10−3 7.066 · 10−3 7.747 · 10−1

Table 2: Total rates for the individual contributions to HBR cross sections.

We now present, in turn, the results for the total rates relevant to tt̄H, tt̄Z, tt̄W+,

and tt̄W− production. Each of these processes corresponds to a set of two tables: tables 3

and 4 for tt̄H, tables 5 and 6 for tt̄Z, tables 7 and 8 for tt̄W+, and tables 9 and 10 for

tt̄W−. In the first table of each set we give the values, in pb, of the various contributions

to the total cross section, namely LO QCD, NLO QCD, LO EW, NLO EW, and HBR; at

a given c.m. energy, these results have an integration error which is at most 0.1% times the

LO QCD cross section3 relevant to that energy. The two contributions labelled with “EW”

are also computed by setting the photon density equal to zero, as explained in sect. 2. In

the case of the 13 TeV LHC, we also give (in parentheses) the rates within the cuts of

eq. (3.1). The second table of each set displays the value of the ratios:

δX =
σX

σLO QCD
, (3.10)

with X equal to NLO QCD, LO EW, NLO EW, and HBR. In other words, for any given

column the entry in the nth row of the second table is equal to the ratio of the entry in the

(n+1)th row of the first table over the entry in the first row of that table. Except for HBR,

the results for the ratios δ are associated with uncertainties. These fractional uncertainties

are computed by using eq. (3.10), with the numerator set equal to the maximum and

minimum of either the scale or the PDF envelope, and the denominator always computed

with central scales and PDFs. Note that the denominator is a LO quantity, at variance

with what is done usually in QCD where the central NLO cross section is used; the present

choice allows one to treat QCD and EW effects on a more equal footing in the context

of a mixed-coupling expansion. In the case of NLO QCD, the uncertainties quoted in the

tables are due to scale variations (leftmost errors) and PDF variations (rightmost errors);

in the case of the LO and NLO EW contributions, to PDF variations.

The results for the total cross sections exhibit a few features common to all four pro-

cesses considered here. Firstly, the leading NLO term (NLO QCD) is very large, and grows

with the collider energy. Its impact is particularly striking in the case of tt̄W± production,

3The typical errors are such that the statistical uncertainties affect the last digit of the results quoted

in the tables.
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tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)
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Without QED (photons), the structure of IR singularities is simpler 
         was the first pheno study of EW corrections in the MG5_aMC@NLO 
framework.

Electroweak corrections are in general small. However, the Sudakov logarithms                          
        can enhance their size. They originate only from Weak corrections
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We study electroweak Sudakov corrections in high energy scattering, and the cancellation between
real and virtual Sudakov corrections. Numerical results are given for the case of heavy quark
production by gluon collisions involving the rates gg → tt̄, bb̄, tb̄W, tt̄Z, bb̄Z, tt̄H, bb̄H . Gauge boson
virtual corrections are related to real transverse gauge boson emission, and Higgs virtual corrections
to Higgs and longitudinal gauge boson emission. At the LHC, electroweak corrections become
important in the TeV regime. At the proposed 100TeV collider, electroweak interactions enter a
new regime, where the corrections are very large and need to be resummed.

I. INTRODUCTION

Electroweak corrections grow with energy due to the
presence of Sudakov double logarithms αW ln2 s/M2

W ,
and are already relevant for LHC analyses with invari-
ant masses in the TeV region. The corrections arise
because of soft and collinear infrared divergences from
the emission of electroweak bosons. The infrared sin-
gularities are cutoff by the gauge boson mass, and lead
to finite αW ln2 s/M2

W corrections. Unlike in QCD, the
electroweak logarithms do not cancel even for totally in-
clusive processes, because the initial states are not elec-
troweak singlets [1–3].

In this paper, we discuss the cancellation (or lack
thereof) between real and virtual corrections. We will
use gg → tt̄, bb̄ as an explicit numerical example. In this
process, the initial state is an electroweak singlet, so the
total cross section does not contain αW ln2 s/M2

W correc-
tions. This allows us to compare the electroweak correc-
tions in this process to the more familiar case of αs cor-
rections to the R ratio for e+e− → hadrons. Even though
electroweak Sudakov corrections cancel for the total cross
section, they do not cancel for interesting experimentally
measured rates, and are around 10% for invariant masses
of ∼ 2TeV. Electroweak corrections to processes involv-
ing electroweak-charged initial states, such as Drell-Yan
production, qq → WW , or qq → tt, are larger than for
gg → tt.

At present, omitted electroweak corrections are the
largest error in many LHC cross section calculations, and
are more important than higher order QCD corrections.
Furthermore, the resummed electroweak corrections to
all hard scattering processes at NLL order are known
explicitly [4–6], and have a very simple form, so they
can be incorporated into LHC cross section calculations.
Recently, there has been interest in building a hadron col-
lider with an energy of around 100TeV. For such a ma-
chine, electroweak corrections are no longer small, and
resummed corrections must be included to get reliable
cross sections. The numerical plots in this paper go out to

ŝ = 30TeV to emphasize the importance of electroweak
corrections at future machines.
We will make one simplification in this paper, by com-

puting electroweak corrections in a pure SU(2)W gauge
theory, neglecting the U(1) part. The reason is that in
the Standard Model (SM), after spontaneous symmetry
breaking, there is a massless photon. Electromagnetic
corrections produce infrared divergences which are not
regularized by a gauge boson mass. Instead they have
to be treated by defining infrared safe observables, as
done for QCD. Initial state infrared corrections can be
absorbed into the parton distribution functions (PDFs).
To implement this consistently requires electromagnetic
corrections to be included in the parton evolution equa-
tions. These additional complications are separate from
the main point of the paper, and can be avoided by using
the SU(2)W theory.
The numerical results will be given for an SU(2)W

gauge theory with αW equal to the Standard Model value
α/ sin2 θW . We will treat W 1,2 as the SM W bosons, and
W 3 as the SM Z0, and use the notation L ≡ ln s/M2

W .
The structure of electroweak corrections is discussed in

Sec. II, and a summary of the SCETEW results for com-
puting these is given in Appendix A. The cancellation
of real and virtual electroweak corrections is discussed in
Sec. III for an example where one can do the full compu-
tation analytically, and Sec. IV discusses the cancellation
for heavy quark production, where the rates have to be
computed numerically. Some subtleties for an unstable
t-quark are discussed in Sec. IVC. The implications of
electroweak corrections for experimental measurements
is given in Sec. V.

