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1 Introduction

After the discovery of a new particle with a mass of 125GeV at the LHC [1, 2], the de-
termination of its physical properties has become one of the main priorities in high-energy
particle physics. The recent results of the ATLAS and CMS collaborations strongly suggest
that this particle is the Higgs scalar boson emerging from the Brout-Englert-Higgs mech-
anism in the Standard Model (SM) [3-5]. In particular, the analyses of the distributions
of its decay products point to a dominantly CP-even scalar [6, 7], and the fitted values for
its couplings are compatible with those predicted by the SM [8, 9]. However, the precision
of the current measurements still leaves room for Beyond the Standard Model (BSM) sce-
narios. Thus, more accurate measurements, and their theoretical-result counterparts with
matching precision, are necessary to fully understand the nature of this new particle.

In this context, an accurate determination of the ¢tZH coupling ;77 is of great interest;
among other things, it might also help shed light on the possible interplay of the Higgs
boson and the top quark in the Electroweak Symmetry Breaking (EWSB) mechanism. To
this purpose, the associated production of a Higgs boson and a top-quark pair at the LHC
(pp — ttH) offers an unique opportunity, since its cross section is directly proportional to
)‘tQEH at the leading order (LO). While a direct measurement of this production mode has
not been achieved so far, mostly because of its small cross section and large background
contamination, several searches have already been published by ATLAS and CMS [10-16],
which use a variety of decay channels.

As is the case for all processes involving the Higgs, the effects of the radiative cor-
rections to ttH production must be taken into account in order to achieve a realistic
phenomenological description. Next-to-leading order (NLO) QCD effects, which were cal-
culated more than ten years ago [17-20], increase the total cross section by a factor of
about 1.3 (at a 13 TeV LHC). Moreover, they significantly diminish the dependence of the
cross section on the factorization and renormalization scales. More recently, in refs. [21, 22]



NLO QCD corrections have also been matched to parton showers, and the differences with
respect to fixed-order results are generally found to be small for inclusive and infrared-
insensitive observables. Computations with the same level of perturbative accuracy have
also been performed for the dominant background process to t¢tH production at the LHC,
namely the production of a top-quark pair in association with a bottom-quark pair, with-
out [23-25] or with [26, 27] parton-shower matching.

Besides QCD, electroweak (EW) effects might also lead to significant modifications of
the LO predictions, particularly for differential distributions. So far, EW 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 ttH,
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 ¢t hadroproduction [35-39], we do not include in our results effects of
QED origin (dealt with in later papers [40-43] for ¢t). Our computations are performed in
the automated MADGRAPH5_AMC@NLO framework [44].

The motivation for separating weak and QED corrections to the pp — ttH 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 o w.r.t. that of ag. Secondly, weak
corrections spoil the trivial dependence of LO and NLO QCD cross sections on A\;zpy. 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 A\;ip, 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. section 4.3 of ref. [44]); the possibility of testing them in ¢t¢H 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
ata™, with n +m a constant. Owing to the numerical hierarchy o < ag, it is natural
to organise this combination in decreasing powers of ag. The leading term has the largest
power of ag and the smallest of «, and at the NLO it is identified with QCD corrections.
The next term has one power less in g, and an extra one in «a: 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 o o -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
more precisely what is dealt with in the context of higher-order computations.

The rest of this paper is organised as follows. In section 2 we discuss the implications
of having to treat both QCD and EW effects as small perturbations; although the ideas
we introduce are general, we concentrate on ttH production to be definite, with further
details on its calculation with MADGRAPH5_AMC@NLO given in section 2.1. In section 3
we present our phenomenological results; in particular, we compare EW and QCD effects
at the NLO. We conclude and give our outlook in section 4.

2 Organisation of the calculation

The calculation we are carrying out is one where we expand simultaneously in the strong
(ag) and weak () coupling constants; this scenario has been called mixed-coupling ex-
pansion in ref. [44], a paper whose notation, and in particular that of section 2.4, we shall
adopt in what follows. Denoting by (g, «) a generic observable (e.g., a cross section
within cuts, or a histogram bin), in t¢H production we have, at the Born level:
Eg—ggm)(ag, a) = aia Y30+ aga’? Y31+ o’ Y39, (2.1)
which is a direct consequence of the coupling-constant factors associated with the am-
plitudes relevant to the three classes of contributing partonic processes, which we list in
table 1; samples of the corresponding Feynman diagrams are depicted in figures 1 and 2.
From table 1 one also sees that Y31 = Y32 = 0 in the case of the gg-initiated process, while
Y31 = 0 for the gg-initiated process with g # b, owing to the colour structure (proportional
to the trace of a single Gell-Mann matrix) of this interference term. When ¢ = b, ¥37 # 0
because of the contribution of diagrams such as the second one of figure 2, which induce
a different colour structure. It has to be pointed out that diagrams of that kind would be
present when ¢ # b as well, if the CKM matrix featured off-diagonal terms in the third
generation; in this work, we have assumed this matrix to be diagonal. At the NLO, we have:

