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ABSTRACT: We present the results of the computation of the next-to-leading order QCD
corrections to the production cross section of a Higgs boson in association with a top-antitop
pair at the LHC, including the three relevant dimension-six operators (Oyy, Ouq, Org) of
the standard model effective field theory. These operators also contribute to the production
of Higgs bosons in loop-induced processes at the LHC, such as inclusive Higgs, Hj and HH
production, and modify the Higgs decay branching ratios for which we also provide predic-
tions. We perform a detailed study of the cross sections and their uncertainties at the total
as well as differential level and of the structure of the effective field theory at NLO including
renormalisation group effects. Finally, we show how the combination of information coming
from measurements of these production processes will allow to constrain the three operators
at the current and future LHC runs. Our results lead to a significant improvement of the
accuracy and precision of the deviations expected from higher-dimensional operators in the
SM in both the top-quark and the Higgs-boson sectors and provide a necessary ingredient
for performing a global EFT fit to the LHC data at NLO accuracy.
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1 Introduction

The top quark and the Higgs boson are the two heaviest elementary particles known to
date. Their interaction is expected to reveal evidence of beyond the standard model (SM)
physics and possibly determine the fate of the universe [1]. The LHC provides us the first
chance to measure the interactions of these two particles through the associated production
of a Higgs with a single top quark [2-4] or a top quark pair [5-14]. At the LHC, precise
measurements require accurate input from the theory side. Predictions for the ttH pro-
cess in the SM are known at next-to-leading order (NLO) in QCD [15-22], with off-shell
effects [23], and at NLO in electroweak [24-27]. Next-to-leading logarithmic matched to
NLO [28] as well as approximate next-to-next-to-leading order QCD predictions [29] have
also become available recently.

In addition to the SM prediction, we expect that a precise understanding of the pat-
terns of deviations from the SM will become equally important at the LHC Run II, given
the complicated nature of the corresponding measurements [30-35], and the attainable
precision on the top-quark couplings expected for Run II measurements [36]. A powerful
and predictive framework to analyse possible deviations is provided by the SM effective
field theory (SMEFT) [37-39], i.e. the SM augmented by higher-dimensional operators. In
this framework, radiative corrections to the SM deviations can be consistently included
in a model-independent way, thus allowing for systematically improving the predictions.
In fact, NLO corrections for a set of top-quark processes have recently started to become
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Figure 1. Example diagrams for ¢¢H production. The inserted operators are: (a) Oy, (b) Oyua
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available in such a framework, including top-quark decay processes, flavor-changing neu-
tral production, top-pair production, single-top production, and tt associated production
with a Z-boson and with a photon [40-47]. Several Higgs decay results have also become
available recently [48-51].

The goal of this work is to improve the predictions of such deviations in t¢H production
in SMEFT by computing the NLO QCD corrections. Besides, we will also present SMEFT
results for processes that are top-loop induced in the SM, such as pp — H, pp — Hj and
Higgs pair production pp — HH. Selected Feynman diagrams at the leading order (LO)
are shown in figure 1 and 2 for the tH and loop-induced processes, respectively. The rele-
vant effective operators in these processes, i.e. those modifying ttH, ttg, and ggH vertices,
are both physically interesting and practically important, because they connect the top-
quark sector with the Higgs-boson sector in the SMEFT at dimension-six. Studying these
processes and interactions will allow us to investigate how much we can learn about the
top quark from Higgs measurements, and vice versa. In particular, the chromo-magnetic
dipole operator Oy, which gives rise to a dipole interaction in the gtt vertex and intro-
duces ggtt, gttH, and ggttH vertices, is often left out in Higgs operator analyses (see, for
example, [52-60]), because it is often considered as part of top-quark measurements. Here
we will show that the current t¢H and pp — H measurements already provide useful infor-
mation about the chromo-dipole moment, comparable to what we can learn from top-pair
production, and that future measurements will improve the limits. This observation implies
that Higgs measurements are becoming sensitive to this interaction and therefore it should
not be neglected. Furthermore, the extraction of the Higgs self-coupling from pp — HH
measurements relies on a precise knowledge of the top-Higgs interactions. Here we com-
pute for the first time the contribution from the chromo-dipole moment O;s to Higgs pair
production. As it will be shown in the following, this operator gives a large contribution
to this process, even taking into account the current constraints from t¢ production on the
size of its coeflicient.
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Figure 2. Example diagrams for H, Hj, and HH production. The inserted operators are: (a) Oy,
(b) Oy (¢) Og. LO contributions from O, are at the tree level, while those from the other two
operators are induced by a top-quark loop.

A

Let us briefly discuss the motivations for having NLO SMEFT predictions.

e First, the impact of QCD corrections on the central values, which can be convention-
ally estimated by a K factor (the ratio of NLO central prediction to LO), is often
large at the LHC, and for an inclusive measurement this will improve the exclusion
limit on the effective operators. In addition, NLO corrections improve not only the
accuracy of the predictions by modifying the central value, but also the precision by
reducing the theoretical uncertainties due to missing higher-order corrections, which
leads to a further improvement on the limits. For example, the current limit on the
chromo-magnetic dipole operator from ¢t is improved by a factor of 1.5 by including
QCD corrections [43], and the effects are even larger in the flavor-changing neutral
sector [42, 61-65].

e Second, QCD corrections often change the distributions due to effective operators
in a nontrivial way, not captured by the LO scale uncertainty. As the distribution
measurements start to play an important role in the EF'T global analyses both in the
top-quark and in the Higgs sector [57-60, 66, 67], reliable predictions for the distri-
butions are needed as theory inputs. In fact, ref. [44] has shown that in an operator
fit, missing QCD corrections to the shapes could lead to a biased interpretation in
terms of new physics models. For this reason our final goal is to use the NLO pre-
dictions in a global EFT fit, including differential measurements, to extract maximal
information on the operator coefficients.

e Third, unlike in the SM where all the gauge couplings are known, the SMEFT has
many operator coefficients, and several of them remain to be constrained. Higher
order effects are important in that respect as they can be enhanced by the ratio of
two operator coefficients, Cy/Cq, if operator O; contributes at the tree level, while
Oy at the loop level, and if Cy is loosely constrained. An example is gg — H, where



at the tree level only the operator Oy (corresponding to a ggH vertex) enters, but
at the loop level additional operators, for example the Oy which shifts the SM top
Yukawa coupling, will come in through a top loop. The process can be then used to
determine the top Yukawa through a top-loop effect. Similar loop-induced scenarios
have been used to obtain information on many other operators (see, for example,
[68-74]). Even though this is not particularly relevant in the t¢H process, the same
tree/loop degeneracy in the ggH and the ttH vertices will occur, and having NLO
corrections allows us to control these effects.

e Fourth, NLO is important to understand the structure of the effective theory, mainly
because of the renormalisation group (RG) and operator mixing effects [75-77], and
the corresponding theoretical uncertainties due to missing higher-order terms, which
we will discuss in this work. At NLO we start to have control on these effects.
Furthermore, it is often the case that new operators enter when certain processes are
considered at NLO.

e Finally, in the future, the sensitivity of measurements to the effective deviations may
be improved, by making use of the accurate EFT predictions and designing optimised
experimental strategies in a top-down way. However, given that any useful predictions
at the LHC must be at least at NLO, possibly with parton shower (PS) simulation,
this improvement will be difficult without a consistent EFT at NLO prediction.

