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1 Introduction

At the conclusion of Run III, the Large Hadron Collider (LHC) will have produced approxi-
mately one billion top-quark pairs. Even folding in trigger and reconstruction efficiencies, the
striking signature of these pairs presents unprecedented opportunities that the high-energy
physics community has yet to fully explore. Many analyses, particularly those focused on
events within the bulk of distributions, currently confront limitations imposed by systematic
effects. As data volumes increase, the domains in phase space where systematic uncertainties
dominate will expand, encompassing progressively higher scales. In addition, this abun-
dance of events promises to enhance our comprehension of both detector performance and
fundamental physics, thereby mitigating systematic uncertainties. Anticipating an order
of magnitude increase in statistics by the conclusion of the High-Luminosity phase of the
LHC, the prospect of conducting more refined, exclusive studies, and probing rare processes
becomes increasingly feasible.

On the theoretical side, substantial advancements have been made over the past fifteen
years. Achieving next-to-next-to-leading order (NNLO) precision in Quantum Chromodynam-
ics (QCD) [1–9] alongside the calculation and the combination with the electroweak (EW)
corrections [10–18] has been a significant milestone, with various independent collaborations
attaining this level of accuracy at a fully differential level. Moreover, the achievement of
fully exclusive predictions, which can be seamlessly integrated into simulations, has pushed
the boundaries to NNLO precision coupled with parton shower (PS) accuracy [19, 20]. Ad-
vancements have been made also in the calculation of final state signatures. In certain
regions of phase space, processes that do not strictly feature one or two on-shell top quarks
have been computed with next-to-leading order (NLO) precision in QCD and EW [21–23]
and in some cases even coupled with parton showers [24, 25], broadening the scope of the
analyses. Higher order corrections, up to NNLO in QCD, have also been calculated for spin-
correlations [26, 27]. Resummation effects, crucial particularly at threshold, have also been
included up to next-to-next-to-leading logarithmic (NNLL) accuracy [18, 28–30]. Looking
ahead, efforts towards achieving next-to-next-to-next-to-leading order (N3LO) QCD accuracy
have started, with the calculation for the top-quark decay that has recently appeared in
the literature [31]. With the extended runtime of the High-Luminosity LHC (HL-LHC) in
mind, such a precision appears increasingly attainable.

Given what we have already at disposal and what is expected in the near and medium
term, it is therefore mandatory to think how to best leverage such a phenomenal combination
of theoretical predictions and experimental data. Fortunately, the top quark, occupying
a unique position within the Standard Model as both the sole naturally occurring quark
with a mass on the order of the electroweak scale, offers an ideal platform for probing novel
concepts aimed at unravelling the mysteries surrounding electroweak symmetry breaking and
investigating the potential existence of new phenomena.

At the moment, top-quark pair data in general show quite a good agreement with
SM theory predictions, and this agreement would have not been possible without all the
advancements in the knowledge of higher-order corrections that we have mentioned before.
However, a tension is actually observed in the threshold region [32, 33], which may be solved
via further advancements in higher-order corrections, such as the inclusion of, e.g., toponium
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effects in Monte Carlo simulators [34, 35]. On the other hand, BSM physics could also
be the origin of such effects.

One of the possible BSM dynamics having an effect on the threshold region in top-quark
production is the presence of an anomalous top-quark Yukawa coupling (yt), which affects
the predictions for the cross section via EW loops. In particular, already within the SM, the
exchange of the Higgs boson between the two top quarks leads to a Sommerfeld enhancement
at the threshold, i.e., in the non-relativistic regime. An anomalous value of yt would have
therefore an effect, especially at the threshold, on tt̄ distributions and may be experimentally
detected. This idea has already been investigated in the literature [36, 37] and the effects
of an anomalous CP-even top-quark Yukawa coupling can be calculated via the public code
Hator [38]. Indeed, the CMS collaboration has already exploited this strategy in order to
set constraints on yt [39, 40]. Unlike the case of direct on-shell production, the tt̄H final
state, this strategy is not sensitive on the Higgs-boson decay width, and in ref. [41] this idea
has been further pushed taking into account CP-odd top-quark Yukawa interactions. It is
therefore mandatory to have reliable predictions for the indirect detection, via tt̄ signatures,
of effects from anomalous yt originating at one loop.

In this work, not only we revisit the calculation performed in ref. [41], but we also further
extend it to the case in which the scalar exchanged between the two top quarks can be
not only the Higgs but also a generic light top-philic scalar S, setting constraints on its
interactions with the top quark. For both scenarios, a Feynman diagram is particularly
relevant, namely the one with the s-channel Higgs boson (or S scalar) stemming from a
top-quark loop in the gg → tt̄ process (see figure 1(a)).

In the case of the Higgs boson, to the best of our knowledge, this diagram was not
taken into account in ref. [41]: while for CP-even anomalous yt interactions we find that
its contribution is negligible, for the CP-odd ones it is actually the opposite; the s-channel
diagram cannot be neglected. In the case of a general scalar S we limit ourselves to the
mass range mS < 2mt, otherwise the best signature would be a loop-induced S production
subsequently decaying into top quarks (see e.g. refs. [42–45]), which corresponds precisely
to the diagram we are speaking of.

In the case of the scalar S we observe that, if only the CP-odd interaction with the top-
quark is present, virtual corrections are not sensitive to mS in the limit mS → 0 and therefore
they are infrared finite. While for the CP-even case, or a mixed one, virtual corrections have
to be combined together with real emissions of S in order to achieve IR-finite predictions. We
provide in this work all the technical details of the calculation that we have performed for the
scalar S and, as we will describe better within the text, these technical details complement the
calculation presented in ref. [46], where a top-philic axion-like-particle (ALP) was considered.

For both the scenarios, the one for the top-philic scalar S and the one for the Higgs
boson, we calculate the impact of virtual effects on differential distributions and, taking
into account both QCD (up to NNLO) and EW effects (up to NLO) in the SM, we show
how top-quark data can be sensitive to them and thus can constraints the strengths of the
interaction of the top quark with either the Higgs boson or the top-philic scalar S.

The paper is organised as follows. Sections 2–4 concern the case of the light top-philic
scalar S, while sections 5–7 the case of the Higgs boson. In section 2 we present the theoretical
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framework and we give the details of the calculation of virtual effects from a top-philic scalar
on the tt̄ cross section. We also show how to combine these effects with precise SM predictions.
In section 3 we discuss the different patterns that can arise depending on how is the interaction
between the top-quark and the scalar S, namely, if it is purely CP-even, CP-odd or a mixture
of the two. We then show in section 4 the sensitivity that we can already achieve with
current data on such interactions. In section 5 we show how the calculation for the scalar S
presented in section 2 can be recycled for the case of the Higgs boson and we also discuss
the connection with the SMEFT framework. We then show the impact of the virtual effects
from the Higgs on the tt̄ cross section and we discuss in details the differences with the
calculation in ref. [41]. In section 7 we discuss the bounds that can be set on CP-even and
CP-odd Yukawa interactions of the top-quark. Finally, we give our conclusions in section 8.
In the appendices we collect useful analytical formulas which we used for cross-checking our
numerical simulations and additional information entering the statistical analysis.

2 Scalar S: theoretical framework

As mentioned in section 1, our goal is to calculate and study, in top-quark pair production,
the effects that originate from virtual corrections induced by a generic scalar S that couples
to the top quark with both CP-even and CP-odd interactions. In this section we consider the
theoretical framework where S is an additional scalar on top of the SM particle content. The
case where S is the Higgs boson itself, allowing for its anomalous and/or CP-odd interactions
with the top quark, is postponed to section 5.

We start by introducing in section 2.1 the notation and defining the Lagrangian used
for performing our calculation. Then, in section 2.2 we present the calculation of the NP
one-loop effects induced by S to top-quark pair distributions. Additional explicit results
are reported in appendices A and B. Finally, in section 2.3 we detail how we combine the
virtual NP effects with SM predictions.

2.1 Lagrangian and notation

The presence of an additional scalar S on top of the SM particle content can be described
by a Lagrangian of the form

LSM+S ≡ LSM + LS + Lint. , (2.1)

where LSM is the SM Lagrangian and

LS ≡ 1
2∂µS∂

µS − 1
2m

2
SS

2 − V (S) , (2.2)

Lint. ≡ −ψt(ct + ic̃tγ5)ψtS . (2.3)

The term LS represents the Lagrangian of a generic free scalar with mass mS . In principle it
includes an unspecified potential V (S), which as we will show does not enter our calculations.
The term Lint. is the interacting Lagrangian of the scalar S with the top-quark field ψt, where
ct and c̃t parameterise the CP-even and CP-odd components of the interaction, respectively.
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Figure 1. Representative Feynman diagrams for the production of a tt̄ pair at a hadron collider
including the one-loop corrections due to the virtual exchange of a scalar particle S. These are the
diagrams leading to the quantity M1

NP discussed in the text. The same diagrams are also possible
with the Higgs boson H instead of S.

It is also useful to introduce the “polar” quantities

Ct ≡ ct + ic̃t = |Ct|eiϕ , (2.4)

ϕ ≡ arctan c̃t
ct
, (2.5)

where |Ct| is parametrising the “total” strength of the interaction between the top quark
and the scalar S. Instead, the admixture of the CP-even and CP-odd components is
parameterised by the phase ϕ.

Since in this work we are interested in NP effects from loop corrections to top-quark pair
production induced by a generic scalar S, first of all let us look at the Feynman diagrams
that are involved in the calculation. In figure 1 we show several representative diagrams for
the two different 2 → 2 partonic processes leading to the hadroproduction of top-quark pairs:
qq̄ → tt̄ and gg → tt̄. We will come back later to the discussion of the different topologies
and technical details of the calculation of these diagrams and the renormalisation of those
that are UV-divergent. Here we want to stress another point. First of all we notice that
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Figure 2. Tree-level QCD diagrams for the partonic subprocesses gg → tt̄ (first line) and qq̄ → tt̄

(second line). These are the diagrams entering the quantity M0
SM discussed in the text.

none of the virtual diagrams features a self interaction vertex for the scalar S. Thus, the
quantity V (S) in eq. (2.2), as anticipated, does not enter our one-loop calculation. Then,
the same diagrams, with the Higgs boson in the place of S, contribute to the NLO EW
corrections in the SM itself. This is important since we want to study the possibility of
extracting bounds in the (ct, c̃t) parameter space by comparing SM + NP predictions with
data. Therefore, NLO EW corrections of SM origin cannot be neglected, otherwise they would
be fitted/interpreted in data as a BSM effect, especially since both the NLO EW in the SM and
the BSM contributions involve diagrams with the same topologies. In the context of what will
be discussed in section 5 this issue will be even more relevant, as it will be explained in detail.

2.2 Scalar one-loop corrections to top-quark pair production

We start by describing the calculation of the one-loop corrections induced by a scalar S to the
hadroproduction of a top-quark pair. This process stems at the tree level from the qq̄ and gg
initial states. The dominant contributions of the Leading Order (LO) prediction is proportional
to α2

S and originates from the squared amplitudes associated to the diagrams depicted in
figure 2. The one-loop corrections originate instead from the diagrams of figure 1, which are in
general UV divergent and they have to be renormalised in order to obtain finite contributions.

Without specifying the initial state, we denote as M0
SM the leading1 SM tree-level

amplitude associated to the diagrams in figure 2 and M1
NP the renormalised one-loop

amplitude featuring the scalar S, defined as

M1
NP = M̂1

NP +M1
NP,CT , (2.6)

with M̂1
NP being the unrenormalised amplitude and the M1

NP,CT the amplitude containing
the UV counter terms.

The following relations hold

M0
SM ∝ αS , (2.7)

M̂1
NP ∝ αS |Ct|2 =⇒ M1

NP, M1
NP,CT ∝ αS |Ct|2 , (2.8)

which bear consequences in the calculation and especially in the renormalisation of M̂1
NP.

1In principle also tree-level diagrams featuring EW interactions are possible for the qq̄ initial state, but they
lead to smaller contributions. They are discussed later in section 2.3 and lead to the contributions denoted as
σLO2 and σLO3 .
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First, since we do not include EW interactions at the LO, the relevant Lagrangian for
this calculation is a subset of LSM+S in eq. (2.1), namely,

LQCD+S ≡ LQCD + LS + Lint. , (2.9)

with
LQCD = −1

4G
a
µνG

a,µν + ψt(i/∂ −mt)ψt − gsψ
i
t γ
µtaijG

a
µψ

j
t , (2.10)

which is the QCD Lagrangian with only one fermion, the top quark. This means that the
only interaction that can be renormalised is the one between the gluons and the top quark.