5(NLO)

e (ag, ) = aga 240+ a%oﬂ g1+ aga3 242 + at 243, (2.2)

which follows from eq. (2.1), since in a QCD-EW mixed-coupling expansion the coupling-
constant factors at the NLO are obtained from those relevant to the LO by multiplying
them by one power of either ag or a (see eq. (2.23) of ref. [44]).

The notation for the generic short-distance coefficient ¥, , has the following motivation.
The integer k is the sum of the powers of ag and « at any given perturbative order; in
ttH production, k = 3 at the LO (eq. (2.1)) and k£ = 4 at the NLO (eq. (2.2)). This



Process O(A) ox)

g9 — ttH alal/? a2al

qf — ttH, q#b | alal/?, o?/? alal; o

@i —ttH, q=10b| alal'/? o2 alal, ala? o

Table 1. Born-level partonic processes relevant to t#H 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.
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Figure 2. Representative O(a*/?) Born-level diagrams.

immediately shows that it is also convenient to write Xi, = Xgi4p,q, With p > 0, for
the NPLO coefficients; kg is then a fixed, process-specific integer associated with the Born
cross section, equal to 3 in ttH production. The integer ¢ identifies the various terms of
egs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of ¢ with
Ykotp,q coeflicients (at fixed p) which are increasingly suppressed in terms of the hierarchy
of the coupling constants, & < ag. Thus, ¢ = 0 corresponds to the coefficient with the
largest (smallest) power of ag (a), and conversely for ¢ = gmax. This maximum value
(max that can be assumed by ¢ 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 ttH production at the LO, this can be seen by comparing the
two rightmost columns of table 1.

Definition: we propose that the coefficient ¥4, , be called the leading (when ¢ = 0),

or the (¢ + 1)"-leading (when ¢ > 1, i.e. second-leading, third-leading, and so forth),

1

term of the NPLO contribution to the cross section.” The word “term” may be replaced

!This classification is the same as that one obtains by counting the powers of \ after rescaling s — Aas,
a — A2a. Both can be generalised to the case of a mixed-coupling expansion in more than two couplings.



o 0o 0
/NN
. 0.0.90

Figure 3. QCD (blue, right-to-left arrows) corrections and EW (red, left-to-right arrows) correc-
tions to ttH hadroproduction. See the text for details.

by any suitable synonymous, and in particular by “correction” at the NLO and beyond.
We explicitly emphasise that the above convention implies that expressions such as “QCD
corrections” or “EW corrections” should be avoided to identify the coefficients ¥y ) 4
The key point is that while ¥, 1, , is a well-defined quantity in perturbation theory, QCD
corrections or EW corrections are ambiguous concepts (except in two cases, as we shall
explain below), which might lead to some confusion.

In order to further the points above, which are valid independently of the process
considered, let us restrict to the case of ttH production for definiteness. The goal of
this paper is that of computing the so-far unknown second-leading NLO correction 34 ;
(with some restrictions, to be discussed in section 2.1), and to use it, together with the
leading LO and NLO terms, ¥3 9 and ¥4 respectively, for a sample phenomenology study.
The coefficient ¥4 has been available in the literature for a while [17-22, 49], and is
traditionally referred to as NLO QCD corrections; the analogue of the coefficient X4 1,
available in the literature for other processes such as ¢t production [35-39] is often referred
to as NLO EW corrections. These naming conventions, in their explicit use of “QCD?”
and “EW” | is what we suggest to avoid in the context of a mixed-coupling expansion, and
the reason is particularly clear in the case when X4 ; is identified with EW corrections.
When doing so, in fact, one implicitly assumes that these are EW corrections just to the
leading Born term; furthermore, such corrections cannot be disentangled unambiguously
from QCD corrections to the second-leading Born term.