II. ELECTROWEAK LOGARITHMS

Electroweak radiative corrections have a typical size
of order αW /π ∼ 0.01. However, in some cases, the
radiative corrections have a Sudakov double logarithm,
(αW /π)L2, and become important. The regime where
this happens is high energy, s ≫ M2

W , where one can

Why Weak corrections to         production? 

have been calculated for all of the other main Higgs production channels: gluon fusion [28–

31], vector-boson fusion [32, 33] and V H associated production [34]. For the case of tt̄H,

they are currently not known. The purpose of this work is to amend this situation, and to

present the first calculation of such corrections; similarly to what has been done as a first

step in the case of tt̄ hadroproduction [35–39], we do not include in our results effects of

QED origin (dealt with in later papers [40–43] for tt̄). Our computations are performed in

the automated MadGraph5 aMC@NLO framework [44].

The motivation for separating weak and QED corrections to the pp→ tt̄H cross section

is twofold. Firstly, it is only weak corrections which can induce effects whose size may be

of the same order as the QCD ones in those regions of the phase space associated with

large invariants, owing to the possible presence of Sudakov logarithms (see e.g. refs. [45–

48]), which compensate the stronger suppression of α w.r.t. that of αS. Secondly, weak

corrections spoil the trivial dependence of LO and NLO QCD cross sections on λtt̄H . This

is because they also depend on the couplings of the Higgs to the W and Z bosons, and

on the Higgs self-coupling, while QED corrections do not involve any of these additional

couplings. Thus, if one wants to assess possible contaminations due to higher-order effects

in the extraction of λtt̄H , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simplifies the struc-

ture of the calculation, and in particular that relevant to the subtraction of the infrared

singularities. We note, however, that such a simplification is not particularly significant in

the context of an automated approach that is already able to deal with the more compli-

cated situation of QCD-induced subtractions, as is the case for MadGraph5 aMC@NLO.

It is indeed weak corrections that introduce several elements of novelty in our automated

approach (see e.g. sect. 4.3 of ref. [44]); the possibility of testing them in tt̄H production

is yet another motivation to pursue the computation we are presenting in this paper.

We point out that, in all cases where both QCD and EW effects are relevant, the

structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a

linear combination of terms, each of which factorises a coupling-constant factor of the type

αn
sα

m, with n + m a constant. Owing to the numerical hierarchy α ≪ αS, it is natural

to organise this combination in decreasing powers of αS. The leading term has the largest

power of αS and the smallest of α, and at the NLO it is identified with QCD corrections.

The next term has one power less in αS, and an extra one in α: it is what is often identified

with EW corrections. This is something of a misnomer, because QCD effects contribute

to this term as well, and because it renders difficult the classification of the remaining

terms (i.e., beyond the second) in the linear combination mentioned before. Although

slightly annoying, this is not a major problem, being a question of (naming) conventions

and, especially, because the computations of terms beyond the second require a massive

effort which one assumes not to be justified in view of the coupling hierarchy. However,

if such computations can be performed automatically, no effort will be required, and the

validity of that assumption can be explicitly checked. At present, we are facing precisely

the situation in which the automated calculation of all the αn
sα

m-proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general

structure of a cross section that involve both strong and EW interactions, and to define
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We calculated NLO corrections of mixed QCD-Weak origin, ignoring QED 
effects. We compared them to NLO QCD corrections. 

Phenomenology motivations

The cross section of         depends directly on          . At NLO, only Weak 
corrections introduce a dependence on other Higgs couplings. 
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present the first calculation of such corrections; similarly to what has been done as a first

step in the case of tt̄ hadroproduction [35–39], we do not include in our results effects of

QED origin (dealt with in later papers [40–43] for tt̄). Our computations are performed in
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The motivation for separating weak and QED corrections to the pp→ tt̄H cross section
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48]), which compensate the stronger suppression of α w.r.t. that of αS. Secondly, weak

corrections spoil the trivial dependence of LO and NLO QCD cross sections on λtt̄H . This

is because they also depend on the couplings of the Higgs to the W and Z bosons, and

on the Higgs self-coupling, while QED corrections do not involve any of these additional

couplings. Thus, if one wants to assess possible contaminations due to higher-order effects

in the extraction of λtt̄H , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simplifies the struc-
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singularities. We note, however, that such a simplification is not particularly significant in

the context of an automated approach that is already able to deal with the more compli-

cated situation of QCD-induced subtractions, as is the case for MadGraph5 aMC@NLO.
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We point out that, in all cases where both QCD and EW effects are relevant, the

structure of the cross section at any given perturbative order (LO, NLO, and so forth) is a

linear combination of terms, each of which factorises a coupling-constant factor of the type

αn
sα

m, with n + m a constant. Owing to the numerical hierarchy α ≪ αS, it is natural

to organise this combination in decreasing powers of αS. The leading term has the largest

power of αS and the smallest of α, and at the NLO it is identified with QCD corrections.

The next term has one power less in αS, and an extra one in α: it is what is often identified

with EW corrections. This is something of a misnomer, because QCD effects contribute

to this term as well, and because it renders difficult the classification of the remaining

terms (i.e., beyond the second) in the linear combination mentioned before. Although

slightly annoying, this is not a major problem, being a question of (naming) conventions

and, especially, because the computations of terms beyond the second require a massive

effort which one assumes not to be justified in view of the coupling hierarchy. However,

if such computations can be performed automatically, no effort will be required, and the

validity of that assumption can be explicitly checked. At present, we are facing precisely

the situation in which the automated calculation of all the αn
sα

m-proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general

structure of a cross section that involve both strong and EW interactions, and to define
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the level of final states. We have shown that, in the case of tt̄H inclusive production, these

processes may in fact not be entirely negligible in precision phenomenology studies.