As discussed also in our previous work, an important feature of our computation is
that NLO predictions matched to the parton shower can be obtained in an automatic
way. The results we will provide are important not only because predictions are improved
in accuracy and in precision, but also because NLO+PS event generation can be directly
used in an experimental simulation, allowing for a more dedicated investigation of potential
deviations, with possibly optimised selections and improved sensitivities to EFT signals.
Our approach is based on the MADGRAPH5_AMCQ@QNLO (MG5_AMC) framework [78],
and is part of the ongoing efforts of automating NLO EFT simulations for colliders [79].

This paper is organised as follows. In section 2, we discuss the operators used in this
work, while in section 3 we present our calculation setup. Section 4 is dedicated to a
discussion of the relevant theoretical uncertainties. Section 5 presents our results for the
total cross sections and differential distributions, and in section 6 we discuss RG effects
relevant for our study. Finally, in section 7 we obtain constraints on the dimension-six
operators using LHC results before we conclude in section 8.

2 [Effective operators

In an EFT approach, potential deviations from the SM can be consistently and system-
atically described by adding higher-dimensional operators of the SM fields. By employing
global analyses [66, 67, 80], experimental results can be used to determine the size of the
deviations due to each effective operator. The established deviations can then be consis-
tently evolved up to high scales, and matched to possible new physics scenarios. In the



absence of convincing evidence for new resonance states,’ the SMEFT provides the most
model-independent approach to a global interpretation of measurements.
The Lagrangian of SMEFT can be written as

C; _
Lerr = Lsm + Z poi + OA™) + hec., (2.1)

where A is the scale of new physics. In the tH production there are two kinds of relevant
operators: those with four fermion fields and those with two or no fermion fields. The main
focus of this work is on the second kind, including the following three operators:

O =i (919) (Q1) 6. (2:2)
Os = v (910) Gl G (2.3)
O = y19s(Qo TH4) 4G5, . (2.4)

Our convention is such that for each operator we will add its Hermitian conjugate, even if it
is already Hermitian. We assume C;4 and Cjg are real, so that the Lagrangian respects the
CP symmetry. Cyq is always real because the operator is Hermitian. We do not include
the CP-odd O s operator. In this work we focus on these three operators.? The first one
rescales the top Yukawa coupling in the SM, and also gives rise to a new ttH H coupling
which contributes to Higgs pair production. The third one represents the chromo-dipole
moment of the top quark. It modifies the gtt vertex in the SM and produces new four-point
vertices, ggtt and gttH, as well as a five-point ggttH vertex. The second one is a loop-
induced interaction between the gluon and Higgs fields. Even though it does not involve
a top-quark field explicitly, it needs to be included for consistency, in particular at NLO,
because the O;g mixes into this operator, and this operator in addition mixes into Oy,
through RG running. All three operators contribute to the ttH process at the tree level.
In addition, they can also be probed by H, Hj, and HH production processes, where Oyq
contributes at the tree level while the other two contribute at the loop level. In particular,
the degeneracy in gg — H between the tree/loop-level contributions from Ogg and O
has been discussed in the context of Hj [82-84] and HH production [85]. We note here
that the Higgs pair production involves additional operators that modify the Higgs self
coupling. We do not include those here as the QCD part factorises and their effect has
been extensively discussed in the literature [86-89]. Rather, we focus on the top-quark
operators, in particular Oug, which has not been considered in previous SMEFT analyses.

We normalise these operators so that their tree level contributions to the pp — ttH
cross section are of the same order [O(a2a)].® Then we can define the “NLO QCD” cor-

rections, i.e. higher-order contributions at O(a2a). In addition, with this parametrisation,

'A generic EFT might be useful also in the presence of new resonances, see for example [81].

*The operator O, = (¢'¢) O (¢) also contributes by universally rescaling the Higgs couplings. We
omit it here because the NLO corrections for this operator would be the same as in the SM.

3This is not the case for single Higgs production for which Oy enters at O(a), while Oy and Oy enter
at O(a2a).



the relevant mixing terms are always O(as). Had we chosen a different normalisation of
operators, this would not be true.

We briefly discuss the mixing structure of these operators. The complete RG structure
has been given in [75-77]. In this work we will consider the QCD induced mixing, which is
relevant for our calculation, i.e. O(a;) terms with our normalisation. The mixing matrix
for (Otg, Oga, Orc) has a triangle form:

.. —2 16 8

K)o _ _

Jios s ~75Ci(0), 0 —7/21/2 | . (2.5)
0 0 1/3

These operators involve three, two and one Higgs fields, respectively. In ttH production
with only QCD corrections, only one of the Higgs fields can be dynamic, so in this sense
their “dimensions” are 4, 5, 6 respectively. The triangle form of the matrix implies that
only a “higher-dimensional” operator can mix into a “lower-dimensional one”, i.e. O;q
mixes into Oy, and both of them mix into Oy, but not the other way around.