The situation is depicted schematically in figure 3 (which is adapted from ref. [44]):
each blob in the upper or lower row corresponds to one of the ¥3, or ¥4, coefficients of
eq. (2.1) or eq. (2.2), respectively. We propose that they keywords “QCD corrections”
and “EW corrections” be used only to identify the computations that lead to an NLO
contribution given a Born contribution, according to the scheme:

CD

aga™ Attt k™, (2.3)
EW

ata™ =5 oo™t (2.4)

These definitions correspond to the arrows that appear in figure 3: from right to left for
QCD corrections, and from left to right for EW corrections. We point out that this termi-
nology is consistent with that typically used in the literature. It only becomes misleading
when it is also applied to the coefficients X, 41 4, because this is equivalent to giving the
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Figure 4. Representative O(ala?/?) one-loop diagrams for the gg channel.

same name to two different classes of objects in figure 3: the blobs and the arrows. If the
roles of these two classes are kept distinct, no ambiguity is possible. Consider, for example,
the coefficient 341 in which we are interested here: it is the second-leading NLO term,
which receives contributions both from the EW corrections to the leading Born term X3 g,
and from the QCD corrections to the second-leading Born term X3 ;.

We note that the discussion given above explains why there is no ambiguity when
one works in a single-coupling perturbative expansion. In the case of QCD, for example,
the only relevant quantities of figure 3 are the two leftmost blobs (one for each row), and
the leftmost arrow. There is thus a one-to-one correspondence between the arrow and the
leftmost blob in the lower row: therefore, no confusion arises even if one calls the latter
(the leading NLO correction) with the name of the former (the QCD corrections), which is
what is usually done. The case of the single-coupling EW expansion is totally analogous,
and applies to the quantities that in figure 3 are to the extreme right (namely, 335, ¥4 3,
and the rightmost left-to-right arrow. Note that ¥4 is not involved).

We would like now to elaborate further on the keywords “QCD corrections” and “EW
corrections”, stressing again the fact that they do not have any deep physical meaning,
but may be useful in that they are intuitive, and can be given an operational sense. The
best way to do so is that of a constructive bottom-up approach that starts at the level
of amplitudes (we note that egs. (2.3) and (2.4) are at the level of amplitude squared)
in order to figure out which contributions each of the coefficients ¥4, receives. While
doing so, one needs to bear in mind that, at the NLO, there are two classes of such
contributions: those due to real-emission amplitudes (eventually squared), and those due
to one-loop amplitudes (eventually contracted with Born amplitudes). Since here we are
solely interested in figuring out the general characteristics of the contributions to any given
Y4, (as opposed to performing a complete and explicit computation, which is rather done
automatically), the easiest procedure is that of taking representative Born-level diagrams,
such as those of figures 1 and 2, and turn them either into one-loop graphs through the
insertion of a virtual particle, or into real-emission graphs by emitting one further final-state
particle. It is clear that in general it is not possible to obtain all one-loop and real-emission
Feynman diagrams in this way (see e.g. the second and third graphs in figure 4), but this
is irrelevant for the sake of the present exercise. What is of crucial importance is that, 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 ttH production with stable top quarks and Higgs, such a set is:

{gaqﬂl’vszivHa’Y}a (25)



Born By = O(alal/?) By = O0(a?/?)
Virtual | Vgepo = O(a2al/?) Vacpa = O(alad/?)

QCD
Real | Rqcpo = O(a§/2a1/2) Rqocep, = O(a;/2a3/2)
Virtual | Vew,o = O(ala’/?) Vew.1 = 0(a®/?)
Real REW,O = O(aial) REW,l = O(Oéz)

Table 2. Coupling-constant factors relevant to Born, one-loop, and real-emission amplitudes; see
the text for more details.

where the light quark ¢ 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 section 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 other-
wise.? The idea of this amplitude-level classification is that QCD-type and EW-type con-
tributions 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 B; associated with a definite coupling-
constant factor, the corresponding one-loop and real-emission quantities are denoted by
Vqep,i and Rqcep,; in the case of QCD-type contributions, and by Vew ; and Rgw; in the
case of EW-type contributions. We can finally consider all possible combinations B; - V ;,
Rqcep,i- Rqep,j, and Rew ;- REw,j and associate them with the relevant amplitude-squared
quantities ¥4 4. Note that one must not consider the Rqcp,; - Rew,; combinations, owing
to the fact that the two amplitudes here are relevant to different final states.?