Second, according to eq. (2.8), one-loop corrections can in principle induce effects of
order c2

t , c̃2
t and also ctc̃t. This means that also the counterterms can include these same

three classes of corrections, such that all UV divergencies are cancelled.
Third, since only QCD interactions are present in M0

SM, the quantities that have to be
renormalised are only those related to LQCD. In particular, denoting now with a 0 pedex
the bare quantities in LQCD and rewriting them as

ψt,0 =
√
Zψtψt ≡

(
1 + 1

2δψt

)
ψt , (2.11)

G0 =
√
ZGG ≡

(
1 + 1

2δG
)
G , (2.12)

gs,0 = Zgsgs ≡ (1 + δgs) gs , (2.13)
mt,0 = Zmtmt ≡ (1 + δmt)mt , (2.14)

we obtain

LQCD =⇒ LQCD + LCT , (2.15)

with the Lagrangian containing the counterterms equal to

LCT ≡ iδψtψt/∂ψt − (δψt + δmt)mtψtψt − gsδ1ψ
i
t γ
µtaijG

a
µψ

j
t + · · · , (2.16)

where retaining only the terms proportional to |Ct|2,

Z1 ≡ 1 + δ1 =
√
ZGZgsZψt → δ1 = 1

2δG + δgs + δψt . (2.17)

In eq. (2.16) we have omitted the part related to the gluon kinetic term, since at one loop the
scalar S does not affect the gluon field and therefore neither the wave function normalisation
ZG. Moreover, no S loop is entering the three- or four-gluon vertex and so also αs cannot
receive corrections. Thus, we can directly set to zero both the wave-function counterterms
for the gluon field and for the QCD gauge coupling, leading to

δG = 0 , (2.18)
δgs = 0 , (2.19)
δ1 = δψt . (2.20)
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Figure 3. Feynman rules for the UV vertex counterterms entering our calculation, for which eq. (2.20)
fully defines δ1.

In conclusion eq. (2.16) can be rewritten as

LCT = iδψtψt/∂ψt − (δψt + δmt)mtψtψt − gsδψtψ
i
t γ
µtaijG

a
µψ

j
t . (2.21)

The associated Feynman rules are shown in figure 3 and we need to calculate only the
counterterm for the top-quark wave function (δψt) and for its mass (δmt). In order to do
so, a scheme has to be specified and we have adopted the on-shell scheme, which we briefly
describe in the following for our calculation.

If we denote the renormalised two-point Green function associated to the top-quark
propagator as Gt(p), by taking into account one-loop corrections via Dyson summation,
Gt(p) is defined as

iGt(p) ≡
i

/p−mt +Σ(p) , (2.22)

where Σ(p) are the renormalised one-loop corrections induced to the top-quark propagator
by S, which corresponds to

Σ(p) ≡ Σ̂1
NP(p) + /pδψt − (δψt + δmt)mt , (2.23)

with Σ̂1
NP being the UV divergent one-loop corrections (the associated diagram is shown

in figure 17 in appendix A, where we also calculate it) while the remaining contributions
originate from the associated UV counterterm. The on-shell scheme corresponds to requiring

ℜ
[
G−1
t (p)

]
ut(p)

∣∣∣∣
p2=m2

t

= 0 , (2.24)

lim
p2→m2

t

/p+mt

p2 −m2
t

ℜ
[
G−1
t (p)

]
ut(p) = ut(p) , (2.25)

where ut(p) is the polarisation of the top quark. The quantity Σ̂1
NP, as it can be explicitly

seen in appendix C, has the following form

Σ̂1
NP(p) = /pΣV (p2) +mtΣS(p2) + iγ5mtΣP (p2) , (2.26)

and has an important consequence.
The conditions (2.24) and (2.25) lead to

δmt = ℜ[ΣS(m2
t ) + ΣV (m2

t )] , (2.27)

δψt = −ℜ[ΣV (m2
t )]−m2

tℜ
[
d

dp2

(
ΣV (p2) + ΣS(p2)

) ∣∣∣∣
p2=m2

t

]
. (2.28)
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Neither in δmt nor in δψt the quantity ΣP appears due to the presence of the ℜ function,
and the fact that ΣP itself is real. Yet this component in Σ̂1

NP is UV divergent. In order to
cancel this UV divergence we should include an additional term −im̃tψtγ5ψt in the Lagrangian
Lint..2 Having said that, for our calculation ΣP (p2) and the associated complications due to
the renormalisation can be completely neglected, as we explain in the following.

For both the qq̄ and gg initiated partonic processes we need to calculate, for a generic
observable, the associated cross section σ. We understand here that σ could be also
at differential level and we define σ at LO as σLOQCD and including also NP effects as
σLOQCD+NP = σLOQCD + σNP, with

σLOQCD ⇐= |M0
SM|2 ∝ α2

S , (2.29)

σNP ⇐= 2ℜ
[
M0

SM(M1
NP)∗

]
∝ α2

S |Ct|2 . (2.30)

Because of the optical theorem, 2 → 2 tree-level amplitudes as M0
SM have to be real and

therefore any contribution that has an imaginary component in M1
NP is not entering σNP.

In other words, even if ΣP is divergent and not renormalised, it is not entering our results,
similarly to any other possible imaginary component from loop diagrams in M1

NP. We will
understand this technical detail in the following, but it is important to remember that for a
generic calculation an additional counterterm δm̃t is necessary and cannot be ignored. The
presence of the subscript QCD in σLOQCD and σLOQCD+NP is a reminder that at the tree level
additional perturbative orders are possible; this will be manifest in section 2.3.

Once the quantities ΣV and ΣS are known, it is possible to calculate M1
NP for both the

qq̄ and gg initiated processes. The unrenormalised one-loop amplitude M̂1
NP corresponds

to the calculation of the one-loop diagrams in figure 1, excluding those with a loop on the
external top-quark legs. Following the LSZ theorem for scattering amplitudes, in the on-shell
scheme the associated contribution is exactly cancelled by the

√
Zψt normalisation of the

external field. The amplitude associated with the UV counter terms M1
NP,CT corresponds

to the diagrams in figure 4, where the Feynman rules are specified in figure 3 and in turn
by eqs. (2.27) and (2.28).

For our study, we have generated a NLO UFO model [48, 49] via the help of NLOCT [50]
and FeynRules [51] and performed calculations with MadGraph5_aMC@NLO [17, 52]. For
the case of the process qq̄ → tt̄ we have analytically computed the quantity 2ℜ

[
M0

SM(M1
NP)∗

]
finding perfect agreement with the results from MadGraph5_aMC@NLO and thus validating
the UFO model.

We emphasise that such UFO model is very similar to the one used to perform the study
of top-quark pair production of ref. [46], where instead of a generic scalar S a top-philic
ALP a has been considered. The main differences are two. First, in the case of the ALP
an additional interaction between a and the gluons is present, unlike the case of S. The

2In the case S = H the top-Higgs interaction and the top-mass arise from the same operator, as required
by SU(2) invariance. In this case, it is necessary to introduce a higher-dimension SMEFT operator in order to
consistently modify the top-Higgs interactions without modifying the mass of the top quark. The operator
is precisely the one shown later in eq. (5.14) of section 5.3, where the SMEFT point of view is discussed.
The −iψtm̃tγ5ψtH term in Lint. leading to the necessary counterterm, can be obtained after EWSB without
imposing in eq. (5.14) the −v2/2 term or using the same approach of ref. [47].
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Figure 4. Representative diagrams for gg → tt̄ (first row) and qq̄ → tt̄ (second row) entering
M1

NP, CT.

technical details regarding this additional interaction have been described in depth in ref. [46],
especially appendices C and D of that work. Second, S can feature both CP-odd and CP-even
interactions, violating the CP symmetry, while the top-philic ALP in the model of ref. [46] is
itself CP-odd and features only CP conserving interactions, namely ct = 0 in the notation
of this paper. Excluding the trivial interaction between a and the gluons, the calculation
presented in this work is therefore a generalisation of the one presented in ref. [46] and we
provide in this work, especially in this section and in appendices A and B, further technical
details that were not discussed in ref. [46]. For the purely c̃t-dependent component and
excluding the interaction between a and the gluons, our calculation is equivalent not only to
what has been presented in ref. [46], but also to the results for the gg → tt̄ process in ref. [53].3

In the generic case for a scalar S, σNP can be written as

σNP ≡ σ̄ctc
2
t + σ̄c̃t c̃

2
t + σ̄ct,c̃tctc̃t, (2.31)

where the dependence on ct and c̃t has been made explicit. It is easy to see that the
contribution proportional to both ct and c̃t vanishes, i.e.

σ̄ct,c̃t = 0 . (2.32)

This is true not only for the virtual corrections but also in the case of the emission of a
real scalar S. This property is also consistent with the fact that ΣP is proportional to
ctc̃t and it is divergent. Indeed, as explained before ΣP anyway does not contribute to
σNP. It is also important to note that the quantities σ̄ct and σ̄c̃t , which at this stage of
the discussion involve only virtual corrections, can also be negative and there can be also
large cancellations among them.

Concerning the CP-violating term ctc̃t, as discussed in the literature [54] one can regain
sensitivity to it by considering the decays of the top quarks and building CP-sensitive
observables. Since in this work we consider only observables built from the top momenta
before decay, they are not sensitive to the term ctc̃t and consequently neither to the relative
sign between ct and c̃t.

3In ref. [53], however, the MS scheme has been used for the renormalisation of the top-quark wave function.
This difference has anyway an impact only on Green functions and not on scattering amplitudes, but only the
latter are relevant in our study.
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2.3 SM predictions and combination with NP effects

In the previous section we have described the calculation of virtual NP effects induced by
a generic scalar S on top of the LO prediction for top-quark pair hadroproduction. The
precision reached by experiments nowadays, however, requires that higher-order corrections
in the SM have to be taken into account in order to correctly identify these NP effects. In
particular, as explained before, NLO EW corrections in the SM contain also the contributions
from the Higgs, induced by the same diagrams of figure 1 where the top-Higgs interactions
are the SM ones.

In this section we show how to combine the calculation described in the previous section
with predictions at NNLO QCD accuracy and including Complete-NLO corrections from
QCD and EW origin. The predictions at this accuracy have been calculated in ref. [14], based
on the previous results of refs. [4, 6, 13]. We start by recalling the structure of this calculation.

Using a notation similar to the one adopted in refs. [13, 14, 17, 55–64], the (differential)
cross section of inclusive top-quark pair production in the SM, pp→ tt̄(+X) can be written as

σSM(αs, α) =
∑

m+n≥2
αms α

nσ̄m+n,n . (2.33)

LO predictions correspond to m+n = 2, NLO ones to m+n = 3 and NNLO ones to m+n = 4

σLO(αs, α) = α2
s σ̄2,0 + αsα σ̄2,1 + α2 σ̄2,2

≡ σLO1 + σLO2 + σLO3 ,

σNLO(αs, α) = α3
s σ̄3,0 + α2

sα σ̄3,1 + αsα
2 σ̄3,2 + α3 σ̄3,3

≡ σNLO1 + σNLO2 + σNLO3 + σNLO4 ,

σNNLO(αs, α) = α4
s σ̄4,0 + α3

sα σ̄4,1 + α2
sα

2 σ̄4,2 + αsα
3 σ̄4,3 + α4 σ̄4,4

≡ σNNLO1 + σNNLO2 + σNNLO3 + σNNLO4 + σNNLO5 . (2.34)

In fact, σLO1 = σLOQCD , the quantity introduced already in section 2.2, and the so-called NLO
QCD and NLO EW corrections are σNLO1 and σNLO2 , respectively, denoted also for simplicity
as σNLOQCD and σNLOEW . The Complete-NLO predictions correspond to σLO + σNLO, while
the NNLO QCD corrections are σNNLO1 , denoted also for simplicity as σNNLOQCD . The
terms σNNLOi with i > 1 are mixed QCD-EW NNLO contributions, which are not available
at the moment.

The current best predictions in the SM are obtained by combining the Complete-NLO
predictions with NNLO QCD corrections, which can be achieved in two different ways:

1. Additive scheme:
σadd.

SM ≡ σLO + σNLO + σNNLOQCD . (2.35)

2. Multiplicative scheme:

σmult.
SM ≡ σadd.

SM + (KNLO
QCD − 1)σNLOEW , (2.36)

with KNLO
QCD defined as the standard QCD K-factor

KNLO
QCD ≡

σLOQCD + σNLOQCD

σLOQCD

. (2.37)
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The additive approach, σadd.
SM , is a rigorous fixed-order calculation deriving from the

perturbative expansion in powers of αS and α (and number of loops). Only known terms in the
expansions are kept. The multiplicative approach relies on the fact that in particular regimes,
such as the tails of the distributions in top-quark pair production, QCD and EW dominant
corrections factorise and can provide a good approximation of σNNLO2 , which can have a
non-negligible size. In fact, as we will see in section 3, the impact of the NP effects considered
in this work is large in another region of the phase space, the threshold. The two approaches
are somewhat complementary and formally only differ by unknown higher order terms.

The choice of the additive or multiplicative approach has also an impact on the procedure
adopted to obtain predictions including the loop effects induced by the scalar S. Similarly
to the case of the NLO EW corrections in the SM, one can “dress” the NP contributions
with NLO QCD corrections, i.e., multiplying σNP by KNLO

QCD. In doing so, we assume that
this is a good approximation, regardless of the mass of S. In this work we consider either
both the SM and NP contributions without this rescaling by KNLO

QCD, additive approach, or
rescaling both of them. These two approaches correspond to

σadd.
SM+NP ≡ σadd.

SM + σNP , (2.38)

in the additive approach and

σmult.
SM+NP ≡ σmult.