Four-fermion operators that contribute to top-pair production would also play a role in
this process. However the tf cross section measurement is sufficient to constrain this effect.
There are four linear combinations of operators that enter, defined as C’ifl in ref. [90].
Using the notations of ref. [91], they can be written as

Cl — 0(1)1331 01331 + 052)1331’
02 C( )1133 + C( )3311

qu

Cl = CEnsst 4 401(33311’

Ci _ C( )1133 | C( )3311
Consider o, and o, at 8 TeV (at LO):

oS TV [pb] = 158 [1 + 0.0101 (CL 4 C2 + 0.64C + 0.64C3) + 0.65C;G] (2.10)
o5V [pb] = 0.110 [1 4 0.055 (C + C2 + 0.61C§ + 0.61CF) +2.02Ci] . (2.11)

assuming A = 1TeV. We can see that approximately only one linear combination of the
four-fermion operator coefficients, i.e. Cy ~ C} + C2 + 0.6C} + 0.6C3 enters both cross
sections, a pattern we do not expect to change at NLO. This behaviour is expected because
the Higgs only couples to the top quark with the same coupling regardless of which operator
triggers the process, so adding one Higgs does not resolve the degeneracy between four-
fermion operators. It does, however, increase the relative sensitivity to these operators,
because having a Higgs boson in the final state largely increases the center of mass energy
of the process, which in turn increases the relative contribution from the four-fermion
operators. On the other hand, the Cig contribution is independent of Cj, and this is
because the Higgs particle can be emitted not only from the top quark but also from the
operator O, with a four-point contact gttH or a five-point ggttH vertex, leading to a
different topology than the four-fermion operator cases. Since we are going to focus on



the ttH process, as a first approximation we assume that the ¢ measurement is already
constraining C4. A complete treatment at NLO including four-fermion operators requires
a dedicated study which we defer to future work. Alternatively, one could make use of the
ratio of the two cross sections:

8 TeV

Otth 1 2 1 2
= 0.047[1+1.43C; +0.0016(C + C2) +0.0028(CL +C3)], (2.12
08TV (/5 > 1000 GeV) | “ ( ) (CatCall, (212)

which will decrease the dependence on the four-fermion operators by one order of mag-
nitude. (A similar ratio has been proposed for t¢tZ [92].) In any case, the fact that
four-fermion operators enter as one linear combination in ¢t and t¢H will allow us to focus
on O, O and Oy in the t¢H process. We should also mention that, by making use of
Tevatron data and asymmetry measurements, all the relevant four-fermion operators can
in principle be constrained from ¢ measurements [66-68, 93].

The final goal of top-quark measurements is to construct a global fit, where by com-
bining ¢t and ttH processes we will be able to set bounds on Cy and the other coefficients
separately. Intuitively, however, it is useful to have an approximate understanding of which
operators are constrained by which process. tt has often been thought of as the key process
to bound Oy, but what we are proposing here is to use tt to constrain four-fermion oper-
ators, while O, will be better constrained by ttH together with the other two operators,
Oty and Ogi. As we will see in section 7, even though this is not exactly the case with
the current measurements, it is likely to happen in the future for high luminosity LHC
(HL-LHC), because the ttH process is more sensitive to Oy than the ¢t process, as can be
seen from eq. (2.11), and its measurement has more room to improve.

Finally, another operator that contributes to the processes is Og =
Js fABCGﬁ”Gfp Gg“ , which would enter by modifying the gluon self-interactions.
As this is not a top-quark operator, we will not consider it further here, assuming also that
its contribution is sufficiently suppressed due to constraints from the accurately measured
tt and dijet cross sections.

3 Calculation setup

Our computation is performed within the MG5_AMC framework [78], as described in [43—
45]. All the elements entering the NLO computations are available automatically starting
from the SMEFT Lagrangian [94-99]. NLO results can be matched to parton shower
programs, such as PYTHIAS [100] and HERWIG++ [101], through the MC@QNLO [102]
formalism.

Special care needs to be taken for the UV counterterms, which are required for the
virtual corrections. With M .S the coefficient renormalisation is

Qg 1
C7 = 25C5,  0Zi = o Alumrr) g (3.1)
T €
where pppr is the scale at which we define the EFT, and
A\ €
Alw) =T(1+¢) ( o ) . (3.2)



The A(ugrr) is inserted to separate the running of operator coefficients from the running
of as. In other words, these coefficients are always defined at scale ygpr. They run and
mix whenever ugpt changes.

The 6Z;; and fields/coupling renormalisations determine all the counterterms. How-
ever, in practice, we define the Oy and Oy operators as

Orp = i (#6 — v?/2) (Q1) & (3.3)
Ogc =7 (80— v*/2) Gb, G, (3.4)

to remove the dimension-four terms due to Higgs fields taking vevs, so that there is no need
to redefine the SM fields and masses etc. In principle this does not change any physics;
in practice the UV counterterms need to be treated slightly differently. For example, O;g
mixes into Oy, meaning that at one loop Oy needs the following counterterms to cancel
the divergence
1%1y2 (10) GAG™ + e = 915G+ miGA e hel . (35)
47 et wy dre L9¢ t v
With our redefinition, 6Zyq ¢ will only produce the first counterterm. The second term is
of dimension four, corresponding to a modification to the SM counterterms for the gluon
field and gs. These are, however, only the divergent part. Finite pieces need to be added, for
the gluon fields to be renormalised on-shell and for g, to be subtracted at zero-momentum

transfer:
2002 1
025 =82}, — Cic e Alm) —. (3.6)
EUV
m2 1
62y, = 0Z,, s + Cic A; A(my)— . (3.7)
EUV

Similarly the top-quark field and top-Yukawa renormalisation are related to O;g — Oy

mixing:
dogm? 11
6 Zm, = 62y, = 6 Zmy 531 — Ci S EA(me) [ —— + = ) (3.8)
TA eygv 3
2045m 1 1

In summary, we calculate UV counterterms by using 6Z;; in eq. (3.1) for Oig, Oy, and
Oi4, while modifying the SM counterterms as described in egs. (3.6)—(3.9). In the following
sections we will simply denote O by O.

4 Theoretical uncertainties

One of the motivations to perform a NLO computation is that this provides the possi-
bility to assess reliably the size of the residual uncertainties from missing higher orders.
Discussions about the impact and the methods to estimate theoretical uncertainties in the



SMEFT can be found in refs. [103-106, 108]. Here, before moving on to numerical results,
we briefly discuss how theoretical uncertainties are treated in our calculation.

The SMEFT calculation is an expansion in two classes of parameters, the perturbative
expansion parameters, such as a; and a, and the EFT expansion parameter C/A?, and so
there are two main types of theoretical uncertainties, those related to missing higher orders
in the gauge couplings and those from higher-order terms in the C'/A? expansion. In the
former class, we can list:

e Uncertainties due to parton-distribution functions.

This type of uncertainty is also present in the SM calculations and can be treated
in the same way, i.e. by following the procedures associated with the corresponding

PDF sets.
e Uncertainties due to missing higher orders in the a4 expansion as in the SM.