We have compared the O(α2
Sα

2) predictions with those of O(α3
Sα), which constitute

the dominant (in terms of coupling hierarchy) contribution to NLO effects. We have found

that such a hierarchy, established a priori on the basis of the coupling-constant behaviour, is

amply respected at the level of fully-inclusive cross sections, for which the scale uncertainty

of the latter contribution is significantly larger than the whole O(α2
Sα

2) result. This picture

does change, however, when one emphasises the role of phase-space regions characterised by

some large scale (typically related to a high-pT configuration), which can be done by either

looking directly at the relevant kinematics, or at the inclusive level by applying suitable

cuts; both options have been considered here. The main conclusion is that, in these regions,

effects of weak origin play an important role, and that O(α2
Sα

2) results may be numerically

of the same order as theO(α3
Sα) ones. Therefore, tt̄H production appears to follow the same

pattern as other processes, where Sudakov logarithms can induce significant distortions of

spectra. This implies that the computation of weak contributions is a necessary ingredient

for precision phenomenology at large transverse momenta.
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Automation of NLO corrections

have been calculated for all of the other main Higgs production channels: gluon fusion [28–

31], vector-boson fusion [32, 33] and V H associated production [34]. For the case of tt̄H,

they are currently not known. The purpose of this work is to amend this situation, and to

present the first calculation of such corrections; similarly to what has been done as a first

step in the case of tt̄ hadroproduction [35–39], we do not include in our results effects of

QED origin (dealt with in later papers [40–43] for tt̄). Our computations are performed in

the automated MadGraph5 aMC@NLO framework [44].

The motivation for separating weak and QED corrections to the pp→ tt̄H cross section

is twofold. Firstly, it is only weak corrections which can induce effects whose size may be

of the same order as the QCD ones in those regions of the phase space associated with

large invariants, owing to the possible presence of Sudakov logarithms (see e.g. refs. [45–

48]), which compensate the stronger suppression of α w.r.t. that of αS. Secondly, weak
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is because they also depend on the couplings of the Higgs to the W and Z bosons, and

on the Higgs self-coupling, while QED corrections do not involve any of these additional

couplings. Thus, if one wants to assess possible contaminations due to higher-order effects

in the extraction of λtt̄H , one may start by focusing on weak-only corrections.

From a technical viewpoint, by excluding QED corrections one also simplifies the struc-

ture of the calculation, and in particular that relevant to the subtraction of the infrared

singularities. We note, however, that such a simplification is not particularly significant in

the context of an automated approach that is already able to deal with the more compli-

cated situation of QCD-induced subtractions, as is the case for MadGraph5 aMC@NLO.

It is indeed weak corrections that introduce several elements of novelty in our automated
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is yet another motivation to pursue the computation we are presenting in this paper.
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linear combination of terms, each of which factorises a coupling-constant factor of the type

αn
sα

m, with n + m a constant. Owing to the numerical hierarchy α ≪ αS, it is natural

to organise this combination in decreasing powers of αS. The leading term has the largest
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m-proportional terms, both

at the LO and the NLO, is becoming feasible. It is therefore useful to reconsider the general

structure of a cross section that involve both strong and EW interactions, and to define
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NLO weak subchannels 

Heavy Boson Radiation 

Numerical results weak corrections

σ(pb) 8 TeV 13 TeV 100 TeV

LO 1.001·10−1(2.444·10−3) 3.668·10−1(1.385·10−2) 24.01(2.307)

NLO QCD 2.56·10−2(4.80 · 10−4) 1.076·10−1(3.31 · 10−3) 9.69(0.902)

NLO weak −1.22·10−3(−2.04 · 10−4) −6.54·10−3(−1.14 · 10−3) −0.712(−0.181)

Table 5: LO, NLO QCD, and NLO weak contributions to the total rate (in pb), for three

different collider energies. The results in parentheses are relevant to the boosted scenario,

eq. (3.5).

δNLO(%) 8 TeV 13 TeV 100 TeV

QCD +25.6+6.2
−11.8 (+19.6+3.7

−11.0) +29.3+7.4
−11.6 (+23.9+5.4

−11.2) +40.4+9.9
−11.6 (+39.1+9.7

−10.4)

weak −1.2 (−8.3) −1.8 (−8.2) −3.0 (−7.8)

Table 6: NLO QCD and weak contributions, as fractions of the corresponding LO cross

section. The results in parentheses are relevant to the boosted scenario, eq. (3.5). In the

case of QCD, the results of scale variations are also shown.

The predicted rates (in pb) are given in table 5; the values outside parentheses are

the fully-inclusive ones, while those in parentheses are relevant to the boosted scenario;

in both cases, the NLO QCD contributions are sizable and positive. As far as the NLO

weak contributions are concerned, they are negative and in absolute value rather small in

the fully inclusive case, although their relative impact w.r.t. that of QCD tends to increase

with the collider energy. This picture is reversed (i.e. the impact slightly decreases) in the

boosted scenario5, where on the other hand the absolute values of the weak contributions

are non-negligible. These features can be understood more directly by looking at the NLO

contributions as fractions6 of the corresponding LO cross section; they are reported in this

form in table 6. In that table, the entries of the first (second) row are the ratios of the

entries in the second (third) row over those in the first row of table 5. One sees that the

QCD contributions increase the LO cross sections by 25%(20%) to 40%, while the weak

ones decrease it by 1% to 3% in the fully-inclusive case, and by 8% when the cuts of eq. (3.5)

are applied. In the first row of table 6 we also report (by using the usual “error” notation)

the fractional scale uncertainty that affects the LO+NLO QCD rates. This is computed

by taking the envelope of the cross sections that result from the scale variations as given in

eq. (3.4), and by dividing it by the LO predictions obtained with central scales. Note that

this is not the usual way of presenting the scale systematics (which entails using the central

LO+NLO prediction as a reference), and thus the results of table 6 might seem, at the

first glance, to be larger than those reported in ref. [44], but are in fact perfectly consistent

5Having said that, we also remark that the cuts of eq. (3.5) are imposed irrespective of the collider

energy. By increasing the c.m. energy, one would have to increase the required minimal pT ’s in order to

have similarly boosted configurations.
6The statistics we have employed in the computation of the cross sections is such that the typical error

affecting such fractions, in the present and forthcoming tables, is of the order of 0.1%.
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Inclusive rates

δNLO(%) 8 TeV 13 TeV 100 TeV

gg −0.67 (−2.9) −1.12 (−4.0) −2.64 (−6.8)
uū −0.01 (−3.2) −0.15 (−2.3) −0.10 (−0.5)
dd̄ −0.55 (−2.2) −0.52 (−1.9) −0.23 (−0.5)
ug +0.03 (+0.02) +0.03 (+0.01) +0.01 (< 0.01)

dg −0.02 (−0.01) −0.02 (−0.01) −0.01 (> −0.01)

Table 7: Breakdowns per partonic channel of the results of table 6 for the NLO weak

contributions. The results in parentheses are relevant to the boosted scenario, eq. (3.5).