SM +KNLO
QCD σNP , (2.39)

in the multiplicative one.
We have refrained from considering the cases where NLO EW corrections in the SM are

not rescaled by KNLO
QCD while the NP ones are instead rescaled and vice versa. Indeed, both

choices are very aggressive in increasing (decreasing) the relative impact of NP effects on the
total prediction. In ref. [14] also the possibility of rescaling NLO EW corrections not only
via NLO QCD corrections but also NNLO QCD ones has been discussed. We have verified
that in our work this choice would have a minimal impact and therefore we do not discuss it.

In our simulations, for SM predictions we used MadGraph5_aMC@NLO for the
Complete-NLO predictions, while NNLO QCD corrections have been obtained by interpolating
the K-factors of NNLO QCD,

KNNLO
QCD ≡

σLOQCD + σNLOQCD + σNNLOQCD

σLOQCD + σNLOQCD

, (2.40)

that can be derived from the publicly available ancillary files of ref. [6], and rescaling the
NLO QCD predictions. To this purpose, we have generated NLO QCD predictions for a
generic binning and especially with the same PDF choices of ref. [6]: LO, NLO and NNLO
five-flavour-scheme replicas from NNPDF3.0 [65].4 For the same reason, the factorisation
and renormalisation scale has been set equal to HT /4 = (ET (t) + ET (t̄))/4, where ET is the

4The only subtle point here is that KNNLO
QCD is calculated via the aforementioned ancillary files, where NLO

QCD predictions were calculated with NLO PDFs and NNLO predictions with NNLO PDFs. Therefore, in
order to obtain NNLO QCD predictions with NNLO QCD PDFs, the NLO predictions to be rescaled via the
K-factors have to be computed with NLO PDFs and mt = 173.3 GeV.
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transverse energy, as done in ref. [6]. Having NLO EW corrections, which are evaluated as in
ref. [14] in the so-called Gµ scheme, the only other remaining free input parameters are

mt = 172.5GeV , mZ = 91.188GeV , mH = 125GeV , GF = 1.16639 10−5GeV−2 . (2.41)

In appendix D we explicitly report the individual SM contributions entering SMadd for the
specific binning of the m(tt̄) invariant mass distribution that will be considered in section 7
and corresponds to the one from the CMS analysis in ref. [66].

Last but not least, we anticipate that σNP is infrared (IR) divergent for mS → 0 when
ct ̸= 0 and therefore the contribution of the tt̄S final state is needed in order obtain reliable
predictions for inclusive top-quark pair production. However, we will veto hard radiation of S
(as assumed it is experimentally identifiable) and therefore will only include soft contributions
in σadd.

SM+NP or σmult.
SM+NP of the fits of section 4. We will emphasise it again in section 4.

3 Scalar S: numerical results and phenomenology

Starting from the Lagrangian in eq. (2.3), which describes the dynamics of the SM with the
addition of a scalar S that couples only to the top quark, in section 2.2 we have calculated the
one-loop corrections induced by S to the cross section for the hadroproduction of a top-quark
pair, denoted as σNP. This quantity originates from the diagrams in figure 1 and, as shown
in eq. (2.31) depends on the squared couplings for the CP-even and CP-odd interactions of
S with the top quark, c2

t and c̃2
t , and the quantities σ̄ct and σ̄c̃t that are fully differential

functions of the momenta of the top-quark pair.
In this section we show and discuss our numerical results for σNP. In order to better

understand the underlying dynamics, we do not consider all the higher-order SM corrections
introduced in section 2.3 and we just look at the relative size of σNP w.r.t. σLOQCD , the
LO cross-section associated to the diagrams of figure 2. As already said in section 2.2, we
define σLOQCD+NP = σLOQCD + σNP.

We start by showing distributions for m(tt̄), the top-quark pair invariant mass, and
∆y(t, t̄) ≡ y(t)−y(t̄), the difference between the top quark and antiquark rapidities.5 To make
the discussion easier to follow, we focus on three benchmarks, all with |Ct|2 = c2

t + c̃2
t = 1,

that we list in the following:

1. Purely Scalar: (ct, c̃t) = (1, 0) ⇐⇒ (|Ct|, ϕ) = (1, 0),

2. Purely Pseudoscalar: (ct, c̃t) = (0, 1) ⇐⇒ (|Ct|, ϕ) = (1, π/2),

3. Maximally mixed: (ct, c̃t) = (1/
√
2, 1/

√
2) ⇐⇒ (|Ct|, ϕ) = (1, π/4).

Given the dependence of σNP on only c2
t and c̃2

t , with no mixed ctc̃t terms, the first two
cases are sufficient for extrapolating the size of σNP in any configuration; they correspond
to σ̄ct and σ̄c̃t in eq. (2.31), respectively. The third case is useful to assess the presence of

5These two distributions are the same considered in ref. [41]. For other distributions the behaviour is
analogous to that shown here and therefore we do not display them. For instance, the transverse momentum
of the top-quark shows similar features of m(tt̄) and the top-quark rapidity shows similar features of ∆y(t, t̄).
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possible cancellations, which as we will see, happen at the threshold where σ̄ct is positive
while σ̄c̃t is negative.

In figure 5 we show the m(tt̄) (left) and ∆y(t, t̄) (right) differential cross sections for
tt̄ production. The three rows correspond to the three aforementioned benchmarks. In the
main panel we show σNP for different values of mS , which we have considered in a range
from 1 MeV up to values below the tt̄ threshold 2mt, i.e., up to 300 GeV, avoiding the case
of a resonant S in the one-loop s-channel diagram in the gg → tt̄ amplitude.6 In the inset
we show the σNP/σLOQCD ratio, i.e., the relative size of the NP effects.

The most striking feature of figure 5 is the very different qualitative behaviour for the
purely CP-odd case (central row) and the other two cases. The CP-even case (upper row)
features a large dependence on mS , while the CP-odd does not, with the exception of the
two values mS = 300GeV and mS = 100GeV. The origin of this difference is due to the fact
that the quantity σ̄ct is infrared (IR) divergent for mS → 0, while σ̄c̃t is not IR divergent.
The different values for mS = 100GeV and especially mS = 300GeV within the purely
pseudoscalar case are instead due to the one-loop s-channel diagram in the gg → tt̄ amplitude;
for mS approaching the value 2mt this diagram approaches the resonant configuration and
leads to non negligible contributions. Still, this effect is only at the few percent level for
|Ct| = 1, while the mass dependence in the purely scalar case is much larger. This also
explains while the maximally mixed case (lower row), which is a mixture of the other two,
appears in general much more similar to the purely scalar one. Besides the threshold region for
the m(tt̄) distribution, consistently with eq. (2.31), we can see from the insets that the relative
size of one-loop corrections in the maximally mixed case is half of the purely scalar one.

The IR sensitivity of the purely scalar case, and therefore σ̄ct , can also be better
understood by looking at the expressions in appendix B, where it is explicitly shown for
the qq̄ → tt process that σ̄ct , in the mS → 0 limit, contains terms that are proportional to
log(m2

S/Q
2), where Q is one of the other scales of the process, as

√
s or mt. Conversely, the

explicit expressions reported in appendix B show that such IR divergences are not present
for σ̄c̃t .7 Such IR divergencies are unphysical, in the sense that experimentally the exclusive
production of a tt̄ pair and no S emissions at all, especially for soft S with small mS , is not
realistic; the emission of at least soft S on top of tt̄ has to be considered and leads to the
cancellations of the aforementioned log(m2

S/Q
2) terms.

We therefore then consider the case in which on top of the one-loop virtual corrections,
also the contribution from pp→ tt̄S production is taken into account in σNP. Clearly, if S is
emitted with a large transverse momentum, regardless of the possible signature emerging from
S itself, the event will be directly identified through a different signature than just top-quark
pair production. On the contrary, if S is soft and undetectable the contribution of pp→ tt̄S

will “contaminate” the signature from inclusive tt̄ production. To this purpose, we apply a cut

pT (S) < 20GeV , (3.1)
6Clearly, if mS ≥ 2mt, the one-loop s-channel diagram is dominated by S production and subsequent decay

into top-quark pair. In this scenario, the sensitivity would be directly on S production and tt̄ would be the
signature in the resonant decay and the strategy also at the experimental level would be completely different.

7Actually, although the content of appendix B cannot be directly extended to the gg → tt̄ the quantity
2f1(s), with f1 defined in eq. (B.7), and be used in the limit mS → 0, eq. (B.10), to correctly quantify in the
top-left plot of figure 5 the difference between the lines at different mS values.
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Figure 5. The m(tt̄) (left) ∆y(t, t̄) (right) distributions for different mS values considering only
virtual contributions. From top to bottom: purely scalar case, purely pseudoscalar case and maximally
mixed case. In the inset of each plot the relative difference w.r.t. the LOQCD is plotted. As commented
in the text, the lines corresponding to the various scenarios are mostly superposed and therefore not
distinguishable for the purely pseudoscalar case.
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Figure 6. The same information of the insets of the left plots of figure 5, m(tt̄) distributions, but
now solid lines take into account both the virtual corrections and the real emission of the scalar S,
while the dashed lines only the virtual corrections (as the solid in figure 5). From left to right: the
purely scalar benchmark, the purely pseudoscalar benchmark and the maximally mixed one. The
veto (3.1) is imposed on S real emissions. Below the value of 15%, the horizontal dotted line, the
vertical scale switches from linear to logarithmic.

in order to veto hard emissions of S. If the decay products of S were detectable, it would be
much more efficient to look directly to pp→ tt̄S production, or even just S production, with
the subsequent S decay. Thus, this scenario is not particularly interesting for the study that
we are performing, which primarily targets scenarios where S is undetectable and therefore
direct production is not sensitive to them.

In figure 6 we show, for the m(tt̄) distributions already considered in figure 5, the
σNP/σLOQCD ratio, i.e., the relative size of the NP effects. Solid lines include the contributions
from real emissions of S, with the cut in (3.1) applied. Dashed lines originate from virtual
contributions only and therefore are the same lines of the insets of figure 5, where they
were instead drawn as solid. In principle one could also apply a different cut than the one
in (3.1), which is quite stringent from an experimental point of view, but it will be manifest
in section 4 that relaxing this cut solid results are basically unchanged. Thus, the following
discussion still holds true also for a less stringent veto on the S radiation.

In figure 6 we see a different picture w.r.t. figure 5. For the purely pseudoscalar case
(central plot) the real emission is negligible, regardless of the masses considered; solid and
dashed lines overlap. In the purely scalar case (left plot), the IR sensitivity to mS is
removed by including the soft emission of S, so solid and dashed lines are very different for
light masses, with the difference between dashed and solid growing for smaller masses and
becoming indistinguishable from mS = 100GeV. On the contrary, solid lines almost overlap
for mS < 1GeV, indeed for these values the IR sensitivity has been removed and any possible
power corrections of the form m2

S/Q
2, where Q is one of the scales of the process, is negligible.

For mS > 1GeV such power corrections are instead non-negligible. The maximally mixed
case (right plot) shows distributions that correspond to the average of the analogous ones
in the left and central plot, consistently with eq. (2.31).

The shapes and especially the sign of the σNP/σLOQCD ratio are very different for the
m(tt̄) distributions of the CP-even and CP-odd cases. In the purely scalar case, corrections
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Figure 7. Same as figure 6, but for the ∆y(t, t̄) distributions appearing also in the right plots of
figure 5.

are negative and of the order −c2
t × 10% for large invariant masses for mS < 10GeV. For

larger values of mS , corrections are still negative but smaller and smaller in absolute value
by increasing mS . Going towards the threshold region instead, they reach values a bit
smaller than +c2

t × 10% for mS < 10GeV and instead smaller for lager mS values. In the
purely pseudoscalar case, on the contrary, corrections are always negative. For mS < 10GeV,
corrections are of the order of −c2

t×2% for large invariant masses, growing in absolute value up
to −c2

t × 5% at the threshold. Increasing mS the absolute value of the corrections decreases
for large m(tt̄) (halved for mS = 300GeV) while it grows at the threshold (doubled for
mS = 300GeV). As already said, the maximally mixed case (right plot) shows distributions
that correspond to the average of the analogous ones in the left and central plot. Clearly, by
varying the angle ϕ that parameterises the mixing of the CP-even and CP-odd component,
very different shapes can be obtained.

In figure 7, we display the analogous information of figure 6 for the ∆y(t, t̄) distribution.
We clearly see a strong correlation between the central region in figure 7, small ∆y(t, t̄), and
the threshold region in figure 6, small m(tt̄). We also clearly observe in figure 7 how the IR
sensitivity on mS disappears once the soft S emission is included. Two aspects are also even
more evident in this figure. First, we can see how, for the size and the shapes of the corrections
are different for the purely scalar (left plot) and pseudoscalar (central plot) case. This leads
to a flattening of the corrections for the maximally mixed case (right plot). Second, for
∆y(t, t̄) ≃ 0, the configuration mS = 300GeV, and in a smaller extent also the mS = 100GeV
one, the σNP/σLOQCD ratio is much smaller in the purely scalar case w.r.t. the purely
pseudoscalar one. The origin of this feature is the same that will be discussed in section 6,
a Higgs boson H with CP-even and CP-odd couplings, for which this effect is very relevant.

