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1 Introduction

The absence of direct evidence for new light particles beyond the Standard Model (SM)
at the Large Hadron Collider (LHC) has motivated a campaign of indirect searches in
the SM Effective Field Theory (SMEFT) framework. In SMEFT, new-physics effects are
parametrised through a series of higher-dimensional operators modifying the interactions of
the SM particles. Thus, SMEFT provides a systematic and model-agnostic way of probing
new physics in the absence of new light states. A key strength of the SMEFT framework
lies in its ability to correlate effects across different sectors of the SM interactions. In order
to fully exploit its potential in identifying signatures of physics beyond the SM, global
analyses and interpretations within the SMEFT paradigm have become essential, prompting
significant ongoing efforts [1-8].



Such global interpretations are crucial, as they can reveal potential signs of new physics
or, at the very least, place constraints on the energy scale at which new physics could
appear by setting bounds on the Wilson Coefficients (WCs) of higher-dimensional operators.
Additionally, global interpretations help identify sectors with greater potential for deviations
from the SM by highlighting the least constrained operator classes. Notably, operators
involving four heavy-quark fields stand out as among the least constrained by current
experimental data. These induce contact interactions of four top quarks (tttt), four bottom
quarks (bbbb), and interactions involving a top-quark pair with a bottom-quark pair (¢£bb).

Results from global fits indicate that the new-physics scale associated with this class of
operators can be as low as a few hundred GeV; see, for example, the recent global analysis
by the SMEFIT collaboration [5]. These loose constraints arise because, at tree level, these
interactions are predominantly probed by tttt or ttbb production, which suffer from large
experimental uncertainties [9-11]. Moreover, these inclusive measurements are not sufficient
to distinguish different colour and chirality structures in contact interactions, leading to
flat directions that weaken the constraints.

These findings-together with model-building arguments suggesting that new physics might
be top-philic [12-17]-have motivated indirect probes of the four-heavy contact operators via
their higher-loop contributions to observables that are measured more precisely than multi-
top-quark production. In particular, the effects of four-heavy-quark operators on electroweak
precision observables (EWPO) [18-20], single-Higgs production in gluon fusion [21, 22],
top-quark-pair production [23, 24] and flavour observables [20, 25] have been computed.
These studies demonstrate that such indirect probes supply information complementary to
four-top-quark production and must be included to obtain tighter limits on the strength
of these interactions.

In this work we carry out a fit that combines direct and indirect probes, thereby exploiting
their complementarity. Specifically, we include leading-order (LO) contributions to tttt and
ttbb production; next-to-leading-order (NLO) contributions to tf and ttH production; two-
loop effects in gluon-fusion Higgs production (g9 — H) and Higgs decays, together with
the two-loop contributions to EWPO.

The chiral nature of the four-fermion contact interactions in the SMEFT demands
particular care in loop computations, because the Dirac algebra necessarily involves 5. Since
~s5 is intrinsically four-dimensional, one must define a consistent continuation to d = 4 — 2e
dimensions. In this work, we adopt two distinct continuation schemes: the naive dimensional
regularisation (NDR) scheme [26] and the Breitenlohner-Maison-"t Hooft- Veltman (BMHV)
scheme [27, 28].

Provided that each scheme is implemented consistently, any differences in EFT matrix
elements can be traced either to the scheme-dependent definition of the WCs [22] or to
finite terms specific to the chosen renormalisation prescription [29]. This is due to the fact
that NDR and BMHYV predictions can be different in loop computations. We demonstrate
this explicitly for the two-loop process of single-Higgs production and decay mediated by
four-heavy-quark operators: in a dedicated fit, the bounds extracted for the WCs differ
between the NDR and BMHYV schemes. Such scheme dependence has been studied also in the
context of di-Higgs production at the LHC [30], flavour physics [31-35]. It is worth noting



that the choice of the 5 continuation scheme is not the only source of scheme dependence
in loop computations [36-38].

The paper is organised as follows: in section 2, we state our flavour assumptions, introduce
the SMEFT operators relevant to this study, and outline the computational setup. Section 3
presents our predictions for the processes under consideration and summarises the analytic
expressions for the four-top-quark operators that modify the ggH and vyH couplings in both
the NDR and BMHV ~5 schemes. The scheme dependence of the resulting bounds on the
WCs is examined in section 4. Our fitting method and core results are detailed in section 5.
Finally, section 6 summarises our findings.