By u and d we understand c and s as well, respectively. By ug and dg we understand ūg

and d̄g as well, respectively.

with those. Our choice here is motivated by the fact that, by using the LO cross sections

as references, we can compare NLO QCD and weak effects on a similar footing. The main

message of table 6 is, then, that in the fully inclusive case the weak contributions are

entirely negligible in view of the scale uncertainties that affect the numerically-dominant

LO+NLO QCD cross sections. On the other hand, in the boosted scenario they become

comparable with the latter, and they must thus be taken into account. This feature will

also be evident when differential distributions will be considered (see sect. 3.2).

The impacts of the individual partonic channels on the NLO weak contributions are

reported in table 7, still as fractions of the LO cross sections – hence, the sum of all the

entries in a given column of table 7 is equal to the entry in the same column and in the last

row of table 6. We point out that this breakdown into individual partonic contributions,

which is rather commonly shown in the context of EW calculations, is unambiguous because

QCD-induced singularities are only of soft type (see sect. 2.1), and thus real-emission matrix

elements and their associated Born-like counterparts have the same initial-state partons.

From table 7 we see, as is expected, that the dominance of the gg channel, which is moderate

at 8 TeV, rapidly increases with the collider c.m. energy. This trend is mitigated when the

cuts of eq. (3.5) are applied, to the extent that, at the LHC, the uū + dd̄ cross section is

larger than or comparable to the gg one: the boosted scenario forces the Bjorken x’s to

assume larger values, where the quark densities are of similar size as that of the gluon.

We now turn to considering the contributions due to processes that feature an extra

weak boson in the final state, on top of the Higgs which is present by definition; we remind

the reader that these contributions have been denoted by HBR (see table 4). The relevant

results are shown in table 8, as fractions of the corresponding LO cross section; hence, they

are directly comparable to the last row of table 6. Note that, in the case of the tt̄HH

final state, a kinematic configuration contributes to the boosted scenario provided that the

Higgs-pT cut of eq. (3.5) is satisfied for at least one of the two Higgses. From tables 8 and 6,

one sees that the HBR and NLO weak contributions, in the case of the fully-inclusive cross

sections, tend to cancel each other to a good extent: at the 75%, 50%, and 30% level at 8,

13 and 100 TeV respectively. This is not true in the boosted scenario: although the HBR
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δHBR(%) 8 TeV 13 TeV 100 TeV

W +0.42(+0.74) +0.37(+0.70) +0.14(+0.22)

Z +0.29(+0.56) +0.34(+0.68) +0.51(+0.95)

H +0.17(+0.43) +0.19(+0.48) +0.25(+0.53)

sum +0.88(+1.73) +0.90(+1.86) +0.90(+1.70)

Table 8: Contributions due to W, Z, and H radiation, as fractions of the corresponding

LO cross section. The results in parentheses are relevant to the boosted scenario, eq. (3.5).

cross sections grow faster than the LO ones (being 0.9% of the latter in the fully-inclusive

case, and 1.7% in the boosted one), their growth is slower than that of their NLO-weak

counterparts. Both contributions feature Sudakov logarithms, but we point out that the

overall scaling behaviour in hadronic collisions is determined, among other things, by the

complicated interplay between that of the matrix elements, and the parton luminosities;

the latter are not the same in the case of the NLO-weak and HBR contributions. This

has several consequences. For example, we note that the relative individual contributions

to the HBR cross sections behave differently with the collider energy: the W -emission

contribution decreases, while the Z- and H-emission ones increase, owing to the presence

of gg-initiated partonic processes. Furthermore, the growth of PDFs at small x’s implies

that processes are closer to threshold than the collider energy would naively imply, and thus

the phase-space suppression due to the presence of an extra massive particle in the HBR

processes is not negligible. Finally, this mass effect also implies that the Bjorken x’s relevant

to HBR are slightly larger than those relevant to the NLO-weak contributions, and are thus

associated on average with slightly smaller luminosity factors. As was already discussed

in sect. 2.1, the results of table 8 are an upper bound for the HBR contributions when

these are subject to extra boson-tagging conditions, which have not been considered here.

On the other hand, nothing prevents one from defining the tt̄H cross section inclusively

in any extra weak-boson radiation; given the opposite signs of the NLO-weak and HBR

cross sections, this may possibly be beneficial (for example, if constraining or measuring

λtt̄H). Such a definition is fully consistent with perturbation theory, since both HBR and

NLO-weak contributions are of O(α2
sα

2).

All the results presented so far have been obtained in the α(mZ) scheme. It is therefore

interesting to check what happens by considering the Gµ scheme, which entails a different

renormalisation procedure and different inputs. In such a scheme we have (at the LO):

1

α
= 132.23 . (3.6)

The LO results are presented in the first row of table 9; the second row displays the relative

difference w.r.t. their α(mZ)-counterparts of table 5:

∆
Gµ

LO =
LO− LOGµ

LO
. (3.7)
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!

NLO corrections 

(Boosted regime in brackets) 

Partial compensation of 
Sudakov logs



Processes

!

tt̄W±, tt̄Z, tt̄�, tt̄H

tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�, tt̄W±Z, tt̄Z�

tt̄tt̄

In this work we contribute to this aim, focussing on two specific classes of high-
multiplicity production process in the SM, i.e., the associated production of a top-quark
pair with either one (tt̄V ) or two gauge vector bosons (tt̄V V ). The former includes the pro-
cesses tt̄W±, tt̄Z and tt̄�, while the latter is constituted by tt̄W+W�, tt̄ZZ, tt̄��, tt̄W±�,
tt̄W±Z and tt̄Z�. In addition, we consider also the associate production of two top-quark
pairs (tt̄tt̄), since it will be relevant for the phenomenological analyses that are presented
in this work.