We now observe that this bottom-up construction leads to redundant results. Here,
the case in point is that of Vocp,1 and Vew o: the one-loop diagram (which enters Voep,1)
obtained by exchanging a gluon between the g and ¢ legs of the diagram to the left of figure 2
is the same diagram as that (which enters Viw o) obtained by exchanging a Z between the
q and intermediate-t legs of the diagram to the right of figure 1. This fact does not pose any
problem in the context of the classification exercise we are carrying out here. Conversely,
it is instructive because it shows directly that such contributions cannot be unambiguously
given a “QCD correction” or an “EW correction” tag at the level of the cross section, where
they will always appear together. We note that a fully similar situation would be that of
Rqcep,i- Rew,j, if such quantities were relevant to the present computation; as mentioned in

2 An alternative classification (equivalent to that used here when restricted to t#H 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.



footnote 3, their analogues will in general contribute to the cross sections of other processes.
The final results of our classification exercise are given in egs. (2.6)—(2.9):

Y10 <— Bo-Vocpo, Rqoepo-Rqcepo s (2.6)
Y41 «— Bo-(Vqaepa @ Vew,o) , Bi-Voepo, Rqcepo-Rqep,i, Rewo-Rewo, (2.7)
Yi2 <— Bo-Vew,i, Bi-(Vqcpa ® VeEwo) » Rqep,i-Rqep,i, Rewo-Rew,1, (2.8)
Y43 < Bi1-Vew,i, Rew,1-Rew;1 . (2.9)

These equations help summarise the points made above in an explicit manner. For example,
we may classify as QCD corrections the second and third terms on the r.h.s. of eq. (2.7),
and as EW corrections the fourth term there; as discussed above, the first term is neither
of the two. Equations (2.6) and (2.9) receive only QCD and EW corrections, respectively,
and indeed they correspond to the results of a single-coupling expansion (in ag and «,
respectively). The case of eq. (2.8) is fully analogous to that of eq. (2.7). Note finally
that, in the equations above and in table 2, all of the contributions with index “1’ vanish
identically for the gg-initiated process.

The classification procedure carried out above can be extended to any process. This
is useful not so much in order to determine which corrections are QCD and which are
EW, given the irrelevance of this from the physics viewpoint, but to understand in a quick
manner which contributions each of the ¥ 1 , coefficient receives.

2.1 Calculation of the O(a?a?) contribution with MADGRAPH5_AMC@NLO

As was stated in section 1, we are interested in computing ¥4, with the sole exclusion
of contributions of QED origin, and thus including in particular weak-only effects. For
a generic process or coefficient ¥y, 41,4, a gauge-invariant separation of NLO EW effects
into a QED and a weak subset is not always possible. However, in our case LO diagrams
subject to EW corrections do not feature any W boson (note that this is not true for ¥4
and X4 3); furthermore, no triple gauge-vector vertex appears in one-loop diagrams. Thus,
weak-only NLO corrections to ttH hadroproduction are well defined.

The first implication of restricting oneself to weak-only contributions is that of remov-
ing the photon from the set of eq. (2.5). At the level of real-emission diagrams, this implies
that no graphs with external photons will contribute to our results; this also simplifies the
structure of the subtractions, which is identical to that of a pure-QCD computation, in view
of the absence of soft and collinear singularities of QED origin. The removal of the photon
contributions from real-emission matrix elements must have a consistent counterpart at the
level of one-loop amplitudes. In order to discuss this matter, we remind the reader that
all computations performed by MADGRAPH5_AMC@NLO are based on a UFO [51] model,
that encodes the basic information on the Lagrangian of the relevant theory. For NLO
computations, in particular, on top of the usual Feynman rules one also needs those for the
Ry counterterms [52] and for the UV counterterms. Two UFO models are available that
allow one to perform QCD+EW corrections in the SM; our default (used for the majority
of the results to be presented in section 3) is that which adopts the a(myz) renormalisation
scheme [53] (and thus a(mz), mz, and my as input parameters), while an alternative one



Virtual corrections

g9 — ttH
By-(Voep,1 @ VeEw,0) -
qq — ttH
Bl'VQCD,O qq — ttH
Real-emission corrections
qq — ttHg
Rqcep,o-Rqep,1 _
qqg — ttHq
g9 — ttHZ
qq — ttHZ
Rew.,o-Rew,0 qf — ttHW
gg — ttHH
qq — ttHH

Table 3. List of partonic processes that contribute to the second-leading NLO term >4 ;, according
to the classification given in table 2 and eq. (2.7). See the text for more details.

implements the G, scheme [53, 54] (where the input parameters are G'r, measured in y de-
cays, mz, and myy ); masses and wave functions are renormalised on-shell. For both models,
the Ry rules have been taken from refs. [55-57]. In view of the complexity of the models, all
counterterms have been cross-checked with an independent MaTHEMATICA package. Hav-
ing the full QCD+EW corrections available in the models, one can rather easily exclude
the photon contributions to loop diagrams at generation time, as well as from masses and
wave-function UV counterterms, and from Ry counterterms, thanks to the extreme flexibil-
ity of MADLOOP5 (see section 2.4.2 of ref. [44], and in particular the concept of loop-content
filtering there, for more informations). The result of this procedure has been validated by
computing with MADGRAPH5_AMC@NLO the complete weak-only contributions to pp — ¢t
production, and by comparing it (at the level of differential distributions) to what we have
obtained for this process with FEYNARTS [58], FormcaLc [59], and LoopTooLs [60]. Fur-
thermore, these tools have also been used for computing the virtual weak contributions to
HH — tt production, as a way to cross-check the renormalisation of the ttH Yukawa and
its use in MADGRAPHS_AMC@NLO; again, an excellent agreement has been found.