4 Scalar S: sensitivity study

In this section we present an explorative study for the potential bounds that can be obtained,
via the measurement of top-quark pair production at the LHC, on the ct (CP-even) and
c̃t (CP-odd) couplings describing the interaction of a scalar with mass mS < 300GeV with
the top-quark, see also eq. (2.1).
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In section 4.1 we will first introduce the statistical method used to extract bounds, which
will be used also in section 7, and specify the data and theory predictions. In section 4.2 we
present the bounds we find for different values of mS in the range 1 MeV < mS < 300GeV.

4.1 Statistical method, theory predictions and data

Our goal is to present an exploratory study for the potential bounds that can be obtained at
the LHC on the ct (CP-even) and c̃t (CP-odd) couplings. We neither aim to fully exploit the
potential of differential distributions that can be already now measured with high accuracy at
the LHC, nor to quantify the projections for the full data-set of the High-Luminosity program;
these aspects are left for future studies. Here, we want simply to show how the measurements
of such process can lead to constraints for ct (CP-even) and c̃t (CP-odd) couplings of a
top-philic additional scalar and the estimate the corresponding bounds.

This strategy is being pursued by experimental collaborations, in particular CMS [39, 40],
for the case where S is in fact the Higgs boson H, which is precisely what we will discuss
in sections 5–7. The experimental analyses are far from trivial, due to both statistical and
experimental reasons, and based on doubly differential distributions in m(tt̄) and ∆y(t, t̄), the
same variables that have been discussed in section 3. We describe in the following how, based
on the results of such analyses, we have devised a simplified framework where to mimic the
accuracy already achieved at the experimental level with an integrated luminosity of 35.8 fb−1.

The statistical analysis performed for estimating the precision that can be achieved in
the determination of ct and c̃t relies on the minimisation of a χ2 function built on binned
experimental data (σ⃗obs.) and corresponding theory predictions (σ⃗th.). The arrow represents
a vector of values corresponding to the specific binning considered. The χ2 function can
be written as

χ2(ct, c̃t,mS) = (σ⃗th. − σ⃗obs.) · V−1 · (σ⃗th. − σ⃗obs.) , (4.1)

where V is the experimental covariance matrix. We now specify σ⃗th., σ⃗obs. and V.
The theory prediction σ⃗th. is given by σmult.

SM+NP, see the expression in eq. (2.39), evaluated
for the same binning of the data considered, σ⃗obs.. In fact, for our exploratory study we use
pseudo-data for σ⃗obs.. First, we have considered several top-quark pair analyses [66–71] in
order to select a binning that is not only useful for our fit but also realistic. Given features
discussed in section 3, we have identified the CMS measurement in the lepton+jets channel
of ref. [66] for the m(tt̄) distribution as the most useful, since it has a large number of bins
in the low m(tt̄) region. Then, we have generated pseudo data assuming the SM only:8 we
have calculated for the binning of m(tt̄) of ref. [66] σmult.

SM+NP with ct = c̃t = 0, in other words,
the best SM best prediction, the quantity σmult.

SM defined in eq. (2.36). This procedure fully
defines the quantities σ⃗obs. and σ⃗th.. Further information entering the fit (binning, values
of σmult.

SM+NP, etc.) is reported in appendix D.
The last piece of information that has to be specified is the covariance matrix V−1. In

section 7 we will perform the same study discussed in this section with the Higgs boson H in
the place of S. For consistency, σ⃗obs. and V−1 will be the same used here and in particular
it will be more clear the choice we have taken for V−1 and we explain in the following.

8In this work, the only exception to this procedure is what is done in section 7.2, as explained therein.
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Starting from the value of V−1 in ref. [66], we have rescaled the entries of the matrix by a
(2.5)2 factor,9 such that in the case of the Higgs boson discussed in section 7 we find for the
CP-even component of top-Higgs interaction the same uncertainty reported in the aforecited
refs. [39, 40]. In this way we can mimic, in a simplified statistical framework, the precision
already achieved in the experimental analyses based on an integrated luminosity of 35.8 fb−1.

In the results presented in section 4.2, when a two-parameter fit is performed (ct and
c̃t), the (1σ, 2σ, 3σ) confidence level intervals are obtained via the condition

∆χ2(ct, c̃t,mS) ≡ χ2(ct, c̃t,mS)−min(χ2) ≤ (2.30, 6.18, 11.83) , (4.2)

while when only one parameter c is considered, which can be the CP-even coupling, the
CP-odd or a specific linear combination of them for fixed ϕ, the condition reads

∆χ2(c,mS) ≡ χ2(c,mS)−min(χ2) ≤ (1, 4, 9) . (4.3)

As already mentioned, the dependence on ct and c̃t of σmult.
SM+NP is symmetric under the

independent transformations ct → −ct and c̃t → −c̃t. In our setup, this symmetry will be
manifest in the contour plot in the (ct, c̃t) parameter space; following the notation in eqs. (2.4)
and (2.5), the information in the full parameter space can be extrapolated from the region
0 ≤ ϕ ≤ π/2. Since we use pseudodata corresponding to ct = c̃t = 0, the minimisation of the
χ2 function is by definition at (ct, c̃t) = (0, 0). In general, four minima can be present.

4.2 Bounds on ct and c̃t

We present in this section the bounds that can be set in the (ct, c̃t), or equivalently (|Ct|, ϕ)
plane, via the measurement of top-quark distributions, following the statistical analysis
explained in section 4.1.

We start by considering the purely scalar (c̃t = 0 ⇔ ϕ = 0) and purely pseudoscalar case
(ct = 0 ⇔ ϕ = π/2) and discuss the impact of the inclusion of real emission contributions
from tt̄S production. In figure 8 we show the bounds that can be set on |Ct|, as a function of
mS , for the purely scalar (green lines) and purely pseudoscalar (red lines) cases. The solid
lines include the contribution from the real radiation of S, with no cuts at all applied on S,
the dashed lines with the cut in (3.1) and the dotted line do not include such contribution
and therefore corresponds to only the inclusion of the virtuals.

First, we notice again that for the purely pseudoscalar case the bound is completely
insensible to the inclusion of the real emission contributions. On the contrary, the bounds
for the purely scalar case do depend on it, consistently with what has been discussed in
section 3. However, we also clearly see now that the bounds are not sensible to the inclusion
of the radiation with pT (S) > 20GeV; dashed and solid lines are very close to each other.
Nevertheless, in order to be as close as possible to what is effectively measured in inclusive
tt̄ production, a cut as (3.1) has to be applied; if the emission is too hard it is possible to
experimentally reconstruct the real emission as a different process. Including the radiation,
with or without such cut, we see that bounds for both the scalar and the pseudoscalar case
are constant for masses below 10 GeV. For the former |ct| ≲ 1 and for the latter |ct| ≲ 0.5.

9This rescaling is equivalent to reduce by a factor 2.5 the experimental errors from ref. [66]. In practice, we
have tuned this number in order to obtain what is described in the following sentence in the main text.
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Figure 8. Bound at 2σ level on ct (green) and c̃t (red) as a function of mS . Solid lines: virtual
corrections and real S emission. Dashed lines: same as solid lines but with the S veto (3.1) applied.
Dotted lines: only virtual corrections.

By including the radiation and applying the veto (3.1), we can inspect the bounds for
different values of ϕ. In particular, given eqs. (2.4), (2.5) and (2.31) we scan in steps of
cos2 ϕ = 1/4, i.e., ϕ = 0, π/6, π/4, π/3, π/2. In figure 9, we show the bounds on |Ct| for the
aforementioned set of ϕ choices. The upper plot is similar to figure 8, in fact the cases ϕ = 0
and ϕ = π/2 are the same of the dashed lines in that figure. The lower plot is simply showing
the same content of the upper plot, but with the horizontal axis in linear scale.

There is clearly a non-trivial pattern in the dependence on mS and ϕ, due to the large
cancellations that may or may not take place between the ct and c̃t dependent contributions
in eq. (2.31), as can also be seen by comparing the left and central plot of figure 6. In
order to further investigate this pattern, for a few representative cases of mS in the range
1GeV < mS < 300GeV,10 we have derived the 2σ intervals in the (ct, c̃t) plane. Results are
shown in figure 10. Consistently with what is shown also in the other figures of this section,
for c̃t ≃ 0 bounds on ct becomes less stringent at larger masses, while for ct ≃ 0 bounds on c̃t
are really sensitive to mS only for large values of mS and become more stringent. From this
plot we observe that the value of ϕ for which the constraint on |Ct| is the weakest is between
0 and π/2. Such value of ϕ decreases by increasing mS and the weakness of the bound at
that value of ϕ, compared to the other values at a given mS , increases for large mS .

10For values mS < 1 GeV, bounds are insensitive to the values of mS itself.
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Figure 9. Bound at 2σ level on |Ct| as a function of mS for different ϕ values. Virtual corrections
and real S emission, with the S veto (3.1) applied, are taken into account. The excluded regions
correspond to the shaded areas of the plots.

5 Higgs boson H: theoretical framework

In this section we adapt what has been discussed in section 2 for the particular case where
S is the Higgs boson itself, S = H, allowing for its anomalous and/or CP-odd interactions
with the top quark. In this way, we obtain the results of the virtual corrections to top-quark
pair production that are induced by anomalous CP-even and CP-odd interactions of the
Higgs boson with the top-quark.

In section 5.1 we provide the relevant Lagrangian, the notation used and the main
formulas that are analogous to the ones provided in section 2 for the case of the scalar S. In
section 5.2 we explain in detail how we have derived such expressions, recycling the results of
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Figure 10. Bound at 2σ level in the (ct, c̃t) plane for different mS values. One should notice that
the mS values considered are very different from those in figures 5–7.

section 2 for now the Higgs case, highlighting important differences w.r.t. the scalar S case.
In section 5.3 we show how this calculation can be reinterpreted in the SMEFT framework,
which further support the consistency of our approach.

5.1 Lagrangian, notation and relevant formulas

In analogy with what has already been discussed in section 2.1 for the scalar S, the case
of a BSM Higgs boson that allows for anomalous and/or CP-odd interactions with the top
quark can be described by a Lagrangian of the form

LSM+(κt, κ̃t) ≡ LSM + LH,NP, (5.1)

where LSM is the SM Lagrangian and

LH,NP ≡ −ψt


(
yt − ySM

t

)
√
2

+ i
ỹt√
2
γ5

ψtH ≡ −y
SM
t√
2
ψt [(κt − 1) + iκ̃tγ5]ψtH , (5.2)

where H is the Higgs field and

ySM
t ≡

√
2mt

v
. (5.3)

In eq. (5.3), mt is the top-quark mass and v is the Higgs vacuum expectation value. The
parameters yt and ỹt parameterise the CP-even and CP-odd components of the top-quark
Yukawa interaction, respectively. Adopting the so-called kappa-framework, they can be
rewritten in term of κt, κ̃t and ySM

t , as shown in the r.h.s. of eq. (5.2). One can notice
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that the parameter choice (κt, κ̃t) = (1, 0), or equivalently (yt, ỹt) = (ySM
t , 0), corresponds

to the SM, i.e., LSM+(κt, κ̃t) = LSM.
Analogously to the case of the scalar S, as in eqs. (2.4) and (2.5), we can also introduce

the notation

Kt ≡ κt + iκ̃t = |Kt|eiϕ , (5.4)

ϕ ≡ arctan κ̃t
κt
, (5.5)

with |Kt| being the actual kappa-modifier of the strength of the SM top-Higgs interaction,
and ϕ parameterising the CP-even and CP-odd admixture of the interaction.

With such notation, the renormalised one-loop virtual corrections induced by the diagrams
of figure 1, with H in the place of S, can be written as

σHNP = (κ2
t − 1) σ̄κt + κ̃2

t σ̄κ̃t , (5.6)

with

σ̄κt =
(ySM
t )2

2 σ̄ct

∣∣∣∣
mS=mH

, (5.7)

σ̄κ̃t =
(ySM
t )2

2 σ̄c̃t

∣∣∣∣
mS=mH

. (5.8)

As can be clearly seen, eq. (5.6) is the analogue of eq. (2.31), through which the
quantities σ̄ct and σ̄c̃t appearing in eqs. (5.7) and (5.8) are also defined. The quantities
σ̄κt and σ̄κ̃t entail the dependence on the kinematic for the purely (κt − 1)-dependent and
κ̃t-dependent component of σHNP. We notice here that while in the case eq. (2.31) only
quadratic terms in ct and c̃t are present, in eq. (5.6) also a linear term in (κt − 1) is present
since (κ2

t − 1) = (κt − 1)2 + 2(κt − 1). We will return on this point in detail in section (5.2).
Similarly to eq. (2.31), instead, in eq. (5.6) no mixed term of the kind (κt − 1)κ̃t is present.
Thus, the quantity σHNP is symmetric for κt → −κt and κ̃t → −κ̃t. However, the SM, which
corresponds to (κt, κ̃t) = (1, 0), is instead not symmetric under the κt → −κt transformation.
This difference with the case of the scalar S, where σNP is symmetric for ct → −ct and
c̃t → −c̃t and also the SM itself since it corresponds to (ct, c̃t) = (0, 0), underlies the different
qualitative results between section 4 and section 7.

As discussed in section 2.3 for the S, two schemes can be used for combining new physics
with SM. Eqs. (2.38) and (2.39) can be converted in the Higgs case to

σadd.,H
SM+NP ≡ σadd.