The aim of this paper is twofold. Firstly, we want to perform a detailed study at fixed
NLO QCD accuracy for all the tt̄V - and tt̄V V -type processes and for tt̄tt̄ production, within
the same framework and using the same input parameters. We investigate the behavior of
NLO QCD corrections for several distributions and we look into their dependence on (the
definition of) the renormalization and factorization scale. For the tt̄V V -type processes
a detailed study of NLO QCD corrections has been performed only for tt̄�� [4]. So far,
only representative results at the level of total cross sections have been presented for the
remaining tt̄V V -type processes [5].

Secondly we want to perform a complete analysis, at NLO QCD accuracy, matched
to parton shower and including decays, in a realistic experimental setup, for both signal
and background processes involved in the searches at the LHC for the associate production
(tt̄H) of a top-quark pair with a Higgs boson. Specifically, we consider the cases in which
the Higgs boson decays either into leptons or into two photons (H ! ��). The processes
tt̄W+W�, tt̄ZZ, tt̄W±Z and tt̄�� contribute as irreducible background to the correspond-
ing experimental signatures and indeed, e.g., tt̄W+W� production is already taken into
account, at LO, in the CMS analyses [6] [Davide: add references, is there an analysis of
ATLAS? ]. In the case of a Higgs decaying into leptons, also tt̄tt̄ production gives a back-
ground contribution of the same size. Furthermore, the tt̄V -type processes can produce the
same experimental signatures, and the size of their contributions is typically one order of
magnitude larger than in tt̄V V and tt̄tt̄ production.

The calculation of the NLO QCD corrections has been performed in a completely auto-
mated way via the MadGraph5_aMC@NLO framework [5]. The reader can find in the text
all the inputs that are necessary to obtain with the aforementioned public code the results
presented here. [Davide: We add here the description of everything: MadFKS, MAdLoop,
Madgraph, am@NLO the possibility of analyse with madspin interface with herwig, pithya ]

The structure of the paper is the following. In section 2 we present a detailed study
of the NLO QCD corrections to the cross sections of tt̄V and tt̄V V -type processes and
tt̄tt̄ production. We show their dependences on the variation of the factorization and
renormalization scales. Furthermore, we investigate the differences among the usage of a
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =
HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only tt̄W+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 tt̄V -type processes and tt̄H production

As first step, we show for tt̄H production and all the tt̄V -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.

– 4 –

We compare the scale dependencies for the fixed 
scale and for two (common) definitions of 
dynamical scales: the arithmetic and geometric 
mean of final-state transverse masses.   
!
WE DO NOT SEARCH FOR THE BEST 
SCALE! 

… that is         and its possible irr. backgrounds  for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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NLO different scales

NLO different scales

NLO vs LO

13 TeV �[fb] tt̄H tt̄Z tt̄W± tt̄�

NLO 522.2+6.0%
�9.4%

+2.1%
�2.6% 873.6+10.3%

�11.7%
+2.0%
�2.5% 644.8+13.0%

�11.6%
+1.7%
�1.3% 2746+14.2%

�13.5%
+1.6%
�1.9%

LO 476.6+35.5%
�24.2%

+2.0%
�2.1% 710.3+36.1%

�24.5%
+2.0%
�2.1% 526.9+28.1%

�20.4%
+1.7%
�1.8% 2100+36.2%

�24.5%
+1.8%
�1.9%

K-factor 1.10 1.23 1.22 1.31

Table 1. NLO and LO cross sections for tt̄V -type processes and tt̄H production at 13 TeV for
µ = µg. The first uncertainty is given by the scale variation within [µg/2 < µf , µr < 2µg], the
second one by PDF’s. The relative statistical integration error is equal or smaller than one permille.

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for tt̄�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the
cross sections originates from phase-space regions where ↵s(µa) < ↵s(µg), ↵s(mt). Thus,
the usage of µa typically leads to smaller cross sections.3

Driven by the necessity of making a choice, in the following of this section and in the
analyses of section 3 we will use as reference scale µg. Also, we will independently vary µf

and µr by a factor 2 around the central value µg, [µg/2 < µf , µr < 2µg], in order to estimate
the scale uncertainty.4 This generally includes, e.g., the same range of values spanned by
varying µ = µr = µf by a factor of 4 around the central value µ = µa, [µa/4 < µ < 4µa]

(cfr. Fig.1) and thus it can be seen as a conservative choice. However, we want to stress
already here that µ = µg has not to be considered as the “best choice", but as our reference
for the comparisons with other possible scale definitions.

Using the procedure described before, in table 3 we list, for all the processes, LO and
NLO cross sections together with PDF and scale uncertainties, and K-factors for the central
values. The dependence of the LO and NLO cross sections on µ = µr = µf is also shown
in figure 2 in the range [µg/8 < µ < 8µg]. As expected, for all the processes, the scale
dependence is strongly reduced from LO to NLO predictions both in the standard interval
[µg/2 < µ < 2µg] as well as in the full range [µg/8 < µ < 8µg]. [Davide: comment on
agreement with previous results? different scale we cannot really compare in detail ]

We show now the impact of NLO QCD corrections for important distributions and we
discuss their dependence on the scale variation and the definition of the scale. For all the
processes we analyzed the distribution of the invariant mass of the top-quark pair and the
the pT and the rapidity of the (anti)top quark, of the top-quark pair and of the vector or
scalar boson. Given the large amount of distributions, we show only representative results.

3However, it interesting to note that this does not produce a shift of the dashed lines to the left w.r.t.
the solid and dotted lines, but rather the dashed lines seem to be shifted downwards.

4With scale uncertainties we will always refer to the difference between the values obtained by varying
the renormalization and factorization scale. With this procedure we understand the possibility of estimate
the effects due to missing higher orders. [Davide: This footnote looks to me a bit pedant. Fabio, I see that

you want to stress this fact but I do not know where and how is the best.]
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torization and renormalization scales, both at integrated and differential level. To this aim
we define here the variable that will be used as renormalization and factorization scales.