In table 3 we list explicitly all the partonic processes that contribute to the O(a2a?)
coefficient ¥4 1. Each process understands the computation of the corresponding ampli-
tudes in the left column of the table, according to the classification given in table 2. So
for example for the first real-emission process of table 3, the contribution to ¥4 is given
by the O(a§/2a1/2) qq — ttHg tree-level amplitude times the O(aéﬂag/?) qq — ttHg
tree-level amplitude.

Loop diagrams of O(a2a'/?) (Vqep,o) enter both the first- and the second-leading NLO
terms, Y40 and ¥4 1. However, in the latter case the interference with the (’)(a3/ 2) Born
amplitude B; (see eq. (2.7)) is such that self-energy and vertex corrections vanish owing to



the colour structure; thus, only boxes and pentagons contribute, and UV divergencies of
QCD origin are not present at O(a?a?). Furthermore, the gg-initiated virtual corrections
are also soft- and collinear-finite; consistently, as one can see from table 3, there is no real-
emission counterpart which might cancel such divergencies. This is not the case for the ¢g
process, where cancellations of singularities do occur between the virtual and real-emission
processes. When ¢ # b, such singularities are only of soft origin, owing again to the colour
structure of the diagrams involved, which implies that emissions of the gluon from an
initial-state leg both on the left and on the right of the Cutkosky cut give a vanishing
contribution. This is consistent with the fact that for such light quark the O(ala?) Born-
level cross section is zero (see table 1), since this cross section would have to factorise
(times the relevant Altarelli-Parisi kernel [61]) in the case of collinear singularities. Similar
considerations (and the absence of virtual contributions) lead to the conclusion that the
qg-initiated real-emission process is also soft- and collinear-finite. Finally, the real-emission
contributions of weak origin (Rgw o - REw,) are finite everywhere in the phase space.

We conclude this section by outlining the ingredients that enter the results that we
shall present in section 3, and which are mainly based on the coefficients Y30 (at the
LO), X4, and ¥4 (at the NLO). The calculation of the former two coefficients is the
same as that which has already appeared in refs. [21, 44|, and is fully automated in MaD-
GraPH5_AMC@QNLO. We remind the reader that MADGRAPH5_AMC@NLO contains all in-
gredients relevant to the computations of LO and NLO cross sections, with or without
matching to parton showers. NLO results not matched to parton showers are obtained
by adopting the FKS method [62, 63] for the subtraction of the singularities of the real-
emission matrix elements (automated in the module MADFKS [64]), and the OPP integral-
reduction procedure [65] for the computation of the one-loop matrix elements (automated
in the module MapLoop [50], which makes use of CurTooLs [66] and of an in-house imple-
mentation of the representation proposed in ref. [67] (OpENLooPs)). The automation of the
mixed-coupling expansions has not been completely validated® yet in MADFKS, but is fully
operational in MabLoop5. Thus, the calculation of ¥4 1 has been achieved by constructing
“by hand”, for the specific process we are considering, the IR counterterms relevant to
the subtraction of QCD singularities; this operation will serve as a benchmark when the
automation of the subtractions in a mixed-coupling scenario will be achieved. Apart from
this, all of the other relevant procedures, and in particular the generation of the matrix
elements and of the S functions (which achieve the dynamic phase-space partition needed
in FKS), are automated.

Given that the subtraction of the IR singularities that affect 341 is not completely
automated, we have simplified the calculation by ignoring the contribution to this coefficient
due to bb-initiated partonic processes (as was discussed before, this process is the only one
where initial-state collinear singularities appear, and thus no collinear subtractions are
needed in our computation). This approximation is fully justified numerically, in view of

4This validation consists only in addressing bookkeeping issues, given that QED subtractions are a sim-
pler version of their QCD counterparts, as was already pointed out in section 1, and that QCD subtractions
relevant to the beyond-leading X, 1,4 coefficients (¢ > 1) are fully analogous to those, already automated,
relevant to the leading term g 41,0.
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Label Meaning Restrictions

LO or Born a%a 23,0

NLO QCD | afa X4y

NLO weak | a2a?%,;1 | no QED, no bb — ttH + X, no pp — ttH +V
HBR a?a?%4, | no QED, no bb — ttH + X, only pp — ttH +V