2 Theoretical framework and computation setup

In this section, we discuss the SMEFT theoretical employed, along with the technical details
underlying our computations.

2.1 SMEFT framework

A generic SMEFT Lagrangian, including terms up to O(A~%), can be written as

)0(6) ( )0(8)
Lsmprr = Lsm + Z + Z Rt X O(A"), (2.1)

where cl(»D) and OgD) are the WCs and SMEFT operators of mass dimension D, respectively,
and A denotes the scale of new physics. Restricting to the dimension-six operators, the
SMEFT prediction for cross section can be parametrised as
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TSMEFT = 05\ + 0L XZQ Uéﬂad % + 083, C;Xi] : (2.2)

Here oy, originates from the interference between the SM and dimension-six SMEFT ampli-

tudes scaling as A~2, while Oquad and oeross denote the diagonal (c; 2) and off-diagonal (cicj)

quadratic contrlbutlons scaling as A~%. An analogous parametrisation will be adopted for
the partial widths, I". In all our results we set A = 1TeV.

We use a specific flavour assumption of the SMEFT focused on top-quark interactions:

U(3); x U(3)e x U(2), x U(2)y x U(3)q = U(2)? x U(3)?, (2.3)

where the subscripts denote the five-fermion representations of the SM. This minimal
relaxation of the U(3)° group allows for top-quark-chirality-flipping interactions, such as
dipole interactions and modifications to the top-Yukawa coupling. In the widely-used
Warsaw basis [39], the four-heavy subclass of dimension-six four-fermion operators are defined
as follows:

QL) = (giyhg; ) (@rvpar), Q2 = (G " ;) (@t @),
QU = (g™ qj) (e ypw), QM = (v T qj) (v, T wy),
QUM = (wy"uy) (uryuw),



where only third-generation quark fields are understood and we have used the notation Q to
denote operators written in said Warsaw basis, with the corresponding WCs denoted as C;.
However, in this work, we use operators aligned with the dim6top [40] and SMEFTatNLO [23]
conventions, hereafter referred to as the ‘top basis’ — in which the operators are written
as O; with Wilson coefficients ¢;. The translations of four-heavy coefficients at tree level
from the Warsaw basis to the top basis are as follows:

2
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The corresponding state-of-the-art constraints are reported in the recent global fit of ref. [5].
We note here that, in all our computations, we adopt the definition of the four-heavy
operator, O%Q, in terms of Warsaw-basis operators, i.e. O%Q = fog) /8 + Qg},) /24, rather
than O%Q = L(Qy"T4Q)(Qv,TAQ). The two expressions differ by an evanescent operator,
as also discussed in ref. [20]. Numerical results can differ between the two definitions when
the evanescent operator contributes. All our results are consistent with the former definition,
and we will comment on this further.

2.2 Computation setup

For all our predictions, we utilise MadGraph5_aMC@NLO [41] and the SMEFT@NLO [23] package,
with the exceptions being gg — H, for which we employ the analytic expression given in
ref. [22] and the EWPO, for which we use the expressions in eq. (3.1) extracted from [19, 20]
— see dedicated discussions below. The parton distribution functions (PDF) set NNPDF3.1 in
the five-flavour scheme at NLO with as(mz) = 0.118 [42] is used as input for all Monte Carlo
(MC) simulations through the LHAPDF interface [43]. All computations are carried out in the
G scheme [44, 45], which is recommended for SMEFT analyses by the LHC EFT WG [46].
The Fermi constant value is set to G = 1.16637 x 107° GeV 2. The masses of the Higgs
boson and the top quark are set to my = 125 GeV and m; = 172 GeV, respectively.

As will be relevant later, it is important to note that in SMEFTONLO [23], in d # 4
dimensions, 75 is treated as anti-commuting, and the cyclic property of Dirac matrices traces
is not maintained following the KKS scheme [47]. The latter is understood to be equivalent
to the NDR scheme supplemented with a fixed reading point.