Besides the usage of fixed scale, we will in general explore the effect of dynamical scales
depending on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =

HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

, (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.1

All the NLO and LO results have been produced with the MSTW2008 (68% c.l.) PDFs
[27] respectively at NLO or LO accuracy, in the five-flavor-scheme (5FS) and with the
associated values of ↵s. Only t¯tW+W� production has been calculated in the four-flavor-
scheme (4FS) with 4FS PDFs, since the 5FS introduces intermediate resonances and thus
unnecessary technical complications.

The mass of the top quark has been set to mt = 173GeV and the mass of the Higgs
boson to mH = 125GeV, the CKM matrix is considered as diagonal and decay widths
are set equal to zero. If not stated otherwise photons are required to have a transverse
momentum larger than 20 GeV (pT (�) > 20GeV) and Frixione isolation [28] is imposed for
jets and additional phorons, with the technical cut R0 = 0.4. The fine structure constant
↵ is set equal to its corresponding value in the Gµ-scheme for all the processes.2

2.1 t¯tV -type processes and t¯tH production

As first step, we show for t¯tH production and all the t¯tV -type processes the dependence
of the NLO total cross sections, at 13 TeV, on the variation of the renormalization and
factorization scales µr and µf . This dependence is shown in figure 1 by varying µ = µr = µf

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for t¯t�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the

1This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalization and
factorization scales are set equal to HT /2.

2This scheme choice for ↵ is particularly suitable for processes involving W bosons [29]. Anyway, in our
calculation, no renormalization is involved in the electroweak sector, so results with different values of ↵

can be obtained by simply rescaling the numbers listed in this paper.
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Scale dependence:           processes

NLO different scales NLO vs LO

13 TeV �[fb] tt̄H tt̄Z tt̄W± tt̄�

NLO 522.2+6.0%
�9.4%

+2.1%
�2.6% 873.6+10.3%

�11.7%
+2.0%
�2.5% 644.8+13.0%

�11.6%
+1.7%
�1.3% 2746+14.2%

�13.5%
+1.6%
�1.9%

LO 476.6+35.5%
�24.2%

+2.0%
�2.1% 710.3+36.1%

�24.5%
+2.0%
�2.1% 526.9+28.1%

�20.4%
+1.7%
�1.8% 2100+36.2%

�24.5%
+1.8%
�1.9%

K-factor 1.10 1.23 1.22 1.31

Table 1. NLO and LO cross sections for tt̄V -type processes and tt̄H production at 13 TeV for
µ = µg. The first uncertainty is given by the scale variation within [µg/2 < µf , µr < 2µg], the
second one by PDF’s. The relative statistical integration error is equal or smaller than one permille.

by a factor eight around the central value µ = µg (dashed lines) µ = µa (solid lines) and
µ = mt (dotted lines). The scales µa and µg are respectively defined in eqs. (2.1) and (2.2).

For all the processes, and especially for tt̄�,[Davide: looking at the plot split in two,
probably it is not true anymore] µa is typically larger than µg and mt. Also, the bulk of the
cross sections originates from phase-space regions where ↵s(µa) < ↵s(µg), ↵s(mt). Thus,
the usage of µa typically leads to smaller cross sections.3

Driven by the necessity of making a choice, in the following of this section and in the
analyses of section 3 we will use as reference scale µg. Also, we will independently vary µf

and µr by a factor 2 around the central value µg, [µg/2 < µf , µr < 2µg], in order to estimate
the scale uncertainty.4 This generally includes, e.g., the same range of values spanned by
varying µ = µr = µf by a factor of 4 around the central value µ = µa, [µa/4 < µ < 4µa]

(cfr. Fig.1) and thus it can be seen as a conservative choice. However, we want to stress
already here that µ = µg has not to be considered as the “best choice", but as our reference
for the comparisons with other possible scale definitions.

Using the procedure described before, in table 3 we list, for all the processes, LO and
NLO cross sections together with PDF and scale uncertainties, and K-factors for the central
values. The dependence of the LO and NLO cross sections on µ = µr = µf is also shown
in figure 2 in the range [µg/8 < µ < 8µg]. As expected, for all the processes, the scale
dependence is strongly reduced from LO to NLO predictions both in the standard interval
[µg/2 < µ < 2µg] as well as in the full range [µg/8 < µ < 8µg]. [Davide: comment on
agreement with previous results? different scale we cannot really compare in detail ]

We show now the impact of NLO QCD corrections for important distributions and we
discuss their dependence on the scale variation and the definition of the scale. For all the
processes we analyzed the distribution of the invariant mass of the top-quark pair and the
the pT and the rapidity of the (anti)top quark, of the top-quark pair and of the vector or
scalar boson. Given the large amount of distributions, we show only representative results.

3However, it interesting to note that this does not produce a shift of the dashed lines to the left w.r.t.
the solid and dotted lines, but rather the dashed lines seem to be shifted downwards.

4With scale uncertainties we will always refer to the difference between the values obtained by varying
the renormalization and factorization scale. With this procedure we understand the possibility of estimate
the effects due to missing higher orders. [Davide: This footnote looks to me a bit pedant. Fabio, I see that

you want to stress this fact but I do not know where and how is the best.]

– 5 –

]cµ [
f

µ = 
r

µ
1

 [
fb

]
N

L
O

σ

0

2

4

6

8

10

12

14

16

18
ZZtt

[4f]
-

W+Wtt
γγtt

LHC 13 TeV
Z±Wtt

γZtt
γ±Wtt

g
µ = cµ

a
µ = cµ

t = mcµ

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

1/8 1/4
|

1/2 2 4 8

Figure 9. Cross sections of tt̄V V -type processes at 13 TeV. Comparison of NLO scale dependence
in the interval [µc/8 < µ < 8µc] for the three different choices of the central value µc: µg, µa, mt.
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Table 3. NLO and LO cross sections for tt̄V V -type processes at 13 TeV for µ = µg. The first
uncertainty is given by the scale variation within [µg/2 < µf , µr < 2µg], the second one by PDF’s.
The relative statistical integration error is equal or smaller than one permille.