SM + σHNP , (5.9)

and
σmult.,H

SM+NP ≡ σmult.
SM +KNLO

QCD σ
H
NP , (5.10)

respectively. Equations (5.9) and (5.10) correspond to the combination in the additive
and multiplicative approach, respectively, of the best theory predictions of the SM and of
anomalous top-Higgs interactions. Many more details can be found in section 2.3, where also
all the terms entering eqs. (5.9) and (5.10) are rigorously defined. Here, we just want to point
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out that when an approach is chosen, either multiplicative or additive, it is imperative that it
is used both for the SM contribution and as well for the NP one, which depends on (κt − 1)
and κ̃t. Indeed, while in the case of the S scalar an asymmetric approach for the SM and the
NP contributions would be possible, in the case of the Higgs boson would lead to contributions
not proportional to κ2

t (the CP-even part) in the SM and NP combined prediction.
Unlike the case of the scalar S, where the contribution from the tt̄S has been taken into

account, we will not include the contribution from the tt̄H final state in our studies for the
sensitivity on κt and κ̃t in section 7 as that corresponds to a different analysis at the LHC.
Moreover, the inclusion of the tt̄H contribution is not necessary for avoiding IR sensitivity,
since mH is large. For the same reason, as manifest in figures 6 and 8, even if we included
such contribution, its impact on our results would be totally negligible.

5.2 Similarities and differences with the scalar S case

Instead of repeating what has been discussed in detail in section 2.2 and section 2.3 in
order to show how eqs. (5.6)–(5.8) have been derived, we will limit ourselves to a discussion
on how the calculation presented in section 2.2 can be applied to the case of the Higgs
boson. We also highlight the main differences and the subtleties that have been neglected
in the literature so far.

We start observing that the relevant diagrams for the calculation in the case of the Higgs
boson are the same of figure 1, with H in the place of S. This is the main reason why the
calculation for the scalar S can be used for the Higgs. Moreover, the need of taking into
account the contribution from higher-order corrections in the SM, especially the NLO EW
ones, is even stronger in this case. Indeed, contributions proportional to the anomalous
CP-even interactions, (κt − 1), will lead at the fully differential level to exactly the same
corrections induced by the Higgs-boson component of the NLO EW corrections in the SM.

The calculation of virtual corrections to top-quark pair production in the two scenarios,
S or H, is fully equivalent, with the case of eq. (2.1) being a generalisation of eq. (5.1) for
mS ̸= mH . Also in the case of the Higgs boson, none of the virtual diagrams features a
self interaction of H and so, for our calculation, LSM+S and LSM+(κt, κ̃t) Lagrangians are
completely equivalent if:

S = H =⇒ mS = mH , (5.11)

yt ≡ κt y
SM
t = ySM

t +
√
2ct ⇐⇒ κt = 1 +

√
2ct
ySM
t

, (5.12)

ỹt ≡ κ̃t y
SM
t =

√
2c̃t ⇐⇒ κ̃t =

√
2c̃t
ySM
t

. (5.13)

From the pure calculation side the two scenarios are therefore equivalent and via
eqs. (5.11)–(5.13) it is possible to obtain σHNP in eq. (5.6) from σNP in eq. (2.31). How-
ever, this cannot be achieved by simply applying them directly as we will explain in the next
paragraph. As already said, σHNP corresponds to the renormalised one-loop virtual corrections
induced by the diagrams of figure 1, with H in the place of S, to σLOQCD , is the LO cross
section from purely QCD interactions (the diagrams in figure 2). Renormalisation is again
understood in the on-shell scheme, as in the scalar S case.
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One may be tempted to assume that σHNP can be directly derived by applying eqs. (5.11)–
(5.13) to eq. (2.31), but the situation is a bit more complex. Indeed, σHNP parameterises only
the contribution due to the anomalous component of the interactions of the Higgs boson with
the top-quark. While in the case of scalar S there is not a SM component of the interaction
with the top-quark, in the case of the Higgs there is. In other words, while expanding in
powers of ct and c̃t in the scalar S case all the top-S vertexes in figure 1 must depend on
ct and c̃t, in the case of the Higgs boson, expanding in power of (κt − 1) and κ̃t, there can
be also contributions with one of the Higgs-top interactions that are the SM ones. The
SM corresponds indeed in the case of the scalar S to (ct, c̃t) = (0, 0) while in the case of
the Higgs to (κt, κ̃t) = (1, 0); expanding in powers of ct around the SM there is no linear
dependence on ct, expanding in powers of (κt − 1) around the SM there is linear dependence
on (κt − 1). It is important to notice that if we had directly applied eqs. (5.11)–(5.13) to
eq. (2.31) we would have gotten a factor (κt − 1)2 in front of σ̄ct and not (κ2

t − 1) as in
eq. (5.6), missing the linear contribution in (κt − 1).

All the previous argument becomes more clear if seen from a SMEFT perspective, which
is what we are going to discuss in the next section. Before doing that we want to mention
that our calculation is equivalent to the one of ref. [41], besides the fact that the s-channel
diagram in figure 1(a), to the best of our knowledge, has not be considered in ref. [41]. We
will discuss in detail in sections 6.1 and 7.3 the impact of this particular diagram both
in the calculation of σHNP and in the determination of the κt and κ̃t parameters, but it is
important to note that this diagram itself is UV finite and indeed no corresponding CT
vertex to the ggS vertex is present.

5.3 The SMEFT perspective

First of all, one may wonder if the case S = H and also LH,NP are really corresponding or to
the case of the Higgs boson, since H is already part of the SM particle content and especially
is part of a SU(2) doublet within a theory that is gauge invariant, at variance with the case
of the scalar S described by the Lagrangian in eq. (2.3). The Lagrangian LH,NP defined in
eq. (5.2) explicitly breaks SU(2) gauge invariance, similarly as the eq. (2.3) for Lint., but the
latter can actually be rewritten in a way that allows to preserve SU(2) gauge invariance.
Indeed, we notice that we can recast our calculation to the SMEFT framework, which is SU(2)
gauge invariance. As already partially noticed in ref. [41], for the case of one-loop corrections
to top-quark pair hadroproduction,11 the Lagrangian in eq. (5.1) is completely equivalent to

Ldim=6
SMEFT, top−Higgs ≡ LSM + CuΦ

tt

Λ2

(
Φ†Φ− v2

2

)
ψQ3,L

Φ̃ψt,R + h.c. , (5.14)

where Λ is the NP scale in the EFT expansion, CuΦ
tt is a complex Wilson coefficient, Q3,L

is the SU(2) left-handed doublet (ψt,L, ψb,L)T , Φ is the Higgs doublet before electroweak
symmetry breaking, and Φ̃a ≡ ϵabΦb with ϵab being the Levi-Civita tensor acting on the SU(2)
components. For our calculation Ldim=6

SMEFT, top−Higgs in eq. (5.14) and LSM+(κt, κ̃t) in eq. (5.1)

11We stress that the following statement is not always true for any process or any perturbative order.
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are equivalent, provided that

κt = 1− v2

Λ2
ℜ(CuΦ

tt )
ySM
t

, (5.15)

κ̃t = − v2

Λ2
ℑ(CuΦ

tt )
ySM
t

. (5.16)

The presence of a linear term in (κt − 1) in eq. (5.6) and all the discussion at the end
of section 5.2 is manifest in a SMEFT perspective. Considering eqs. (5.15) and (5.16), we
take into account not only effects of O(1/Λ4) but also of O(1/Λ2), which cannot have a
correspondence for a generic scalar S that is not identified with the Higgs itself. The fact
that corrections linear in κ̃t are not present is the same leading to σ̄ct,c̃t = 0 in eq. (2.31).

The fact that the calculation in the kappa framework for the Higgs can be recasted
in a SMEFT framework is crucial for the consistency of the calculation presented in this
work and for allowing to recycle the results already obtained for the case of the scalar S.
We motivate this statement in the following.

While NLO EW corrections in the kappa framework, which violates SU(2) gauge in-
variance, cannot be in general performed, when calculations can be embedded in a SMEFT
description, as in this case, they are theoretically consistent. Indeed, SMEFT precisely
preserves SU(2) gauge invariance and allows for EW corrections. An analogous situation,
e.g., is the one of anomalous Higgs self couplings in single and double Higgs production,
extensively discussed by some of the authors of this work in refs. [47, 72–74].

The consistency of the kappa-framework for such calculation and especially the possibility
of recycling the calculation for S of section 2.2 also for the Higgs itself and including not
only terms proportional to (κt − 1)2 ≃ ℜ2(CuΦ

tt ) but also to κt − 1 ≃ ℜ(CuΦ
tt ) relies on some

subtleties that are typically ignored in the literature. The operators in eq. (5.14) generate
new interactions not only between the top quark and the physical Higgs field, but also
between the top-quark and the neutral(charged) Goldstone boson G0(G±). The tt̄G0 and
tbG+ vertexes are not modified, but the new vertexes tt̄G0G0 and tt̄G+G−, and also tt̄HH,
do appear. In particular, for our calculation, the only quantity that can be affected by
these new vertexes is the two-point function Σ(p) in eq. (2.23), since a new topology with
a momentum-independent closed loop of scalars induced by tt̄HH and especially tt̄G0G0
and tt̄G+G− can appear. Their contributions are not gauge invariant, also when summed
together. This is equivalent to what has been discussed in detail in ref. [47] for the case of
modified Higgs-self coupling for the Higgs two-point function (see especially appendices A
and B in that work). However, again similarly to the case discussed in ref. [47], also for
our calculation since the contributions of such diagrams are momentum independent, in the
on-shell scheme they do not enter δψt and are exactly canceled by δmt, regardless of the
momentum of the top-quark. Gauge invariance is therefore preserved.

6 Higgs boson H: numerical results for scalar one-loop corrections to tt̄

distributions

Starting from the Lagrangian in eq. (5.1), which describes the dynamics of the SM with
the Higgs boson H that can have anomalous CP-even and CP-odd interactions with the
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top-quark, in section 5.1 we have presented the one-loop corrections induced by H to the
cross section for the hadroproduction of a top-quark pair, denoted as σHNP. This quantity
originates from the diagrams in figure 1 and, as shown in eq. (5.6) depends only on four
quantities: the squared kappa modifiers for the CP-even and CP-odd interactions of H with
the top quark, κ2

t and κ̃2
t , and the quantities σ̄κt and σ̄κ̃t (see eq. (5.7) and (5.8)) that are

fully differential functions of the momenta of the top-quark pair. As discussed in section 5.1,
the calculation of σ̄κt , σ̄κ̃t and more in general σHNP has been derived from the calculation for
the case where instead of H a generic scalar S was considered, discussed in section 2.2.

Analogously to section 6, where the case of S was considered, in this section we show
and discuss our numerical results for σHNP. Also in this case, we do not consider all the
higher-order SM corrections introduced in section 2.3 and entering eqs. (5.9) and (5.10), we
rather focus on the relative size of σHNP w.r.t. σLOQCD , the LO cross-section associated to the
diagrams of figure 2. We define the sum of them as σHLOQCD+NP = σLOQCD + σHNP.

As in section 6 we consider three benchmarks that we list in the following:

1. Purely Scalar: (κt − 1, κ̃t) = (1, 0) ⇐⇒ (|Kt|, ϕ) = (2, 0),

2. Purely Pseudoscalar: (κt − 1, κ̃t) = (0, 1) ⇐⇒ (|Kt|, ϕ) = (1, π/2),

3. Mixing aligned: (κt − 1, κ̃t) = (1, 1) ⇐⇒ (|Kt|, ϕ) = (
√
5, arctan(1/2)).

Given the dependence of σHNP on only (κ2
t − 1) = (κt − 1)2 + 2(κt − 1) and κ2

t , with no
mixed κtκ̃t terms, the first two cases are sufficient for extrapolating the size of σHNP in any
configuration; they correspond to σ̄κt and σ̄κ̃t in eq. (5.6), respectively. The third case is
useful to see the cancellations that may take place when κt − 1 ≃ κ̃t. Clearly, since the SM
corresponds to the configuration (κt, κ̃t) = (1, 0), choosing a similar value for the anomalous
component, κt − 1 and κt, in the different scenarios will lead to very different |Kt| values.

In figure 11, we show distributions for m(tt̄) and ∆y(t, t̄), as done in section 3 and ref. [41],
and also for y(t), the rapidity of the top-quark, and pT (t), the transverse momentum of the
top-quark. For each one of the four plots, related to the aforementioned distributions, we plot
in the main panel: σLOQCD divided by 10 (blue), σ̄κt (green), σ̄κ̃t (red) and σ̄κt +σ̄κ̃t (mustard).
The last three curves are equivalent to σHNP for the three scenarios listed before (purely scalar,
purely pseudoscalar and aligned mixing). In the inset we plot the ratio over σLOQCD , i.e., the
relative corrections to LO predictions. We notice that at the threshold, in the case of H being
a pure scalar, the corrections are positive while they are negative in the pseudoscalar case.
Thus, in case a discrepancy between theory and data appears, the sign of this discrepancy
could be exploited in order to discriminate, within this framework, a scalar versus pseudoscalar
explanation. Also large cancellations can take place as soon as ϕ ̸= 0 and ϕ ̸= π/2, as shown
in the aligned mixing case and we expect a lower sensitivity on |Kt| − 1 in this configuration.