Table 4. Shorthand notation that we shall use in section 3. HBR is an acronym for Heavy Boson
Radiation. V stands for a Higgs, a W, or a Z, and HBR understands the sum of the corresponding
three cross sections. The reader is encouraged to check section 2 for the precise definitions of all
the quantities involved.

the extremely small bb — ttH cross section at the LO, which we shall report in section 3. We
shall also present the contributions of the Rgw - Rrw o processes (see table 3) separately
from the rest, in keeping with what is usually done in the context of EW computations. We
emphasise that, as the general derivation presented before shows, there is no real motivation
for ignoring such contributions completely. The argument that an extra final-state boson
can be tagged might be made, but only in the context of a fully realistic analysis (since
bosons cannot be seen directly in a detector), which is beyond the scope of the present
paper. We note that the corresponding cross section is not negligible, as we shall document
in section 3; our results, being inclusive in the extra boson, represent an upper bound for
those obtained by applying proper acceptance cuts.

In table 4 we give the shorthand naming conventions that we shall adopt in section 3.
We use names which are similar to those most often used in the context of EW higher-
order computations, so as to facilitate the reading of the phenomenological results. As
was discussed at length in the present section, the contents of the various terms are more
involved than their names may suggest, and we refer the reader to such a section for the
necessary definitions.

3 Results

In this section we present a sample of results obtained by simulating ¢t¢H production in pp
collisions at three different collider c.m. energies: 8, 13, and 100 TeV. We have chosen the
top-quark and Higgs masses as follows:

my = 173.3 GeV, mpy = 125 GeV , (3.1)

and adopted the MSTWnlo2008 [68] PDFs with the associated ag(mz) for all NLO as
well as LO predictions (since we are chiefly interested in assessing effects of matrix-element
origin). In our default a(mz)-scheme, the EW coupling constant is [69]:

O 128.93. (3.2)
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The central values of the renormalisation (ugr) and factorisation (up) scales have been
taken equal to the reference scale:

_Hr _ 1 2 2 ¢,
:“—7:52‘””1‘ +pp(i), (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the
pr and pp dependencies that affect the coefficient ¥4 have been evaluated by varying
these scales independently in the range:

1
oK S R pE < 20, (3.4)

and by keeping the value of « 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 [72-74], where the following cuts

pr(t) >200 GeV,  pp(f) >200 GeV, pr(H)>200 GeV, (3.5)

are imposed; since these emphasise the role of the high-py 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 section 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 section 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 section 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 MADGRAPHS_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 «, and to a very
minor extent to that of my. As far as ref. [21] is concerned, different choices had been made
there for the top and Higgs masses, and for the reference scale.

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
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o(pb) 8 TeV 13 TeV 100 TeV
LO 1.001-1071(2.444-1073) 3.668-1071(1.385-1072) 24.01(2.307)
NLO QCD | 2.56-1072(4.80 - 107%) 1.076-1071(3.31 - 1073) 9.69(0.902)
NLO weak | —1.22-1073(—2.04-107%) —6.54-1073(—=1.14-1073) —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).

oxo(%) 8 TeV 13 TeV 100 TeV
QCD +25.67020 (419.6737 ) 420377 (423.9704) 44047076 (+39.1707)
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.

boosted scenario,® 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 fractions® 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
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 section 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

SHaving 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 pr’s in order to
have similarly boosted configurations.

5The 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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nLo(%) 8 TeV 13 TeV 100 TeV

99 —0.67 (—2.9) —1.12 (—4.0) —2.64 (—6.8)
uil —0.01 (=3.2)  —0.15 (—2.3) —0.10 (—0.5)
dd —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 @g and dg as well, respectively.

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 section 2.1), and thus real-emission
matrix elements and their associated Born-like counterparts have the same initial-state par-
tons. 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 uti+dd cross sec-
tion 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 ttHH
final state, a kinematic configuration contributes to the boosted scenario provided that the
Higgs-pr 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 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 counter-
parts. Both contributions feature Sudakov logarithms, but we point out that the overall
scaling behaviour in hadronic collisions is determined, among other things, by the compli-
cated 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 con-
sequences. 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 2’s implies that processes are closer to
threshold than the collider energy would naively imply, and thus the phase-space suppres-
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oupr (%) 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)
i H0.17(40.43)  +0.19(+0.48)  +0.25(-+0.53)
sum 10.88(+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).