2.2 tt̄V V -type processes

Here we repeat, for tt̄V V -type processes the same kind of analysis performed in section 2.1
for tt̄V -type processes and tt̄H production.

We start showing for all the tt̄V V -type processes the dependence of the NLO total
cross sections, at 13 TeV, on the variation of the renormalization and factorization scales
µr and µf . This dependence is shown in figure 9 by varying µ = µr = µf by a factor 8
around the central value µ = µg (dashed lines) µ = µa (solid lines) and µ = mt (dotted
lines). Again, for all the processes and especially for those with a photon in the final state,
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1 Introduction

With the second run of the LHC, physics processes will be probed at higher energy scales and
higher levels of precision. Heavy particles and high-multiplicity final states will be in general
produced at much higher rates. Thus, the LHC will offer an unprecedented opportunity
to probe the dynamics and the interactions among the heaviest particles discovered so far,
i.e., the W and Z bosons, the top quark and the last observed scalar boson [1, 2], which is
compatible with the Standard Model (SM) Higgs boson. The possibility of measuring the
couplings of the top quark with the W and Z bosons and the triple (quadruple) gauge-boson
couplings represents a new important consistency test for the SM. [Davide: Stress the bsm
also for the top? ]The same argument applies also to the couplings of the Higgs with the
W and Z bosons and the top quark, which are also crucial to fully characterize the Higgs
boson and identify its possibly Beyond-the-Standard-Model (BSM) nature.

On the one hand, SM high-multiplicity final states can be easily reproduced in many
BSM theory, e.g., via decay chains. On the other hand, these processes can constitute an
irreducible background for other SM processes at lower multiplicity, in which one heavy
particle decays into two or more particles. Thus, both as signal or background processes,
the predictions for this class of SM processes have to be known with precision in order to not
misidentify possible deviations from experimental measurements. In other words, the size
of higher-order corrections has to be under control. In the case of future (hadron) colliders,
which will typically have higher levels of energy and luminosity, the phenomenological
relevance of this kind of processes, and thus of their higher-order corrections, is expected
to be even higher [3].
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seen in figure 17.
In eqs. (2.4) and (2.4), we list the NLO and LO cross sections evaluated at the scale

µ = µg together with scale and PDF uncertainties. As done in previous subsections, scale
uncertainties are evaluated by varying µ = µf = µr in the standard interval [µg/2 <

µf , µr < 2µg]. In eq. we show the K-factor for µ = µg.

�NLO = 13.31+25.8%
�25.3%

+5.8%
�6.6% fb (2.4)

�LO = 10.94+81.1%
�41.6%

+4.8%
�4.7% fb (2.5)

K�factor = 1.22 (2.6)

We now discuss the effect of NLO QCD corrections on differential distributions. We an-
alyzed the distribution of the invariant mass, the pT and the rapidity of top quark(antiquarks)
and the possible top-quark pairs. Again, given the large amount of distributions, we show
only representative results. All the distributions considered and additional ones can be pro-
duced via the public code MadGraph5_aMC@NLO. For this process the scale dependence
of many distributions has been studied also in [15] and our results are in agreement with
those therein. In fig. 18 we show plots with the same formats already used and described
in the previous sections. Specifically, we display with the format that includes K-factors
and comparisons between the choices of µ: the distributions for the total pT of the two
hardest top quark and antiquark (pT (t1t̄1)), their invariant mass (m(t1t̄1)), the rapidity of
the hardest top quark y(t) and the invariant mass of the tt̄tt̄ system (m(tt̄tt̄)). Also, in the
last plot of fig. 18, we show together the pT distributions of the hardest and softest top
quarks, pT (t1) and pT (t2), and their ratios at NLO and LO.

We avoid to repeat once again the general features that have already been pointed out
several times in the previous two sections; they are still valid for tt̄tt̄ production. Here, we
found, interestingly, that NLO corrections rapidly grow in the threshold region for m(t1t̄1).
[Davide: why ???? ]. It is worth to notice that also for this process NLO QCD corrections
are very large in the tail of the pT (t1t̄1) distribution and that, as can be seen in the last
plot, the ratios of pT (t1) and pT (t2) distributions is not sensitive to NLO QCD corrections.
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Distributions: representative results at fixed order
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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than for the tt̄V -type processes. As we said, all these features are not peculiar for the m(tt̄)

distribution, and are consistent with fig. 1 and table 1. From fig. 3 one can see that the two
dynamical scales µg and µa yield flatter K-factors than those from the fixed scale mt. This
feature is in general valid, but there are important exceptions. This is particular evident
for the distribution of the pT of top-quark pair (pT (tt̄)), where the differential K-factors
strongly depend on the value of pT (tt̄) for both dynamical and fixed scales. The relative size
of QCD corrections grows with the values of pT (tt̄) and this effect is particularly large in
tt̄W± and tt̄� production. We explain in the following the origin of these large K-factors.

Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a large pT receives
large corrections from (anti)quark–gluon initial state, which appears only at NLO. This
effect is further enhanced in tt̄W± production for two different reasons. First, at LO
tt̄W± production does not originate, unlike the other production processes, form the gluon–
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quark–gluon initial states have a larger impact. Second, the emission of
a W collinear to the final-state (anti)quark in qg ! tt̄W±q0 can be approximated as the
qg ! tt̄q process times a q ! q0W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by the W mass. Thus, once the the
W momentum is integrated, the qg ! tt̄W±q0 process yields contributions to the pT (tt̄)

distributions that are proportional to ↵ log2 [pT (tt̄)/mW ].5 The same effect has been already
observed for the pT distribution of one vector boson in NLO QCD and EW corrections to
WW,WZ and ZZ bosons hadroproduction [32–34]. This mechanism is also the source
of the giant K-factors in tt̄� production. This process can originate from the gluon–gluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the final-state
(anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q process times
a q ! q� splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcutT ) and the Frixione isolation parameter R0. We checked that,
increasing the values of pcutT and/or R0, the size of the K-factors is reduced. It is interesting
to note also that corrections in the tail are much larger for µ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereas µa is by construction larger than 2pT (tt̄).