Considering the other distributions, the behaviour is similar, the differences between the
scalar and pseudoscalar corrections are maximal in the area corresponding to the threshold
production, namely pT (t) ≃ 0, y(t) ≃ 0 and ∆y(t, t̄) ≃ 0. Also, while the corrections from a
purely pseudoscalar H remain always negative, in the case of a purely scalar one they change
sign moving towards the tail of m(tt̄) and pT (t) distributions. This is also at the origin
of the different behaviour of the scalar for large pT (t) w.r.t. large m(tt̄). In tt̄ production,

– 27 –



J
H
E
P
0
9
(
2
0
2
4
)
0
9
8

−0.05

0.00

0.05

0.10

0.15

0.20

0.25
d
σ

d
m

(t
t̄)

[p
b

G
eV
−

1 ]

Higgs

σLOQCD
/10

σ̄κt
σ̄κ̃t
σ̄κt + σ̄κ̃t

400 600 800 1000 1200 1400
m(tt̄) [GeV]

−5.0%

0.0%

5.0%

R
at

io
ov

er
σ

L
O

Q
C

D

0

5

10

15

d
σ

d
y

(t
)[p

b
G

eV
−

1 ]

Higgs

σLOQCD
/10

σ̄κt
σ̄κ̃t
σ̄κt + σ̄κ̃t

−4 −3 −2 −1 0 1 2 3 4
y(t)

−1.00%

0.00%

1.00%

R
at

io
ov

er
σ

L
O

Q
C

D

0.0

0.1

0.2

0.3

d
σ

d
p T

(t
)

[p
b

G
eV
−

1 ]

Higgs

σLOQCD
/10

σ̄κt
σ̄κ̃t
σ̄κt + σ̄κ̃t

0 100 200 300 400 500 600 700 800
pT(t) [GeV]

−2.5%

0.0%

2.5%

R
at

io
ov

er
σ

L
O

Q
C

D

0

5

10

15

d
σ

d
∆
y

(t
,t̄

)[p
b

G
eV
−

1 ]

Higgs

σLOQCD
/10

σ̄κt
σ̄κ̃t
σ̄κt + σ̄κ̃t

−4 −3 −2 −1 0 1 2 3 4
∆y(t, t̄)

−2.0%

0.0%

2.0%

R
at

io
ov

er
σ

L
O

Q
C

D

Figure 11. Higgs Boson case. In the main panel of each plot: σLOQCD divided by ten (blue) and
the loop corrections σH

NP evaluated at different (κt, κ̃t) benchmarks: (1, 0) green, (0, 1) red and (1, 1)
mustard In the inset of each plot: ratio of σH

NP for the different three benchmarks over σLOQCD .

with no cuts on the phase space, large m(tt̄) is dominated by pT (t) ≪ m(tt̄)/2 due to the
t/u-channel diagrams in the gg → tt̄ process, on the contrary large pT (t) is correlated with
m(tt̄) ≃ 2pT (t). Thus, in single-differential distributions in m(tt̄), for large m(tt̄) values there
are cancellations between negative and positive contributions from different pT (t) regions,
while this dynamics is not present at large values of pT (t), and therefore corrections are
larger in absolute value. These features are manifest in figure 12, where we show at doubly
differential level in m(tt̄) and pT (t) the value of the ratio over σNP/σLOQCD . The left plot
refers to the purely scalar case, while the latter to the purely pseudoscalar one.

The top plots of figure 11 can be compared with results presented in ref. [41] and it can
be noticed that while the purely scalar case is in agreement with results therein, the purely
pseudoscalar case is not. To the best of our knowledge, in ref. [41] the contribution of the
s-channel diagram in figure 1 (topology (a)) has been neglect. In the following we discuss in
detail the impact of such diagram, and why it is especially relevant for the pseudoscalar case.
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Figure 12. Higgs Boson. Loop corrections σH
NP normalised to σLOQCD at the doubly differential level

in pT (t) and m(tt̄). Left: (κt, κ̃t) = (1, 0). Right: (κt, κ̃t) = (0, 1). The highest bins in pT (t) and
m(tt̄) include also the overflow.

6.1 Impact of the s-channel diagram

The s-channel diagram in figure 1 is UV-finite and can be removed without violating gauge
invariance. Therefore we have analysed the impact of removing such diagram for the
observable that we have considered in figure 11.

In the upper plots of figure 13 we consider the m(tt̄) distribution and we show in the
main panel σLOQCD divided by ten, as in figure 11, and σHNP with (solid) and without (dashed)
the contribution from the s-channel diagram. The left plot shows the purely scalar case
σHNP = σ̄κt , the central one the purely pseudoscalar one σHNP = σ̄κ̃t and the right one the
aligned mixing case. In the main inset we show the ratio σHNP/σLOQCD .

As can be seen, in the purely scalar benchmark (left plot) the contribution coming
from the s-channel is almost negligible. The opposite happens for the purely pseudoscalar
benchmark; the inclusion of the s-channel diagram plays a dominant role in the corrections
as it appears from the central plot of figure 13. This behaviour is coherent with what is
observed in section 3 for the case of an additional scalar S when mS = 300GeV. In that
case, see figure 5, effects can also be larger since the s-channel diagram, approaching the
resonance region mS = 2mt, becomes dominant and indeed the mS = 300GeV case can be
distinguished from all the others in figure 5, for the purely pseudoscalar case. Clearly, this
effect, although milder, is observed also in the right plot of figure 13, since the aligned mixed
benchmark is a linear combination of the purely scalar and pseudoscalar ones.

In the second row of plots in figure 13 we can also observe the similarities with the scalar
S, when mS = 300GeV, for the ∆y(t, t̄) distributions, cf. figure 7. Also in this case the
difference between the scalar and the pseudoscalar benchmark is manifest and similarly this
feature can be observed in the plots of the third row, pT (t) distributions, and of the fourth
row, ỹt distributions. We notice that, excluding the s-channel contribution, our predictions
for the m(tt̄) and ∆y(t, t̄) distributions are in agreement with those presented in ref. [41],
both for the purely scalar and pseudoscalar case.
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Figure 13. Higgs Boson. In the main panel of each plot: σLOQCD divided by ten (blue) and the
loop corrections σH

NP with (solid line) and without (dashed line) the contribution from the s-channel
diagram. In the inset of each plot: ratio of σH

NP over σLOQCD . Left plots: (κt, κ̃t) = (1, 0) green.
Central plots: (κt, κ̃t) = (0, 1) red. Right plots: (κt, κ̃t) = (1, 1) mustard.
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What has been discussed and summarised in figure 12 for the relation between the pT (t)
and m(tt̄) distributions explains also the differences between the corresponding distributions
in figures 13; the impact of the s-channel diagram is large for the m(tt̄) threshold, where
the suppression of the off-shell propagator is not present, and this phase-space region is
correlated with large pT (t) values where a mild impact of such diagram, at variance with
the case of at large m(tt̄) values, can be observed.

The reason for the different behaviour in the scalar benchmark and pseudoscalar one
can be understood by looking at the analytic form of the interference between the QCD SM
top-pair production and the s-channel virtual mediated diagram (a) computed in ref. [42].
The SM cross section is proportional to the top-pair velocity β that can be written as

β =
√
1− 4m2

t

m(tt̄)2 , (6.1)

while the scalar benchmark correction due to the s-channel is proportional to β3 and the
pseudoscalar benchmark one to β. At threshold, where the invariant mass of the top-quark
pair approaches the lower bound 2mt, the s-channel relative contribution with respect to
the SM goes to zero as β2, while in the pseudoscalar case, it assumes a constant value. A
top-quark pair produced via the mediation of a scalar particle is in a total spin zero state. If
the interaction is CP-odd the pair is produced in an S-wave configuration and spin singlet
1S0 state, while for a CP-even coupling they are produced in a P -wave state-spin triplet 3P0
state, thus the difference β dependence and behaviour, see, e.g., ref. [35].

7 Higgs boson H: sensitivity study

In this section, using the same set-up discussed in section 4.1 for the case of the scalar S, we
present an explorative study on how our calculation, which consistently takes into account
the s-channel diagram in figure 1, can affect the bounds that can be obtained at the LHC
on the κt and κ̃t, which parametrise respectively the CP-even and CP-odd interactions of
the Higgs boson with the top-quark. Equations in section 4.1 can be easily extended to
the case of the Higgs, e.g. replacing σNP with σHNP and similarly for other quantities. The
main difference in the set-up w.r.t. what has been discussed in section 4 is that we will not
include here the contribution from tt̄H production, since the radiation of a Higgs boson can
be experimentally distinguished from tt̄ production.

In section 7.1 we consider the case of pseudo-data that corresponds to the SM, in
section 7.2 instead the case of pseudo-data corresponding not to the SM but to the purely
pseudoscalar configuration (κt, κ̃t) = (0, 1). In section 7.3 we discuss for both scenarios the
impact of the s-channel diagram in the fits and bounds on κt and κ̃t.

7.1 SM-like pseudodata

In this section we perform the sensitivity study assuming that the pseudo-data correspond
exactly to the SM prediction, as done for the case of the scalar S in section 4.2.

In table 1 we report the result for the one-dimensional parameter fit, i.e. separately fitting
κt and κ̃t. We perform the fit by using for theory predictions both σmult.,H

SM+NP and σadd.,H
SM+NP (see
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κt
+1σ, 2σ, 3σ
−1σ, 2σ, 3σ κ̃t

+1σ, 2σ, 3σ
−1σ, 2σ, 3σ

SMmult LHC 1.00+0.28, 0.52, 0.72
−0.41, 1.0, 1.0 0.0+0.59, 1.05, 1.43

−0.59, 1.06, 1.44

SMadd LHC 1.00+0.38, 0.68, 0.94
−0.72, 1.0, 1.0 0.0+0.81, 1.39, 1.82

−0.82, 1.39, 1.84

Table 1. Best fit and corresponding errors values for κt and κ̃t for the case in which pseudo-data
corresponds to the case of H being the SM Higgs, (κt, κ̃t) = (1, 0). In the first(second) row numbers
refer to the usage of the multiplicative(additive) approach for both theory predictions and pseudo-data.

eqs. (5.10) and eqs. (5.10)) quantities. For pseudo data we consistently use in the two cases
the prediction for (κt, κ̃t) = (1, 0). Thus, by construction, the fit on the scalar coupling must
result in κt = 1 and indeed we find that. In table 1 we report besides central values the 1σ, 2σ
and 3σ errors. In fact, by looking at the expression of σHNP in eq. (5.6), it is clear that not only
(κt, κ̃t) = (1, 0) but also (κt, κ̃t) = (−1, 0) is a solution of the χ2 function minimisation, and
it will be manifest when discussing the plots for the simultaneous κt and κ̃t fits. When the
errors become larger than 1, the error intervals for the (κt, κ̃t) = (1, 0) and (κt, κ̃t) = (−1, 0)
solutions overlap. This is the origin of the exact −1 value in some of the results displayed
for the errors. It can also be noted that the 1σ error in the case of the κt fit is compatible
with the ones of refs. [39, 40]. This is precisely due to the strategy that we have described in
section 4.1 and that we have adopted in order to obtain a simplified framework for mimicking
the accuracy already achieved at the experimental level. The difference between results
obtained between the fit in the multiplicative and additive approaches can be regarded as
theory uncertainties in modelling predictions for both the SM and NP contributions.

It is also very interesting to notice that, fitting κ̃t, the best result is obtained for κ̃t = 0,
which was not a priori obvious. It means that assuming that the Higgs has only pseudo-scalar
interactions, then if the pseudo-data are simulated via the SM (Higgs purely scalar), the
absence of the Higgs, or equivalently no interactions of it with the top-quark, would yield
the best fit. The origin of this effect is the opposite signs of σ̄κt and σ̄κ̃t associated to
the purely scalar and pseudoscalar benchmarks, respectively, for the m(tt̄) distribution, cf.
figure 11. The specific values of these two quantities for the binning we considered can be
read in table 5 in appendix D.

In figure 14 we show our results for the two-parameter fit in κt and κ̃t, where we display
the 1σ (mustard), 2σ (red) and 3σ (green) error contours. In the left plot, the multiplicative
approach has been used, while in the right plot the additive approach has been used. In
the two plots, the best fits are for (±1, 0) and are indicated by light-blue dots. We also
display for convenience in the plot, as a dark-blue dot, the SM scenario with a CP-even Higgs,
(κt, κ̃t) = (1, 0) and as purple one the case where the Higgs is purely pseudo scalar and with
the strength of the top-Higgs coupling equal to the one in the SM, i.e., (κt, κ̃t) = (0, 1).

As expected, in the multiplicative approach bounds are more stringent and, e.g., the 1σ
contours around the two minima are separated (the best fit is not compatible with the no
Higgs scenario, i.e., (κt, κ̃t) = (0, 0)), at variance with the case of the usage of the additive
approach. Moreover, in the multiplicative approach, the purely pseudoscalar benchmark
(purple dot) is almost excluded at 2σ, while in the additive approach it is not. Again,
differences in the two approaches can be considered as theory uncertainties.