These are typically estimated by varying the renormalisation and factorisation scales,
as in SM calculations. All results presented in this work are provided with uncer-
tainties that are estimated by varying these two scales independently by a factor of
two up and down from the central value. The uncertainties due to higher orders in
« are expected to be subdominant.

e Uncertainties due to missing higher orders in the «a; expansion of the EFT operators.

These are additional uncertainties, related to the scale pgrr, at which the operators
are defined. This uncertainty characterises the uncancelled logarithmic terms in the
renormalisation group running and mixing of the operators. They can be obtained
as follows: consider the cross section obtained at the central scale, pgrT = 1o

1Tev2 1Tev4
o(ko) = osm + Z i(1o)oi(po) + Z 10)Cj(p0)oij(po) ,  (4.1)

and at a different scale, ugrr = U,

€ € 4
=+ N TV o) + Y %cmcj(m%(m (42)
12

1TeV 1TeV4
= osm + Z i(10)oi (o p +Z 10)Cj(po)oij(po; 1) - (4.3)

where we define

oi(po; ) = Tji(p, po)oj(p) - (4.4)
(1o ) = iy 10) T (1t po)owr (1) -

The I';; describes the running of operator coefficients:

Ci(p) = Tij(p, 10)C (o) (4.6)



and is given by

Lij(p, po) = exp (;,j log OZS((;Z)) %‘j) : (4.7)
,80:11—2/3nf. (4,8)

where ny = 5 is the number of active flavors in the running of .

According to eq. (4.3), we will use oy ;;(po; 1) with o = m; and p varying between
my/2 and 2my to assess the EFT scale uncertainty. The physical interpretation is
that they are the cross sections from C(p), but evaluated at a different EFT scale
u, and then evolved back to scale pg, with all the mixing and running effects taken
into account, to allow for a fair comparison with the cross sections evaluated directly
at po. A more detailed discussion of uncertainties specifically related to RG mixing
effects with concrete examples will be presented in section 6.

Now consider the uncertainties due to missing higher order contributions in the C/A?
expansion. The cross section (or any other observable) can be written as:

~ dim6 ~dim6
Cim6 cime o] (dim6)

- Y .(dim6) Zi 75 (d
7= oMt Z AATev)E” g (A/1Tev )2 70
Cdim8 -

G o), (4.9)

The second term comes from the squared contribution of dimension-six operators, while
the last term comes from the interference between the SM and dimension-eight operators.
These two terms are formally O(A~*) contributions, but they should be considered sepa-
rately [45, 106]. The last term must be less than the leading dimension-six contributions,
otherwise the EFT expansion would break down and in that case one should not use the
EFT approach from the very beginning. On the other hand, the second term can be much
larger than the first one without invalidating the expansion, as can be justified for cases
where the expansion in E?/A? is under control but the squared contribution may still be
large, due to less constrained operator coefficients, i.e. if C? % > C’i% >1> % is sat-
isfied. An example is given in [106]. Another possibility is that the interference term is
suppressed due to symmetries [107], kinematics, or even simply accidentally [45], while the
squared contribution is not. In the following we consider the two terms separately.

e Impact of the squared contributions JZ-(](-iimm coming from dimension-six operators.

These terms can be explicitly calculated and included in the central prediction, and

in that case there is no uncertainty related with this “expansion”, because there are
(dim6)
]

no more terms beyond (C/A?)%. In this work we will give full results for o
Of course, once constraints on operator coefficients are derived, one might decide
to neglect some of these terms for simplicity. Only in this case should one use, for

dim6 . .
example O'Z(Z» m ), as an uncertainty estimate.

~10 -



e Impact of missing higher-dimensional operators.
(1,dim8)

The contribution o, cannot be computed without analysing dimension-eight
operators. A corresponding uncertainty should be taken into account. For example,
one can use Spmax/ A? to estimate the relative size of dimension-eight interference to
dimension-six interference, where sy.x is a cutoff on the centre-of-mass energy of the
process, as applied in the analysis [106]. The results we present in this work are not

computed with this cutoff, but with our setup this is straightforward.

5 Numerical results

In this section we give results for total cross sections and distributions. Results are ob-
tained with MMHT2014 LO/NLO PDFs [109], for LO and NLO results respectively; input
parameters are

my =172.5GeV, mpg = 125GeV, mz =91.1876 GeV,  (5.1)
agyy = 127.9, Gr = 1.16637 x 107° GeV 2. (5.2)

Central scales for pg, up are chosen as my + my /2 for the ttH process, and my for the
other loop-induced processes. The central scale for pugpr is chosen as my for all processes.

5.1 Total cross sections

Cross sections from dimension-six operators can be parametrised as

1TeV? 1TeV*
0 = o0sM + Z 71\2 Cioi + Z 7/\4 CiCjUZ'j. (5.3)
i 1<y

Note that this parametrisation is slightly different from eq. (4.1) because we have added a
“s < 77 in the summation. In other words, for the cross terms (i.e. 055, # j), a factor of two
from exchanging ¢, j will be included in o;;. We will now present results for osm, 05, and o5;.

We quote numbers with three uncertainties. The first is the standard scale uncertainty,
obtained by independently setting pr and pp to u/2, pand 2u, where u is the central scale
obtaining nine (ug, pr) combinations. The third uncertainty comes from the MMHT PDF
sets. The second one is the EFT scale uncertainty, representing the missing higher-order
corrections to the operators, obtained by using eq. (4.3).

In table 1 we give the LO/NLO results for ttH total cross section for the LHC at
8, 13 and 14 TeV. Both LO and NLO cross sections, as well as their ratios over the SM
cross section, are given. In general the ratios to the SM contribution increase with en-
ergy, as expected in an EFT, except for the Oy, contributions which only rescale the SM
Yukawa coupling. The quadratic terms and cross terms, i.e. o;; displayed in the last six
rows, are in general not small, and we will see that given the current bounds on these
operators they should not be neglected. The K factors range between roughly 1 to 1.6,
depending on operators, and can be very different from the SM. In particular, contribu-
tions related to O ¢ tend to have large K factors. Improved precision is clearly reflected
by the reduced uncertainties at NLO. The dominant uncertainties come from pg r scale

- 11 -
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Table 1. Total cross section in pb for pp — ttH at 8, 13, and 14 TeV, as parametrised in eq. (5.3).
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8TeV o LO o/osm LO

osm 8.08%3 5 0000 1.000%5560-0:000

o —0.9627035 001 —0.11970:000030 00061
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pte  0-028670005 000950 0003547550000 0 00031
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oipec  —0.32600351 00ty —0-040375000005 00080
opcac  185.08750 58 5 22.90%3157 Iy
13TeV o LO o/osm LO
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14TeV o LO o/osm LO
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Table 2. Total cross section in pb for pp — H at 8, 13, and 14 TeV, as parametrised in eq. (5.3).
Only the renormalisation and factorisation and EFT scale uncertainties are shown.
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14TeV o NLO o/osm NLO
osm 35.337500 100013999

o AT o1
oG 27041318 76.539%

oote 0120500505 00033975 500025
opcec 51700740 14637189

Table 3. Total cross section in pb for pp — H at 8, 13, and 14 TeV at NLO in the infinite top
mass limit. Only the renormalisation and factorisation scale uncertainties are shown.
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Table 4. Total cross section in pb for pp — Hj at 8, 13, and 14 TeV at LO for a pjf > 30 GeV cut.