In figs. 5 and 6 we respectively show the pT distributions for the top quark and the
vector or scalar boson, pT (t) and pT (V ). For these two observables, we find the general
features which have already been addressed for the m(tt̄) distributions in fig. 3. [Davide: I
don’t know what to write more]

In fig. 7 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways

5In tt̄Z the same arguments holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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Top-quark pairs with a large pT originate at LO from the recoil against an hard vector
or scalar boson. Conversely, at NLO, the largest contribution to this kinetic configuration
emerges from the recoil of the top-quark pair against an hard jet and a soft scalar or
vector boson. In particular, the cross section for top-quark pair with a large pT receives
large corrections from (anti)quark–gluon initial state, which appears only at NLO. This
effect is further enhanced in tt̄W± production for two different reasons. First, at LO
tt̄W± production does not originate, unlike the other production processes, form the gluon–
gluon initial state, which has the largest partonic luminosity. Thus, the relative corrections
induced by (anti)quark–gluon initial states have a larger impact. Second, the emission of
a W collinear to the final-state (anti)quark in qg ! tt̄W±q0 can be approximated as the
qg ! tt̄q process times a q ! q0W splitting. For the W momentum, the splitting involves
a soft and collinear singularity which is regulated by the W mass. Thus, once the the
W momentum is integrated, the qg ! tt̄W±q0 process yields contributions to the pT (tt̄)

distributions that are proportional to ↵ log2 [pT (tt̄)/mW ].5 The same effect has been already
observed for the pT distribution of one vector boson in NLO QCD and EW corrections to
WW,WZ and ZZ bosons hadroproduction [32–34]. This mechanism is also the source
of the giant K-factors in tt̄� production. This process can originate from the gluon–gluon
initial state at LO, however, the emission of a photon involves soft and collinear singularities,
which are not regulated by physical masses. When the photon is collinear to the final-state
(anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q process times
a q ! q� splitting. Here, soft and collinear divergencies are regulated by both the cut
on the pT of the photon (pcutT ) and the Frixione isolation parameter R0. We checked that,
increasing the values of pcutT and/or R0, the size of the K-factors is reduced. It is interesting
to note also that corrections in the tail are much larger for µ = µg than µ = µa. This is due
to the fact that the softest photons, which give the largest contributions, sizably reduce the
value of µg, whereas µa is by construction larger than 2pT (tt̄).

In figs. 5 and 6 we respectively show the pT distributions for the top quark and the
vector or scalar boson, pT (t) and pT (V ). For these two observables, we find the general
features which have already been addressed for the m(tt̄) distributions in fig. 3. [Davide: I
don’t know what to write more]

In fig. 7 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways

5In tt̄Z the same arguments holds for the q ! qZ splitting in qg ! tt̄Zq. However, the larger mass of
the Z boson and especially the presence of the gluon–gluon initial state at LO suppress this effect.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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13 TeV �[fb] tt̄Hj tt̄Zj tt̄Wj

NLO 148.3+3.3%
�10.1%

+3.0%
�3.6% 230.7+6.6%

�13.4%
+2.8%
�3.2% 202.9+11.6%

�15.6%
+1.4%
�1.1%

LO 174.5+57.8%
�33.9%

+2.8%
�2.9% 243.1+58.2%

�34.0%
+2.7%
�2.8% 197.6+53.7%

�32.4%
+1.5%
�1.5%

K-factor 0.85 0.95 1.03

Table 2. Cross sections with pT (j) > 100 GeV. The renormalisation and factorisation scales are
set to µg of tt̄V . The (N)LO cross sections are calculated with (N)LO PDFs, the relative statistical
integration error is equal or smaller than one permil.

gluon–gluon initial state at LO, however, the emission of a photon involves soft and collinear
singularities, which are not regulated by physical masses. When the photon is collinear to
the final-state (anti)quark, the qg ! tt̄�q process can be approximated as the qg ! tt̄q

process times a q ! q� splitting. Here, soft and collinear divergencies are regulated by
both the cut on the pT of the photon (pcutT ) and the Frixione isolation parameter R0. We
checked that, increasing the values of pcutT and/or R0, the size of the K-factors is reduced.
It is interesting to note also that corrections in the tail are much larger for µ = µg than
µ = µa. This is due to the fact that the softest photons, which give the largest contributions,
sizeably reduce the value of µg, whereas µa is by construction larger than 2pT (tt̄). This
also suggests that µg might be an appropriate scale choice for this process only when the
minimum pT cut and the isolation on the photon are harder.

In figs. 7 and 8 we show the pT distributions for the top quark and the vector or scalar
boson, pT (t) and pT (V ), respectively. For these two observables, we find the general features
which have already been addressed for the m(tt̄) distributions in fig. 3.

In fig. 9 we display the distributions for the rapidity of the vector or scalar boson, y(V ).
In the four processes considered here, the vector or scalar boson is radiated in different ways
at LO. In tt̄H production, the Higgs boson is never radiated from the initial state. In tt̄Z

and tt̄� production, in the quark–antiquark channel the vector boson can be emitted from
the initial and final states, but in the gluon–gluon channel it can be radiated only from
the final state. In tt̄W± production, the W is always emitted from the initial state. The
initial-state radiation of a vector boson is enhanced in the forward and backward direction,
i.e., when it is collinear to the beam-pipe axis. Consequentially, the vector boson is more
peripherally distributed in tt̄W± production, which involves only initial state radiation,
than in tt̄� and especially tt̄Z production. In tt̄H production, large values of |y(V )| are
not related to any enhancement and indeed the y(V ) distribution is much more central
than in tt̄V processes. These features can be quantified by looking, e.g., at the ratio
r(V ) := d�

dy (|y| = 0)/d�
dy (|y| = 3). At LO we find, r(W ) ⇠ 5, r(�) ⇠ 8.5, r(Z) ⇠ 17.5

and r(H) ⇠ 40. As can be seen in the first three insets of the plots of fig. 9, NLO QCD
corrections decrease the values of r(V ) for tt̄W± and tt̄� production, i.e. the vector bosons
are even more peripherally distributed (r(W ) ⇠ 3.5, r(�) ⇠ 5.5). A similar but milder effect
is observed also in tt̄Z production (r(Z) ⇠ 16). On the contrary, NLO QCD corrections
make the distribution of the rapidity of the Higgs boson even more central (r(H) ⇠ 53).
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