The factorisation and renormalisation scales, pr and upg, are set to half of the sum of
the masses of the final state particles. The scale ugpr introduced in the counterterms of
the WCs is set to pug to ensure MS renormalisation for the EFT poles [24]. The effects of
renormalisation group equations (RGEs) on the WCs are not considered in this work, and
we interpret the WCs at a typical electroweak (EW) scale. We refer to refs. [48-51] for
RGE effects in this context. Considering the EWPO at scale Q ~ myz and four-top-quark
production at () ~ 2m;, we adopt scales within a factor of four of each other and thus
expect RGE effects to be under control.



3 Studied processes

In this section, we review the characteristic features of the LHC processes analysed in this
work: four-top-quark production; top-quark pair production; top-quark pair production in
association with a Higgs boson; single-Higgs production with its subsequent decay. Finally,
we discuss the EWPO predictions employed in our analysis.

We keep our discussion of top-quark processes concise, since these computations are
already well established and extensively discussed in the literature. For the EWPO predictions,
however, we explicitly report the individual contributions to each of the WCs, as we are
not aware of any previous work where this has been done. In section C, we provide the
details of how these contributions were extracted using the EWPO two-loop results of ref. [20].
Finally, our treatment of single-Higgs production is comparatively more extensive, as we
use it to illustrate the emergence of the v5—scheme dependence in the computation — an
aspect that is central to the discussion in the following section. All results discussed in
this section are presented in the NDR scheme, unless explicitly stated otherwise, as in the
context of single-Higgs production.

3.1 Four-top-quark production

Our pp — tttt predictions are listed in table 3 of section B. As demonstrated in ref. [52],
subleading terms stemming from the interference of four-fermion operators with weakly
mediated SM amplitudes play a non-negligible role; all such contributions are therefore
included in our calculation. It is worth noting that, unlike ¢t production, the richer colour
structure of the pp — tttt process allows colour-singlet operators to interfere with the QCD
SM amplitudes already at LO.

In the pure SM, subleading EW contributions almost exactly cancel among themselves [53]
making the leading NLO QCD prediction highly reliable. In the EFT, however, such
cancellation is not guaranteed because the SMEFT operators alter the kinematic structure of
the amplitudes. A fully consistent NLO prediction in the SMEFT would thus require the
complete set of NLO QCD and EW corrections — an undertaking that is presently beyond
the reach of existing automated tools. Therefore, we employ only tree-level predictions
for this process.

3.2 Top-quark pair production (and in association with a Higgs)

In pp — tt(H), four-fermion operators that involve a third-generation doublet contribute at
tree level through b-quark-initiated amplitudes. The interference of colour-singlet four-fermion
operators with the SM vanishes at tree level when only purely QCD-induced amplitudes are
considered [54], because the top quarks are always produced in a colour-octet configuration.®
At NLO in QCD, however, both real and virtual corrections alter the colour flow and can
induce a non-zero interference for colour-singlets.

Inclusive predictions for all processes as well as the differential predictions in the Higgs
boson transverse momenta, quf , for both the SM and the SMEFT are collected in tables 2

'For weak-mediated Born amplitudes, i.e. t# production via an s-channel weak boson, colour-singlets
can already interfere at LLO. These contributions are generally expected to be subdominant and are not
considered here.



and 3 of section B.?2 The SMEFT results are separated into linear, O(A~2), and (off-) diagonal
quadratic, O(A™), terms. As previously mentioned, at LO, the operators under study
contribute only through b-quark-initiated channels so the diagonal-quadratic piece from
cf; vanishes. Because c}, first appears at one loop, obtaining its quadratic contribution
would require squaring the loop amplitudes rendering it beyond the perturbative order
considered in this work.

We observe that cbt dominates the SMEFT corrections at NLO, providing by far the
largest linear contribution to the cross section. This is the case in both ¢t and ttH production.
The dominance of this contribution can be traced back to cancellations among different
partonic channels and phase-space regions for all coefficients except cbt [23]. Moreover,
the contribution of the right-handed four-top-quark operator, O}, features some strong
cancellation between the gluon- and quark-initiated channels in ttH production. This
cancellation amplifies the scale dependence and results in sizeable QCD uncertainties for
the linear contribution, as illustrated in table 3. The same pattern is visible differentially
in one of the p¥ bins in table 2. In ¢t production, this effect is absent in the inclusive rate.
Moving to the off-diagonal quadratic terms, at LO, interference between colour-singlet and
colour-octet structures — whether between SM and EFT amplitudes or between two different
EFT operators — vanishes exactly, and so only singlet-singlet and octet-octet combinations
survive, as shown in table 3. At NLO, real emissions or virtual gluon exchange can mix
the colour flows, generating singlet-octet cross terms which are numerically tiny-cross terms
consistent with zero at the 20 level are therefore omitted from the tables for clarity.