– 32 –



J
H
E
P
0
9
(
2
0
2
4
)
0
9
8

●●●●● ●

●●

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

●●●●● ●

●●

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

Figure 14. Bounds in the (κt, κ̃t) plane at different confidence levels, assuming H being the SM
Higgs, (κt, κ̃t) = (1, 0) in the pseudo-data. Left: multiplicative approach. Right: additive approach.

It is manifest from figure 14 that the bound that can be set on |Kt| strongly depends on
the value of ϕ and in particular that around ϕ ≃ π/4 bounds are much less stringent than
those at ϕ = 0, the purely scalar case, and especially those at ϕ = π/2, the purely pseudoscalar
case. The origin of this effect is precisely the cancellations taking place between the σ̄κt and
σ̄κ̃t quantities discussed in the plots of section 6 for the aligned mixing benchmark.12

7.2 CP-odd Higgs with |Kt| = 1

In this section we perform the fit with the pseudo-data corresponding not to the SM but
to the configuration (κt, κ̃t) = (0, 1), i.e. the purple dot in figure 1 where the Higgs boson
is a purely pseudo scalar and the strength of the top-Higgs coupling is equal to the one in
the SM. The statistical analysis is the same discussed already in the previous sections for
the scalar S and the Higgs boson, the only difference is that the pseudodata σ⃗obs. entering
eq. (4.1) have been obtained via σadd.,H

SM+NP(σmult.,H
SM+NP) in the additive(multiplicative) approach

evaluated at (κt, κ̃t) = (0, 1).
The results of the one-parameter fits, similar to those in table 1, can be read in table 2.

As expected, the best fit for the parameter κ̃t is at κ̃t = 1 and, analogously to section 7.1,
we find that the best fit for the other parameter, in this case κt, is κt = 0. The latter result
was not obvious a priori and it again originates from the opposite signs of σ̄κt and σ̄κ̃t . The
two-parameter fit for κt and κ̃t is displayed in figure 15 and the results we find are very similar
to the one in figure 14 for the scalar case. The fit performed in the case of the multiplicative
approach shows that the SM is compatible at almost 2σ level.

7.3 The s-channel relevance

In this section we study the impact of the s-channel diagram in figure 1 on the bounds that
have been presented in the two previous sections. We start by presenting in tables 3 and 4

12In fact the almost flat direction, which corresponds the case where the contributions proportional to σ̄κt

and σ̄κ̃t are similar in absolute value but with opposite sign and therefore leading to large cancellations, rather
than being associated to ϕ ≃ π/4 is in first approximation aligned around the relation κ2

t − 1 = κ̃2
t , which

minimises σH
NP in eq. (5.6).
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κt
+1σ, 2σ, 3σ
−1σ, 2σ, 3σ κ̃t

+1σ, 2σ, 3σ
−1σ, 2σ, 3σ

SMmult LHC 0.00+0.55, 0.93, 1.22
−0.55, 0.93, 1.22 1.0+0.44, 0.78, 1.06

−1.00, 1.00, 1.00

SMadd LHC 0.00+0.73, 1.18, 1.51
−0.73, 1.18, 1.51 1.0+0.60, 1.02, 1.38

−1.00, 1.00, 1.00

Table 2. Same as table 1 but with pseudo-data corresponding to H being a Higgs boson with a
CP-odd coupling to the top-quark, in particular (κt, κ̃t) = (0, 1).
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Figure 15. Same as figure 14 but with pseudo-data corresponding to H being a Higgs boson with a
CP-odd coupling to the top-quark, in particular (κt, κ̃t) = (0, 1).

the same information of respectively tables 1 and 2, but having removed the contribution of
the s-channel diagram from the σHNP component of σmult.,H

SM+NP, which is used for obtaining the
predictions of σ⃗th. entering the χ2-function of eq. (4.1). On the contrary, we still simulate the
pseudo-data σ⃗obs. entering the χ2-function with the contribution of the s-channel diagram.
In other words, we simulate pseudo-data with the correct expressions, for either the SM
or the case of a purely pseudoscalar Higgs boson, and we study how including (as done in
this work) or not including (as done in ref. [41]) the contribution of the s-channel diagram
can affect the limits on κt and/or κ̃t.

Consistently with what has been discussed in section 6.1, fits of κt are almost untouched
in table 3 w.r.t. table 1, while there is a big change for the error associated to the fit for
κ̃t; the s-channel diagram has a large impact only for the pseudoscalar. On the other hand,
in table 4 both for the κt and κ̃t fit we observe differences w.r.t. table 2. In this case, in
the comparison the pseudodata are different and therefore both fits are affected and also
the best result is not centred around (κt, κ̃t) = (0, 1).

In figure 16 we show the results for the two-parameter fit using the multiplicative
approach, comparing the complete result (solid lines) and the case where the s-channel
contribution has been removed. The left plot refers to SM pseudo-data and the right one
to pseudo-data corresponding to (κt, κ̃t) = (0, 1).

In the left plot (SM pseudodata) we can see that for κt ≃ 0 the contours with and without
the contributions of the s-channel almost coincides, again because such contribution is not so
relevant around the purely scalar configuration ϕ ≃ 0. Instead, around the purely pseudoscalar
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κt
+1σ, 2σ, 3σ
−1σ, 2σ, 3σ κ̃t

+1σ, 2σ, 3σ
−1σ, 2σ, 3σ

SMmult LHC 1.01+0.29,0.53,0.73
−0.42,1.01,1.01 0.0+1.16,1.95,2.55

−1.16,1.95,2.55

SMadd LHC 1.01+0.39,0.70,0.95
−0.75,1.01,1.01 0.0+1.56,2.49,3.19

−1.56,2.49,3.19

Table 3. The same information of table 1, but removing the contribution of the s-channel diagram
from σ⃗th. in the fit, but not from σ⃗th., the pseudo-data.

κt
+1σ, 2σ, 3σ
−1σ, 2σ, 3σ κ̃t

+1σ, 2σ, 3σ
−1σ, 2σ, 3σ

SMmult LHC 0.00+0.56,0.94,1.23
−0.56,0.94,1.23 1.44+0.78,1.35,1.82

−1.44,1.44,1.44

SMadd LHC 0.00+0.74,1.19,1.53
−0.74,1.19,1.53 1.41+1.05,1.77,2.35

−1.41,1.41,1.41

Table 4. The same information of table 2, but removing the contribution of the s-channel diagram
from σ⃗th. in the fit, but not from σ⃗th., the pseudo-data.
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Figure 16. Left plot: same as the left plot of figure 14 but we also show the case in which we remove
the contribution of the s-channel diagram from σ⃗th. in the fit, but not from σ⃗th., the pseudo-data, as
dashed lines and the best fit as a cross. Right plot: same as the left plot of figure 15, but with in
addition the information already described for the right plot of this figure.

configuration ϕ ≃ π/2, the bound that one would obtain without the contribution of the
s-channel diagram is less stringent because, as explained above, the size of the corrections is
sizeably reduced w.r.t. the complete calculation. This dynamics has also the effect to increase
the value of ϕ around which the bounds for |Kt| are weaker; since the size of σ̄κ̃t reduces,
the κ̃t/κt ratio leading to large cancellations increases.

In the right plot, the pseudodata corresponds to the configuration (κt, κ̃t) = (0, 1), the
case where the Higgs boson is a purely pseudo scalar. We notice that for κ̃t ≃ 0 the contours
without the contribution of the s-channel are again similar to the exact calculation. Removing
the contribution of the s-channel diagram, the size of σ̄κ̃t decreases and therefore both the
best fit and the contours for the different confidence levels move to larger values of κ̃t.
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8 Conclusions

In this paper we have studied the effects of unresolvable corrections to the top-quark hadropro-
duction at the LHC induced by either a light top-philic scalar S or by the Higgs boson
(with anomalous Yukawa interactions). We considered in both cases CP-even as well as
CP-odd interactions with the top-quark.

In the case of the light top-philic scalar S we have observed that virtual corrections
remain finite in the massless limit mS → 0 when only CP-odd interactions (parametrised
in our notation by the quantity c̃t) between this particle and the top are present. On the
contrary, if CP-even interactions are present (parametrised in our notation by the quantity
ct) then virtual corrections are divergent for mS → 0 and they have to be combined with
the (soft) real emissions of S in order to obtain IR-safe predictions.

We have studied the impact on top-quark distributions of such corrections, which depend
only on c2

t and c̃2
t and therefore are insensitive to the relative sign of ct and c̃t. We observe

different shapes and signs for the c2
t - and c̃2

t -dependent corrections and large cancellations
when |ct| ≃ |c̃t|. After that, we have explored the constraints that can be obtained from
current top-quark data for c2

t and/or c̃2
t in the range mS < 300GeV, i.e., avoiding the resonant

scalar production with subsequent decays into top quarks. In doing so, for the SM predictions
we take into account both QCD and EW effects at NLO and also NNLO QCD corrections.

When purely CP-even or CP-odd interactions are considered, bounds mildly depend on the
value of mS for mS < 10GeV, while they strongly depend on it for 10GeV < mS < 300GeV,
due to the presence of an s-channel diagram with the scalar in the propagator. Corrections are
larger for the purely CP-even case w.r.t. the purely CP-odd one and therefore also stronger
bounds can be set. When both CP-even and CP-odd interactions are possible, a non trivial
pattern of cancellations is present, which depends on the value of mS and |ct|/|c̃t|.

The calculation for the scalar S can be recycled for the case of the Higgs boson with
both CP-even (parametrised in our notation by the quantity κt) and CP-odd (parametrised
in our notation by the quantity κt) anomalous interactions, with the SM corresponding to
(κt, κ̃t) = (1, 0). In this case the calculation is analogous to the one of ref. [41], where, to the
best of our knowledge, the diagram with the Higgs s-channel featuring was not taken into
account. We find that while in the case of only purely CP-even interactions (κt) between
the top and the Higgs the impact of this diagram is negligible, if CP-odd effects are present
(κ̃t) their contribution cannot be neglected and it is sizeable. We have revisited the bounds
that have been set by CMS in κt and studied the relevance of the inclusion of such diagram
for possible analogous analyses that may take into account CP-odd contributions and so
the κ̃t dependence.

In this paper we have provided technical details and analytical formulas for the more
general case of the top-philic scalar, where the mass mS is not fixed. We also have explained
in depth how the calculation can be recycled for the case of the Higgs boson. Moreover, a few
subtleties related to the fact that SM does not include the scalar but does include the Higgs
have been discussed in detail and also reinterpreted within the SMEFT framework, which
supports the consistency of the renormalisation procedure we have adopted in our calculation.

For what concerns the phenomenological part, we have performed an exploratory study,
focusing on distributions for stable top quarks and in particular on the top-quark invariant

– 36 –



J
H
E
P
0
9
(
2
0
2
4
)
0
9
8

Figure 17. One-loop corrections induced by the scalar S to the top-quark external leg. The i, j
indexes refer to the colour.

mass distribution for analysing the sensitivity from data. Starting from the results presented
in this work several other analyses could be performed. First, it is possible to extend this
study to the level of fully decayed top-quarks accessing the information form spin correlations
and possibly relevant quantities recently studied in the context of quantum tomography, see,
e.g., refs. [75–77]. Second, the statistical analyses could be performed on real data and not
only pseudodata as in this work and eventually combined with other processes that allow
to set constraints on the couplings with the scalar S or the Higgs boson, such as tt̄H and
four-top production. Last but not least, it would be interesting to consider the case of a
lepton collider with an energy not so larger than the top-quark pair production threshold,
where sensitivity to this kind of effects is expected to be large.
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A Explicit calculation of the UV counterterms

The quantity Σ̂1
NP(p) introduced in eq. (2.26) can be explicitly written as

Σ̂1
NP(p) =

c2
t

16π2

[
mtB0

(
p2;mt,mS

)
− /pB1

(
p2;mt,mS

)]
− c̃t

2

16π2

[
mtB0

(
p2;mt,mS

)
+ /pB1

(
p2;mt,mS

)]
(A.1)

+ i
ctc̃t
8π2 γ

5mtB0
(
p2;mt,mS

)
,

where B0 is the standard scalar one-loop two-point integral [78, 79] and B1 the analogous
tensor coefficient, which we also specify later in appendix C. The corresponding diagram
is depicted in figure 17.
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From eqs. (A.1) and (2.26) it is manifest that

ΣV (p2) = −c
2
t + c̃2

t

16π2 B1
(
p2;mt,mS

)
, (A.2)

ΣS(p2) = c2
t − c̃2

t

16π2 B0
(
p2;mt,mS

)
, (A.3)

ΣP (p2) = ctc̃t
8π2B0

(
p2;mt,mS

)
. (A.4)

Via eqs. (2.27) and (2.28) we get, respectively,

δmt =
c2
t

16π2

[
B0
(
m2
t ;mt,mS

)
−B1

(
m2
t ;mt,mS

)]
− c̃2

t

16π2

[
B0
(
m2
t ;mt,mS

)
+B1

(
m2
t ;mt,mS

)]
, (A.5)

and

δψt = − c2
t

16π2

[
2m2

t

[
B′

0

(
m2
t ,mt,mS

)
−B′

1

(
m2
t ,mS ,mt

)]
−B1

(
m2
t ;mt,mS

)]
+ c̃2

t

16π2

[
2m2

t

[
B′

0

(
m2
t ,mt,mS

)
+B′

1

(
m2
t ,mt,mS

)]
+B1

(
m2
t ;mS ,mt

)]
, (A.6)

where the prime stands for the derivative d/dp2.
Given the discussion in section 5.2, all the previous equations can be converted for the

case S = H via the substitutions

mS → mH , (A.7)

c2
t →

(ySM
t )2

2 (κ2
t − 1) , (A.8)

c̃2
t →

(ySM
t )2

2 κ̃2
t . (A.9)

We stress again that a linear (κt − 1) term is present and therefore (A.8) is not the same
of (5.12).