sion 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 z’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 section 2.1, the results of ta-
ble 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 pre-
vents one from defining the t¢H 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 ben-
eficial (for example, if constraining or measuring A;7z7). Such a definition is fully consistent
with perturbation theory, since both HBR and NLO-weak contributions are of O(a2a?).
All the results presented so far have been obtained in the a(my) scheme. It is therefore
interesting to check what happens by considering the G/, scheme, which entails a different
renormalisation procedure and different inputs. In such a scheme we have (at the LO):

1
~ =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 a(my)-counterparts of table 5:

G, LO—LO%
fLo="10

The latter figures constitute a simple cross check: given that the LO cross section factorises

(3.7)

a?;a, at this perturbative order the difference can only be due to the values of the EW
coupling constant, and the 2.5% reported in table 9 is the difference’” between the a’s of
egs. (3.6) and (3.2). Therefore, at the LO the EW-scheme dependence of the cross section
is larger than (at the LHC) or comparable to (at 100 TeV) the NLO weak contribution in
the fully-inclusive case, while it is about a third of the latter in the boosted scenario. When
NLO corrections are included, however, things do change. In the G, scheme, the NLO weak
contributions are positive for the fully-inclusive rates, at variance with the a(my) scheme;
see the third row of table 9, where they are reported as fractions of the LO cross sections:

G
Gu _ NLOwgak (38)
weak LOG“ ’

"The a(mz)- and G ,-scheme runs have been performed with different statistics and seeds, so that other
small differences are present.
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8TeV 13 TeV 100 TeV
LO%:(pb) | 9.758 -1072(2.382-1073)  3.575-1071(1.351 - 1072)  23.41(2.249)
AGH (%) +2.5(+2.5) +2.5(+2.5) +2.5(+2.5)
Sunbsc (%) +1.8(—5.1) +1.3(—4.9) +0.1(—4.5)
Atbxio(%) —~0.5(-0.9) —0.5(~1.1) —0.6(~1.0)

Table 9. Results in G,-scheme: Born cross sections, relative differences (A) w.r.t. those obtained
in the a(myz) scheme, and fractional NLO-weak contribution (4). The results in parentheses are
relevant to the boosted scenario, eq. (3.5).

i.e. they are the analogues of the quantities in the second row of table 6. More importantly,
the differences between the two schemes for the NLO-accurate weak cross sections are much
reduced w.r.t. those at the LO. This is documented in the fourth row of table 9, where we
show the values of:

G, LO + NLOyear — (LO% + NLOS* )

A = .
LO+NLO LO + NLoweak ’ (3 9)

which are smaller in absolute value than their LO counterparts, and whose independence
of the collider energy is remarkable. Thus, in the boosted case one sees that the fact that
weak contributions have a significant impact on NLO-accurate cross sections is a conclusion
that holds true in both of the EW schemes adopted in this paper.

We conclude this section with a brief discussion on the impact of the bb-initiated
contributions, which we have ignored in our NLO-accurate results, for the reasons explained
in section 2.1. In table 10 we present the contributions to the Born cross sections (again
for the input parameters relevant to the a(my) scheme) due to all the relevant coupling-
constant factors (see eq. (2.1)); we remind the reader than only the a%a term is included
in the LO predictions shown so far. The bb contribution to Y30 appears in fact to be
quite irrelevant (being at most 0.36% at 100 TeV); those to X3 1 and X35 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 bb-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 bb-induced Y34 coefficients do not obey the numerical hierarchy suggested
by their corresponding coupling-constant factors (which hierarchy is violated owing to
the opening of ¢-channel diagrams, such as the one on the right of figure 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. We finally remark that
the contributions to a3§]372 not due to a bb initial state are very small, and do respect
the hierarchy mentioned above: expressed as fractions of oz?gaEgg, they amount to 0.1%,
0.08%, and 0.01% at 8, 13, and 100 TeV respectively. Together with the results of table 10,
this implies that the a32372 total cross section, summed over all initial states, is a fraction
of the a%aZ&o one equal to 0.4%, 0.5%, and 0.8% at the three collider energies considered
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Op—iir (D) 8 TeV 13 TeV 100 TeV
aZaYs 1.8-107%  9.1-107%  8.6-1072
asa?¥3; | -13-107% —-1.5-107% -1.3-107!

a® Y3 31-100%  16-10%  1.9-107!

Table 10. Leading, second-leading, and third-leading Born contributions due to the bb initial state.

in this paper. This is at most (at 8 TeV) a third of the NLO weak contribution (in the
a(myz) scheme), and is not enhanced in the boosted regime: it is thus quite negligible,
which is the reason why we have ignored it.