Only the pg r and EFT scale uncertainties are shown.
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Table 5. Total cross section in pb for pp — HH at 8, 13, and 14 TeV at LO. Only the ugr r and

EFT scale uncertainties are shown.
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variation. However, these uncertainties, together with the PDF uncertainties, are reduced
once taking ratios with respect to ogy. On the contrary, the EFT scale uncertainty is
not affected by taking ratios, so it becomes relatively more important. This means that
in a measurement where ratios are used, for example as proposed by [10], or in a global
fit where correlations are correctly taken into account, the EFT uncertainties may be the
dominant ones at dimension-six. We also note here that at the NLO accuracy the effect
of the Oy, operator is not a simple rescaling of the SM predicition, because the y; in the
SM is defined with on-shell top mass, while the Cj, is defined with the MS scheme. As a
result the corresponding K factors are different from the SM ones.

The corresponding LO results for single H production are shown in table 2, where
we have kept the exact top mass dependence. The PDF uncertainties are not shown as
these are found to be at the percent level and significantly smaller than the pugr r scale
uncertainties. We note that these results suffer from large g r scale uncertainties as they
are at LO. As in the case of t¢H we find that the pp r scale uncertainties get significantly
reduced by taking the ratio over the SM. This reduction of the uncertainties in the ratios
is not dramatic for the Oy contributions. This is related to the choice of operator nor-
malisation, which leads to Oy entering at O(a) while the SM contribution is at O(a2a).
We also find that the ratios over the SM are not sensitive to the collider energy as the
partonic centre-of-mass energy is fixed at the Higgs mass. Again we find that o;; terms are
important. For this process, we find that the contributions involving the Ogq operator are
large as it enters at tree-level while the other two operators enter through top-quark loops.

While the computation of the NLO corrections for the O;4 and Oy operators is
possible both in the infinite top mass limit and with the exact top-mass dependence, this
is not the case for the Oy operator for which a dedicated computation, beyond the scope
of this work, is required. As a first step towards NLO results, we show in table 3 results
for a subset of the contributions computed in the infinite top mass limit. The results show
the well-known large K factors (~ 2) for gluon fusion and demonstrate the reduction of
the pg F uncertainties.

The results for the pp — Hj process are shown in table 4. For these results a 30 GeV
cut has been imposed on the jet transverse momentum. The relative contributions of the
operators at the total cross-section level remain similar to those for single H as the cut
on the jet is rather soft. While Oy just gives a rescaling compared to the SM, the Oyq
and Oqg operators have a different energy dependence causing also small differences in the
ratios between the three collider energies, as a range of partonic energies is probed.

Finally we show the results for Higgs pair production in table 5. This process behaves
in a different way than the single Higgs production process. The contribution of O, oper-
ator is no longer a simple universal rescaling of the SM, as it not only affects the triangle,
box diagrams and their interference in a different way but also introduces the t¢H H interac-
tion. Thus the ratio over the SM behaves differently from single Higgs production and also
acquires an energy dependence. The contributions involving Oy and Oy relative to the
SM increase with the collider energy. The EFT scale uncertainties in the ratios over the SM
are similar in size to the ug r ones for Oy, while they dominate for Oy and O;y. We find
that the contribution of the chromo-dipole is large, and even with the current constraints it
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could have a large impact on H H production. This observation implies that an EFT anal-
ysis of di-Higgs production should consistently take into consideration such an impact, as it
will affect the limits set on other dimension-six operators entering the process, in particular
those modifying the Higgs self-coupling. We also emphasize that this contribution involves
a UV pole that is canceled by the mixing from O;q to O,q, therefore its cross section has a
dependence on pgrpr, and should always be used with care. The EFT uncertainty presented
in table 5 correctly takes into account the contribution from O,g through mixing effects
while changing pgrr. A more detailed discussion on this issue will be presented in section 6.

5.2 Distributions

Differential distributions are obtained at LO and NLO for the pp — ttH process. This can
be done also with matching to PS simulation, and with top quarks decayed while keeping
spin correlations [110], all implemented in the MG5_AMC framework. Hence our approach
can be used directly in a realistic experimental simulation, with NLO+PS event generation,
which allows for more detailed studies of possible EFT signals. In this work, for illustration
purpose, we only present fixed order NLO distributions.

Results for ttH are given in figures 3-6. The SM contribution as well as the individual
operator contributions, normalised, are displayed, in order to compare the kinematic fea-
tures from different operators. The magnitudes can be read off from the total cross section
tables. In the lower panel we give the differential K factors for each operator, together
with the pg F uncertainties. Both interference and squared contributions are shown.

The interference contributions are in general not sensitive to the operator, except
for a few cases such as m(tH) and py(H), which should be considered as discriminating
observables in a differential measurement. On the contrary, the squared contributions can
be quite sensitive, and many of them can be used to distinguish between the contributions
from O,q, Oiq, and those from SM background and Oy,. Given the current limits on the
coefficients, it is likely that the O, operator still leads to observable effects on the shape,
due to large squared contributions. As an example we plot some total distributions for
Cic = %1 in figure 7, and one can see that in particular Cyg = 1 leads to a very large
deviation. In most cases, QCD corrections lead to nontrivial K factors that are not flat and
can depend on operators, and using the SM K factor is not a good approximation. These
corrections change the shapes of differential distribution, and missing such corrections could
lead to bias in a fit where differential information is used.

The corresponding distributions for the Higgs and jet transverse momentum and Higgs
rapidity in Hj are shown in figures 8-10, where a 100 GeV cut has been imposed at parton
level on the Higgs transverse momentum. Both the linear and the quadratic terms are
shown. The corresponding scale uncertainty bands and the ratio over the SM with its scale
uncertainty are also shown in the lower panels.