In view of what will be discussed in appendix B it is also useful to show the limit
mS → 0 for the UV counterterms,

δψt =
1

32π2

[
c2
t

(
−1
ϵ
− log µ̃

2

m2
t

+ 4 log m
2
S

m2
t

+ 7
)
+ c̃2

t

(
−1
ϵ
− log µ̃

2

m2
t

− 1
)]

, (A.10)

δmt =
1

32π2

[
c2
t

(
3
ϵ
+ 3 log µ̃

2

m2
t

+ 7
)
+ c̃2

t

(
−1
ϵ
− log µ̃

2

m2
t

− 1
)]

. (A.11)

The quantity µ̃ is defined as µ̃2 = 4πe−γEµ2, where µ is the regularisation scale introduced
via dimensional regularisation in d = 4− 2ϵ dimensions and γE is the Mascheroni constant.
As can be noted, consistently with what is discussed in details in the main text, the part
depending on the CP-odd coupling c̃t does not involve any IR divergency while the part
depending on the CP-even coupling ct diverges for mS → 0.
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Figure 18. One-loop corrections induced by the scalar S to the tt̄g vertex. The i, j indexes refer to
the colour.

B Renormalised tt̄g vertex and one-loop qq → tt̄ amplitude

The purpose of this appendix is twofold. First we want to explicitly show that via the
counterterms of appendix A UV-finite one-loop corrections can be obtained for the qq̄ → tt̄

process. We provide the explicit results for case of the tt̄g vertex with the top quarks on-shell
and a generic timelike q2 value. Second, we can explicitly show the IR sensitivity on mS for
the corrections proportional to ct that parameterises the CP-even interactions.

We start by writing the general structure for the UV-divergent tt̄g vertex at one-loop
accuracy, contracted with the helicity of the top antiquark with outgoing momentum p1, v(p1)
and the one of the top quark with outgoing momentum p2, v(p2). The diagram corresponding
to the one-loop correction is depicted in figure 18 and the aforementioned expression reads

ūi(p2)Γ̂µ,aij vj(p1)= (−igs)taij ūi(p2)
[
F̂1(q2)γµ+i σ

µν

2mt
qν
(
F2(q2)+iF3(q2)γ5

)]
vj(p1), (B.1)

where i, j are the colour indexes and σµν = i
2 [γ

µ, γν ]. The Fi functions depend only on
q2 = (p1 + p2)2. While F2 and F3 are UV-finite, F̂1 is UV-divergent and it is also convenient
to rewrite it as

F̂1(q2) = 1 + f̂1(q2), (B.2)

such that for ct and c̃t vanishing the tree-level expression is recovered. We write in the
following the expressions of f̂1, F2 and F3 in terms of the standard B and C loop-integral
functions, where in the case of the C functions is always understood that the invariant
entering is q2 and the internal masses are always mt and mS .

f̂1(q2) = − c2
t

16π2

[
2
(
C00 + 2m2

t (C12 + C11)
)
−B0

(
q2;mt,mt

)
+ (4m2

t −m2
S)C0 + 8m2

tC1
]

− c̃2
t

16π2

[
2
(
C00 + 2m2

t (C12 + C11)
)
−B0

(
q2;mt,mt

)
−m2

SC0
]
, (B.3)

F2(q2) = c2
t

4π2m
2
t (C12 + 2C1 + C11) +

c̃2
t

4π2m
2
t (C12 + C11) , (B.4)

F3(q2) = m2
t

ctc̃t
2π2C1 . (B.5)

Having these expressions, it is possible to compute for the qq̄ → tt̄ process the quantity
2ℜ[M0

SM(M1
NP)∗] entering σNP (see also eq. (2.30) and the notation in that section) induced

by the diagrams in figure 19 and expressing it as a function of |M0
SM|2.
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Figure 19. Feynman diagrams entering the calculation of one-loop virtual corrections for the process
qq̄ → tt̄. From left to right: the tree-level in QCD (M0

SM), the UV-divergent virtual corrections
(M̂1

NP) and the amplitude with UV counterterms (M1
NP, CT).

In particular, summing(averaging) over the colours and polarisations of the final(initial)
state,

∑
2ℜ[M0

SM(M1
NP)∗] =

∑
|M0

SM|22ℜ
[
f1(q2)

]
+ (4παS)2

(
2 + 4

m2
q

s

)
4
9ℜ

[
F2(q2)

]
. (B.6)

with
f1(q2) ≡ f̂1(q2) + δψt . (B.7)

and ∑
|M0

SM|2 = 4
9(4π)

2α2
s

s2 − 2tu+ 2(m2
q +m2

t )2

s2 (B.8)

Taking the expressions of the C and B integrals in appendix C, noticing that the only
C integral that is UV divergent is the C00, and plugging them into eqs. (A.6) and (B.3),
one easily see that f1(q2) is UV finite. One can in principle obtain in this way also the full
expression for f1(q2), which we do not provide here and that involve also C0, which is not given
in appendix C, but it that can be found in the literature, e.g., in ref. [80]. The same procedure
can be used for obtain the expressions for F2 and F3, however, the latter is proportional to
ctc̃t and disappears in the final results consistently to what is written in the main text.

We do provide instead the explicit expression of the IR limit of mS → 0 for f1(s) and
F2(s). In the case of f1(s) we separately show the case with c̃t = 0 and ct = 0, which are
therefore its components proportional to c2

t and c̃2
t , respectively. In doing so we exploit the

fact that in our kinematic configuration,

C0
mS→0−−−−→ DB(s,mt,mt)

s− 4m2
t

log m
2
S

m2
t

+O(1) , (B.9)

obtaining

f1(q2)
∣∣∣∣
c̃t=0

mS→0−−−−→ c2
t

32π2

[
4 log m

2
S

m2
t

(
1− 2m2

t

s− 4m2
t

DB(s,mt,mt)
)
+O(1)

]
, (B.10)

f1(q2)
∣∣∣∣
ct=0

mS→0−−−−→ c̃2
t

32π2

[
s

s− 4m2
t

DB(s,mt,mt) +O(mS/Q)
]
, (B.11)

F2(q2) mS→0−−−−→ c2
t

8π2

[
3m2

t

s− 4m2
t

DB(s,mt,mt) +O(m2
S/Q

2)
]

− c̃2
t

8π2

[
m2
t

s− 4m2
t

DB(s,mt,mt) +O(m2
S/Q

2)
]
. (B.12)
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In eq. (B.10) we clearly see double Sudakov logarithm of IR origin, with a coefficient that
scale as m2

t /s for large s, a single one with a s-independent coefficient.13 We stress that
taking a generic scale Q2 = m2

t , s and expanding in terms of (m2
S/Q

2) the leading terms of
eq. (B.10), which is IR divergent, are of different order than the one of eqs. (B.11) and (B.12),
which are not IR divergent. The O(1) terms of eq. (B.10) are of the same order of the explicit
terms written for eqs. (B.11) and (B.12). The explicit expressions involve dilogarithms and
can be found in ref. [81], from where also eq. (B.9) has been derived.

As final remark, we notice the absence of F3 in eq. (B.6), consistently to the fact that
any term proportional to ctc̃t vanishes.

C Loop integrals

In this appendix, we provide for the convenience of the reader the explicit result of the B
and C integrals entering our calculation. To this purpose, it is convenient to define the
following DB function

DB(a2, b, c) =

√
λ (a2, b2, c2) log

(√
λ (a2, b2, c2)− a2 + b2 + c2

2bc

)
a2 , (C.1)

which as explicitly shown depends on a2, b and c. The λ function depends only on a2, b2

and c2 and it is defined as

λ(a2, b2, c2) = −2a2b2 − 2a2c2 + a4 − 2b2c2 + b4 + c4 . (C.2)

In order to obtains the IR limits for mS → 0 is useful to notice that

DB(a2, 0, a) = 0 . (C.3)

Defining the quantities

r ≡ mS

mt
, (C.4)

∆m2 ≡ m2
t −m2

S , (C.5)

the B functions can be expressed as

B0(p2,mt,mS)=DB
(
p2,mS ,mt

)
+1
2 log

(
µ̃2

m2
S

)
+1
2

(
µ̃2

m2
t

)
+∆m2 log

(
r2)

2p2 +1
ϵ
+2 , (C.6)

B1(p2,mt,mS)=−
(
∆m2+p2)

2p2 (DB
(
p2,mS ,mt

)
+2)− log

(
r2)(λ(p2,m2

S ,m
2
t )+2p2m2

t

)
4p4 +

− 1
2

(
log
(
µ̃2

m2
S

)
+1
ϵ

)
, (C.7)

B1
0(m2

t ,mt,mS)=
2
(
r2−3

)
DB

(
m2
t ,mS ,mt

)
−
(
r2−4

)(
log
(
r2)(r2−1

)
−2
)

8m2
t−2m2

S

, (C.8)

B1
1(m2

t ,mt,mS)=
2
(
r4−5r2+5

)
DB

(
m2
t ,mS ,mt

)
−
(
r2−4

)(
log
(
r2)(r4−3r2+1

)
−2r2+3

)
8m2

t−2m2
S

,

(C.9)
where µ̃ has been defined at the end of appendix A.

13We stress that these expressions are obtained in the limit mS → 0 and not s → ∞. These are not
high-energy Sudakov logarithms; we treat m2

t , s≫ m2
S , which is different than considering s≫ m2

t ,m
2
S .

– 41 –



J
H
E
P
0
9
(
2
0
2
4
)
0
9
8

m(tt̄) [GeV] σadd.
SM [ pb

GeV ] σLOQCD [
pb

GeV ] σNLOQCD [%] σNNLOQCD [%] σNLOEW [%] σ̄κt [%] σ̄κ̃t [%]
300–360 0.173 0.101 51.8 20.2 2.77 9.61 −6.01
360–430 1.07 0.731 38.9 7.64 −0.188 3.67 −3.85
430–500 0.84 0.592 35.2 6.63 −1.42 0.646 −2.23
500–580 0.519 0.368 34.9 6.05 −1.93 −0.334 −1.55
580–680 0.286 0.2 34.0 8.81 −2.21 −0.747 −1.22
680–800 0.141 0.0977 33.9 10.1 −2.54 −0.923 −1.06
800–1000 0.0563 0.0385 35.4 10.7 −3.06 −0.998 −1.01
1000–1200 0.0192 0.013 36.2 11.3 −3.56 −1.04 −1.03
1200–1500 0.00614 0.00416 34.8 12.7 −4.27 −1.07 −1.07
1500–2500 0.000772 0.000514 35.8 14.4 −5.22 −1.17 −1.18

Table 5. All the quantities are defined in sections 2.3 and 5.1.

We also list the (combinations of) C functions that enter eqs. (B.3)–(B.5), besides as said
the C0. In order to shorten the expression, we understood that the momenta configurations
are Cn(m) = Cn(m)

(
m2
t , p

2,m2
t ;mS ,mt,mt

)
, obtaining

C1 = − m2
SC0

4m2
t − p2 + DB

(
m2
t ,mS ,mt

)
4m2

t − p2 − DB
(
p2,mt,mt

)
4m2

t − p2 − r2 log
(
r2)

2
(
4m2

t − p2) , (C.10)

C00 = −m
2
S

(
m2
S − 4m2

t + p2)C0
2
(
4m2

t − p2) + m2
SDB

(
m2
t ,mS ,mt

)
2
(
4m2

t − p2)
+
(
4m2

t − 2m2
S − p2)DB

(
p2,mt,mt

)
4
(
4m2

t − p2)
− m2

Sr
2 log

(
r2)

4
(
4m2

t − p2) + 1
4

(
log

(
µ̃2

m2
t

)
+ 1
ϵ

)
+ 3

4 , (C.11)

C11 + C12 = m2
S

(
3m2

S − 4m2
t + p2)C0(

4m2
t − p2) 2 − r2 (10m2

t − p2)DB
(
m2
t ,mS ,mt

)
2
(
4m2

t − p2) 2 − r2

2
(
4m2

t − p2)
+ r2 log

(
r2) (2p2 − p2r2 + 10m2

S − 8m2
t

)
4
(
4m2

t − p2)2 +
(
6m2

S + 4m2
t − p2)DB

(
p2,mt,mt

)
2
(
4m2

t − p2)2 .

(C.12)

D Numerical inputs for the fits

In this appendix we explicitly show the relevant quantities leading to σ⃗obs. (the pseudo-data)
for the bins of the m(tt̄) distribution measured in [66], which is entering the fits discussed
both in section 4 for the scalar S and in section 7 for the Higgs boson H . For the latter case,
where the mass mH is fixed unlike mS for the scalar S, we provide the relevant quantities
leading to σ⃗th..

All the information is reported in table 5, where all the quantities, besides σadd.
SM and

σLOQCD , are normalised w.r.t. σLOQCD .
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