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 (pr(H)),
top quark (pr(t)), and ¢t pair (pr(¢t)), the invariant mass of the ttH system (M (ttH)),
the rapidity of the top quark (y(t)), and the difference in rapidity between the ¢t pair and
the Higgs boson (Ay(tt, H)). The corresponding six distributions are shown at a collider
energy of 13TeV (figure 5), 100 TeV (figure 6), and 13TeV in the boosted scenario of
eq. (3.5) (figure 9). In the case of the HBR process pp — t¢tHH, 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., pp(H), M (ttH), and Ay(tt, 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 table 8, respectively.

Further details on the NLO weak and HBR results relevant to figures 5 and 6 are
given in figures 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, dd, and i) 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, figures 5 and 6 show rather similar
patterns. NLO QCD contributions are dominant everywhere in the phase space, and their
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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(¢) and, to a good
extent, of Ay(tt, 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 section 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 pr(H), pr(t), and (to a somewhat lesser extent) Ay(tt, 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 figures 7
and 8. From these figures, we also see the differential counterpart of table 7: at 13TeV,
the interplay of the gg with the dd and wi 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 figure 9 the results for our six reference
differential 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 pr
thresholds (compare e.g. the insets of the upper two panels of figures 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 pr(t), pr(tt), and M (ttH) distributions in
the boosted scenario. These are all due to the cuts eq. (3.5), which at the LO result in
a sharp threshold in the case of py(tt) and M (¢ttH). Such a threshold, which disappears
when extra particles may be radiated, is thus a critical point [75] inside the phase space,
and therefore a source of instabilities in perturbation theory. We point out that, although
hardly visible in figure 9, below threshold the two NLO-accurate results which differ by
the presence of the NLO weak effects are not identical; note that, in this region, the latter
are solely due to the QCD-type radiation that is responsible for real-emission corrections
(i.e. to the term Rqcp,0-Rqcp,1 that appears in eq. (2.7)). In the case of pr(t), the knee
around 400 GeV is due to the fact that the Higgs prefers to stay closer to either the top
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or the antitop than away from both of them (as we have verified by studying the relevant
(n, @) distances). This results effectively in a non-sharp threshold, which largely disappears
when NLO contributions are included; since this threshold is not due to a tight kinematic
constraint, the effects are much milder than for py(tt) and M (ttH).

4 Conclusions

In this paper we have presented the first calculation of the O(a%oﬁ) next-to-leading order
contribution to ttH hadroproduction that includes all weak and QCD effects. The com-
putation is performed in the MADGRAPH5_AMC@NLO framework, and constitutes the first
step towards the complete automation, in that framework, of NLO-accurate cross section
calculations in theories other than QCD. These are relevant to the perturbative expansion
in terms of either a coupling constant different from ag (e.g. the EW one «), or simulta-
neously in more than one coupling constant (e.g. avg and «, as in the case studied here).
Weak corrections have more interesting physics implications than those of QED origin,
which have not been considered in this paper, because of their potential significant impact
in phase-space regions characterised by large invariants (as we have documented), and be-
cause of the different Higgs couplings they involve. Furthermore, from the point of view
of an automated approach which is already capable of computing NLO QCD effects, the
case of weak corrections poses a vastly different challenge, and thus offers a better testing
context, than that of QED corrections.

We have used ttH production as a case study to discuss two issues that will become
increasingly frequent in the near future. Firstly, for processes that feature several classes of
amplitudes, which differ by the coupling-constant combination they factorise, the intuitive
classification of the two dominant next-to-leading order contributions as QCD and EW
corrections may become a source of confusion, since in general at the level of cross sections
these two kind of corrections mix. Therefore, it is best avoided; we have suggested an
alternative terminology, which can be applied to arbitrary processes and perturbative series.
Note that this is no longer an academic matter, in view of the fact that automated codes
will soon be able to evaluate all contributions to Born and NLO cross sections, regardless
of their hierarchy in terms of coupling constants. Secondly, weak contributions due to the
emission of potentially resolvable massive EW vector bosons need to be taken into account,
at least when one is not able to discard them in the context of a fully realistic analysis at
the level of final states. We have shown that, in the case of ttH inclusive production, these
processes may in fact not be entirely negligible in precision phenomenology studies.

We have compared the O(a%a?) predictions with those of O(a?a), 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(a%a?) 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-pr configuration), which can be done by
either looking directly at the relevant kinematics, or at the inclusive level by applying
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Figure 5. LO- and NLO-accurate results at 13 TeV.
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Figure 6. LO- and NLO-accurate results at 100 TeV.
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Figure 7. Individual contributions to the NLO weak cross section, at 13 TeV.

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 (’)(a%oﬁ) results
may be numerically of the same order as the O(aja) ones. Therefore, ttH 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 8. Individual contributions to the NLO weak cross section, at 100 TeV.
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