The Oy and Oy give contributions which rise at high pr, in particular the squared
contributions, while Oy just gives rise to shapes identical to those of the SM. We note that
the scale uncertainties in the ratio over the SM are extremely small for O;4 and Oyq, and
therefore not visible in the plots, while for Oy they are larger as we have also seen at the
total cross-section level in table 5.
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Figure 3. Transverse momentum distributions of the tf system, normalised. Left: interference
contributions from o;. Right: squared contributions o;;. SM contributions and individual operator
contributions are displayed. Lower panels give the K factors and pp r uncertainties.

The results for the Higgs pair invariant mass and hardest Higgs pr in pp - HH
are shown in figure 11. All operators lead to shapes which differ from the SM, with the
squared contributions leading to distributions rising fast with the energy. We find that the
interference for Oy and O;g can be destructive or constructive depending on the region
of the phase space.

6 RG effects

In an NLO calculation in the SMEFT, the logarithmic dependence on pgppr arises as a
consequence of the running and mixing effects among dimension-six operators. These
terms are very important for correctly interpreting the NLO results, for extracting reliable
constraints from an experimental analysis, and for estimating the theoretical uncertainties
due to missing higher orders. On the other hand, in general, they do not provide an
approximation of the complete NLO corrections. Many discussions on these issues are
available in the literature and we refer the reader to, e.g., refs. [48, 50, 105, 106, 108, 111].

In this section, we present a study of the RG effects using our NLO calculation as a
concrete example. In particular, we focus on the role of RG effects in a full NLO calculation,
and on their use in the estimate of missing higher-order corrections. The impact of the pugpr
dependence on the extraction of experimental constraints is further discussed in section 7.
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Figure 5. Transverse momentum distributions of the top quark (up) and the Higgs boson (down),
normalised. Left: interference contributions from ¢;. Right: squared contributions ¢;;. SM contri-
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Figure 12. Comparison of the RG corrections with the exact NLO results for ttH production.

Comparing RG corrections with full NLO. By naive power counting one might
think that in an NLO calculation RG corrections to operators dominate over the finite
pieces, as they are enhanced by factors of log(A/Q), where @ is a relatively low energy
scale, at which the measurement is performed. This statement is not accurate. First, a
measurement at scale @) is designed to measure parameters defined at that same scale,
i.e. C(Q), so in practice log(A/Q) will never appear in a perturbative expansion. Rather,
these log terms are resummed by using RG equations, independent of processes, so they are
not part of an NLO calculation, but are contained in the definition of coefficients. The large
logarithmic terms will play a role only if one wants to relate coefficients with underlying
models, which is not the task of an NLO calculation in the EFT.

Even if we do not resum these log terms, by setting ugpr = A explicitly in a per-
turbative calculation (which is looking for trouble and should not be done), the log(A/Q)
terms appearing in the NLO corrections are often not the major contribution, because at
the LHC QCD corrections are typically much larger than what one would naively estimate
using O(as/4m). It is interesting to compare the two kinds of corrections, i.e. RG and NLO,
in the ttH process. In figure 12 we show the interference contribution from three operators,
oi(A; pgpr) (i.e. contributions from Cj(A), calculated with pgpr) for A = 2TeV. Suppose
we have an underlying theory which we match to an EFT at scale A with three coefficients
Ci, Cpq and Ciyg. We can do a LO calculation without running, and we normalize the
results to one. Now we may use the RG equations to improve the results, by running the co-
efficients to a lower scale near m;. The dashed lines indicate corrections from one-loop RG
only. These corrections range from roughly 0 to 40%. However if we go to NLO, the increase
is much larger, depending on where the scale is, as indicated by the solid lines. This clearly
demonstrates that RG corrections are far from a good approximation to NLO corrections.
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EFT scale as an uncertainty estimator. The RG running can still be used as an
estimator of missing higher order corrections to the operators. From figure 12 we can see
that the EFT scale dependence of the LO results roughly captures the NLO corrections
at the same order of magnitude. On the other hand, at NLO the EFT scale dependence
becomes much smaller, indicating that the EFT scale uncertainty can be taken under
control by using the full NLO prediction.

The curves in figure 12 take into account both running and mixing effects. For example,
as Oy runs downs, it will also mix into Oy and Oy, and the green curves are the sum of all
three contributions. It is this sum that becomes less dependent on scales at NLO. The indi-
vidual contribution from each operator is however not physical, in particular in loop induced
processes, where the separation between tree-level and loop-level contributions from two dif-
ferent operators is scale dependent. For this reason, loop-induced contributions are sensitive
to prrT and should be used with care when setting bounds on individual operators. This
will be further discussed in the following section where we set constraints on the operators.

For illustration, in figure 13 we plot the individual contributions from the three oper-
ators in pp — H and pp — HH, as a function of ugpr, assuming Cyg = 1, Cyy = Cyq = 0
at scale ugrr = m¢, and A = 1 TeV. At this scale the only contribution is from O;g. When
perT deviates from my, while the running of Cys is only at the percent level, its cross
section has a strong pppr dependence as can be seen from the “Cigoyg” curves; in the
meantime, non-zero values for Cyy and Cyg are induced by Oy, in particular the latter
leading to a tree level contribution that also depends on pgpr, as can be seen from the
“Cpaoea” curves. These dependences are canceled out at the leading log level when all
three contributions are summed, as presented by the black curves labeled as “o(total)”.
This quantity is nothing but the og(my; prrr) defined in eq. (4.5). It is the physical con-
tribution coming from Cyg(m;) = 1, and has a weaker dependence on pugpr between m;/2
and 2m;. This quantity should be used as an estimation of the missing higher-order correc-
tions to the effective operators, and should be presented in a perturbative EFT prediction,
in the same way as the normal ppg r uncertainties are usually given.

7 Constraints on dimension-six operators

In this section we study the experimental constraints on the operator coefficients. Both
pp — H and pp — ttH have been already measured at the LHC Run I. Even though the
latter is still not very accurate with the current integrated luminosity, we will see that it
already provides useful information. In addition, Run II measurements for both processes at
13 TeV have started to appear, and we will also include them. The simple fit we will perform
is however only for illustrative purposes, and therefore a number of simplifications and
approximations are applied. The correlations of errors between different measurements due
to common sources of uncertainties are ignored; uncertainties are always symmetrised by
shifting the central values, and Gaussian distribution is assumed; theoretical uncertainties
are included only for the production process. While we have shown results only for 8 TeV,
we have checked that signal strengths at 7TeV are identical, therefore we can use the
measurements of signal strengths reported by experimental collaborations, where 7/8 TeV
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Ttp TG "G Ttp,top ToG,0G TtGtG  Ttp,pG Ttp,tG TG tG
-0.119 73.4 0.676 0.00354 1348 0.114 -4.37 -0.0402 24.8

Table 6. Ratio of partial Higgs width into gg over the SM value, defined as: T'(g9g)/Tsm(gg) =
2 4
1 + Zz 1’11‘\6;/ Ci’f'l' + Zigj 1T[f}/ CiCjTij.

data are often combined. We also neglect the uncertainties due to missing dimension-eight
and higher operators. These errors are estimated to be of order [(2m; + mp)/A]?. The
reliability of our results will thus depend on A, i.e. the scale of new physics, and can only
be assessed as a function of A.

The pp — H measurements we are going use are the following: in the diphoton channel
we use [112, 113] at 8 TeV and [114] at 13 TeV; in WW/ZZ /71 channels we use [115-120];
measurements of pp — ttH at 8 TeV in the diphoton channel are given in [30, 31], while in
the multilepton and bb channels we use [30, 32, 33]. Finally, 13 TeV measurements of ttH
in the multilepton and bb channels are also included [34, 35]. Both processes depend on all
three operators.

The Higgs branching ratios are affected by the operators in different ways. As an
example we show in table 6 how the Higgs partial decay width to gluons changes for the
relevant operators. In addition to H — gg, Oy, changes the partial width of the H — v
decay in the following way:

1TeV? 1TeV*

L(vy) 1TeV? A
1 +0.0335TC¢,5—|—0.000281 A

— - _={1-0.0595C
Tsm(17) A2 A+ Ay

2 ‘

C;t‘ 9
(7.1)
where A; and Ay are the top- and W —boson loop amplitudes entering the Higgs decay

into photons. We note that the impact of Oy, is diluted in H — v as this decay is
dominated by the W —boson loop. All branching ratios, including those of WW/ZZ /1T,
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Individual Marginalised Ciq fixed
Cip/A? [TeV 7] [-3.9,4.0] [-14,31] [-12,20]
Cya/A? [TeV™2  [-0.0072,-0.0063] [-0.021,0.054] [-0.022,0.031]
Ci/A? [TeV 2] -0.68,0.62] -1.8,1.6]

Table 7. Constraints on C'//A? from the simplified fit. In the first column, only one operator is
allowed at a time. In the second column, all operator coefficients are allowed to float. In the third
column, C}¢ is set to zero while the other two coefficients are floated.

are also affected due to changes in the total width from H — gg. We include these effects
at LO only (tree-level for Oy, one-loop for Oy and Oy ). For this reason different decay
channels need to be considered separately. Because the measurements are based on signal
strengths, defined as the ratio of deviation in cross sections to the SM prediction, we prefer
to have same order predictions for both the SM and operator contributions. For ttH we
use our NLO predictions, while for pp — H and Higgs decay we only use LO predictions,
as not all loop-induced contributions are known at NLO. Both production and decay rates
are included up to order C?/A*. A y2-fit is performed to derive the limits. All coefficients
in this section are defined with ugpr = m; unless specifically mentioned, and all results
given in this section correspond to 95% confidence level.

Top-pair production is not included in the fit. We assume that this degree of freedom
will be used to constrain the four-fermion operators. While a global fit including both
sectors is the only consistent way to extract information on the dimension-six operators,
this is beyond the scope of this paper.

Current limits at 95% confidence level are given in table 7. The most constrained
operator is Cyq, as it gives a tree-level contribution to Higgs production. Individual
limits (i.e. setting other coefficients to zero) and marginalised ones (i.e. floating other
coefficients) are given in the first two columns. Interestingly, the Cyc limit is already
comparable to its current limit from ¢¢ production only (assuming no four-fermion operator
contributes). This is because the t¢H cross section is more sensitive to the O;c operator
due to the higher partonic energies probed, and in addition the squared contribution from
Cy given the current limits is not negligible. Even though the current limit from ¢tH
is still weaker, given that the t¢H measurement still has a lot of room to improve, it will
become more competitive in the near future. In fact, assuming 10% uncertainty on ttH
and 4% uncertainty on pp — H for 14 TeV 3000 fb~! [36], we find —0.12 < Cj¢ < 0.12
and —1.0 < Cyg < 1.1 (A =1TeV) respectively for individual and marginalised limits. On
the other hand, assuming a 5% precision for ¢t production at 14 TeV, the individual limit
on Cig is —0.33 < Cyg < 0.33 (A =1TeV) [43], and a factor of a few is expected once
marginalised over the four-fermion operators.

In the third column of table 7 we show limits obtained by assuming only Cig = 0 but
floating the other two coefficients. Cyg = 0 is typically assumed in Higgs operator analyses.
By comparing the last two columns in the table, we can see how much more room is allowed
once this operator is included.
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Figure 14. Individual (left) and marginalised (right) limits on the three operator coefficients, as
functions of ugpr. A = 1TeV is assumed.

We should also point out that, given the cross sections in table 1 and the limits in
table 7, in ttH production the squared contribution from Oy is negligible, but that from
the other two operators cannot be neglected.

As we have mentioned in the previous section, limits on operator coefficients can be
sensitive to the EFT scale. In figure 14 we plot the individual and marginalised bounds on
the three operator coefficients as in table 7, but this time as a function of ygpr. We can see
that the individual bound on Cyg has a large dependence on scales, and does not provide
valuable information. This is because the bounds are derived by assuming C(ugrr) = 0 for
the other two operators, which is a scale-dependent assumption. The marginalised bounds
are more stable because they are independent of such assumptions.

To better investigate the allowed region in the parameter space, in the following we
consider scenarios where two operators are allowed at a time. Particularly interesting is
the degeneracy of the three operators in gg — H. Through a top-quark loop, both Oy
and O,g can induce a ggH vertex, leading to a degeneracy with the tree-level contribution
of Oyq. ttH production is expected to break this degeneracy. To illustrate this effect,
we make plots to compare the constraints from the two processes, each time allowing two
operators to be nonzero.

We first consider the degeneracy between Oy and Oyg. In figure 15 left we show
limits obtained from pp — H and pp — ttH separately. We can see the flat direction in
the pp — H measurement is already slightly lifted. This is due to including branching
ratios of the diphoton and other channels, which have different dependence on Oy and
Oyc. On the other hand, the current measurement of t¢H cross section gives constraints
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Figure 15. Allowed region in Oy4-Og¢ plane at 95% confidence level. Left: current constraints.
Right: future projection at HL-LHC.

in the orthogonal direction. Even though the precision is still not comparable to the Higgs
cross section measurement, improvements can be expected in the future. For illustration, in
figure 15 right we show the 14 TeV projections for 3000 fb~!. For simplicity we only consider
the production processes. Estimated experimental uncertainties on both pp — ttH and
pp — H are taken from [36]. Theoretical uncertainties are not included.

Another useful process to break this degeneracy is pp — Hj with a boosted Higgs,
as suggested in ref. [82]. For this reason we also include this process in figure 15 right.
As an estimation for future precision, ref. [82] considered a pr(j) cut of 650 GeV and 10%
uncertainty on the measurement. A large pr(j) significantly reduces the cross section, and
to be more conservative, here we consider pr(j) > 500 GeV and assign a 20% uncertainty
on the measurement. We can see that the limit range from this measurement does cross the
pp — H region as expected, so there is some discriminating power. The direction is however
not very “orthogonal”, and so the discriminating power with our assumption is not as good
as ttH, even though a more detailed analysis would be needed to draw a final conclusion.

The degeneracy between O and Ogyg, i.e. ttg and ggH vertices, has been less con-
sidered in the literature [68], mainly because Oy is expected to be constrained from tt
production. However as we have mentioned, considering future measurements, ttH will
become sensitive to Oy in its limited range, and a more reasonable strategy could be to
use tt to constrain four-fermion operators while leaving O;g to ttH production. For this
reason, we plot in figure 16 left the current limits from pp — H and pp — ttH. Including
Higgs decays will not lift the degeneracy in this case, but we see that ttH production al-
ready gives a useful bound on O;g. Projections for 14 TeV 3000 fb~! are shown in figure 16
right. The expected limit on Ciqg is improved. We can also see that pp — Hj does not
provide additional information in resolving O;¢ and Oyg.
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Figure 16. Allowed region in O:g-Og¢ plane at 95% confidence level. Left: current constraints.
Right: future projection at HL-LHC.
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Figure 17. Allowed region in O.;g-Oyq plane at 95% confidence level, setting uppr = 2m, (left)
and pgpr = 1 TeV (right).

Unlike Oy4, the contributions from O;g and Oy are sensitive to the scale ugpr, because
the top loop with an Oy insertion is divergent and requires a counterterm from Oyg. As a
result, the dependence of Cyi on puppT due to mixing from Cjg is expected to be canceled
by the uppr dependence in the loop. When the scale ugpr is changed, the change in total
cross section is only a higher order effect, but the contours in the Cig — Cyg plot will
be very different, as we can see by comparing with the 95% contours in figure 17 at two
different pgppr scales, 2m; and 1TeV. It is therefore very important to give the value of
UEFT When presenting bounds on operators. As we can see by comparing the left plots of
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figures 16 and 17, even a change by a factor of two can lead to significant difference. In
particular if Cyq is set to 0 to derive the “individual bound” on Cq, the result can be very
sensitive to the scale. This is also reflected in figure 14. We conclude that the “individual
bound” in this case does not provide useful information.

Finally in figure 18 we show a two operator fit for Oy and Oyq, both giving loop-
induced contribution in pp — H. Figure 18 left shows how the current t¢H measurements
help to constrain both operators, while figure 18 right is the situation for future LHC,
where one can see that ttH and Hj are equally good in resolving the degeneracy between
the two loop-induced contributions.

8 Summary and conclusions

We have presented the QCD NLO predictions for t¢tH production, as well as results for
several other loop-induced processes, H, Hj, HH production, all in the SMEFT. We have
focused on the Yukawa operator, Oy, the operator describing the interaction of gluons with
the Higgs, Oy, and the chromomagnetic dipole moment O;g. Our predictions improve
our understanding of the patterns of deviations from the SM in both the top-quark and
the Higgs-boson sectors, and will play an important role in future measurements of these
two sectors.

We have shown that the QCD corrections to the ttH improve both the accuracy and
the precision, and in many cases lead to nontrivial modification of the distributions of
relevant observables. K factors for the inclusive cross sections range roughly from 1 to
1.6, depending on the effective operator. Moreover, the differential K factors are not a
constant and their shapes also depend on the operator. Using the SM K factor to rescale
the operator contribution may not be a good approximation. We have also shown that the

— 33 —



full NLO corrections in ¢tH can be much larger than only the log enhanced terms which
are captured by RG equations, so the RG-improved prediction is not a good approximation
to the full NLO prediction.

To assess the sensitivity of the various Higgs production mechanisms to the dimension-
six operators, we have performed a toy fit for the three effective operators Oy, Ogc and Oy,
using ttH production and pp — H. The projection at HL-LHC is also discussed, together
with pp — Hj. We find that the current limit on Cyg is already comparable, even though
still weaker, to the limit obtained directly from ¢t production, and that in the future ttH
and pp — H could be a better approach to set limits on this coupling. This implies that the
Higgs measurements have started to become sensitive to the chromo-dipole coupling of the
top, and so this should be included in future Higgs analysis. Furthermore, the ratio between
ttH and tt measurements is useful in decoupling the impact of potential four-fermion
operator contributions. We have also shown how the ttH and Hj production processes can
be used to resolve the degeneracy between the three operators in the pp — H measurement.

We have further discussed the EFT scale dependence, that is, the scale at which the
EFT is defined, in an operator analysis. For example we show that individual bounds could
have a strong dependence on this scale, and so should always be interpreted with care. This
is because loop-induced processes can be sensitive to the EFT scale even at LO, and the
dependence is supposed to be canceled by RG mixing effects. In addition we have defined
a way to estimate the scale uncertainty induced by this additional scale, which properly
takes into account the RG mixing and running, and showed that with our NLO results this
uncertainty can be put under control. The EFT predictions should always be presented
with this uncertainty.

In summary, at NLO in QCD accuracy deviations from the SM in the top and the Higgs
sectors can be extracted with improved accuracy and precision, allowing for more reliable
global analyses based on the EFT approach. Similar to our previous works, these results are
performed with the MG5_AMC framework, and predictions matched to the PS are provided
in an automatic way. For this reason NLO+PS event generation can be directly used in a
realistic simulation, and by investigating the features of potential deviations from SM, sen-
sitivities to EF'T signals will possibly be improved with advanced experimental techniques.
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