Finally, in figure 1, the differential distributions of the top-quark-pair invariant mass,
myz, and the Higgs transverse momentum, pf! , are displayed in the left and right panels,
respectively. For O(1) WCs, the four-heavy operators modify the SM prediction by at most
the percent level. This mild impact is expected, given both the one-loop suppression and the
small b-quark parton density driving these contributions. The dominant correction comes
from (’)bt: its contribution is significant in the low-invariant-mass region of the ¢ spectrum
while it induces an essentially flat shift in the p4 distribution. All other operators yield
sub-percent effects; in some kinematic bins their contributions even change sign, as indicated
by the dashed curves in the figures.

3.3 Electroweak precision observables

Our EWPO predictions are obtained at the two-loop level leveraging the work of ref. [20] and
reported here in eq. (3.1). These results are quoted in the NDR scheme. It is also important
to emphasise that all EWPO results were extracted in the original Warsaw basis from ref. [20].
These results are expected to be consistent with our SMEFT@NLO calculations. Although the
latter employs the rotations defined in eq. (2.4), it ultimately remains formulated in the
Warsaw basis. In summary, extracting the EWPO results directly in either the original
Warsaw basis or the top basis is not expected to affect the WCs contributions, with the
sole exception of the four-heavy colour-octet operator. The original Warsaw basis choice
for said operator will differ by an evanescent contribution compared to its contribution

2Differential predictions in the top-quark-pair invariant mass, m,;, for tt production are omitted here for
brevity, but can be provided upon request.
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Figure 1. Differential distributions of the top-quark-pair invariant mass in ¢t (left) and of the Higgs
transverse momentum in ¢tH (right). The curves show the linear SMEFT contributions of the five
four-heavy operators, compared to the NLO SM prediction. The absolute values are plotted, and the
dashed lines indicate where the interference becomes destructive — that is, where the contributions
are negative.

defined with two colour-octet currents-see discussion below eq. (2.4). The reason is due to
the mapping in section 2.1 being a tree-level one (cf. ref. [20]). We further note that this
evanescent term can be numerically significant, and a substantial shift in the corresponding
contribution would be expected had the results in the top basis conventions of ref. [20]
been employed from the outset.

oTY = 9.5412 x 10~ ch +1.0098 x 10~ CQQ — 1.1409 x 1072 ¢y
+4.4956 x 1077 ¢gy; — 3.12 x 10 % ¢y,

§Re = —9.699 x 107° ¢ — 1.0265 x 107° cQQ +1.1598 x 10~ ¢y,
— 4.5701 x 107% ¢}y, + 3.1718 x 107" ¢},

6R; =1.1688 x 107 ch +1.2371 x 107° CQQ — 13977 x 10 % ¢y,
+5.5074 x 1076 ¢y, — 3.8222 x 107 ¢y,

(3.1)

SRy = 4.4158 x 10~ ch +4.6736 x 107° CQQ — 52803 x 10" ¢y,
+2.0806 x 1077 ¢y, — 1.444 x 10 % ¢y,

§Ap = 24597 x 10" cfh +3.2227 x 107° CQQ —2.9442 x 10~ * ¢y,
+5.834 x 1077 ¢y, +5.7326 x 107° ¢y,

§AppB = 2.5306 x 10~ ¢y + 8.3078 x 107° CQQ 3.0434 x 10 ¢y,

+5.3495 x 1075 ¢}, + 5.2565 x 1074 ¢}, .

The definitions of the observables, as well as details of the computation and numerical
inputs, are provided in section C. We note that (off-)diagonal quadratic EFT contributions
are strongly suppressed relative to the linear contributions shown in eq. (3.1). Moreover,
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(a) Higgs-top-quark coupling. (b) Top-quark propagator.  (c) Gluon-top-quark vertex.

Figure 2. Feynman diagrams illustrating the corrections to gg — H induced by four-top-quark
SMEFT operator insertions.

the contributions of c%t and ¢}, are purely two-loop induced, as they do not contribute to
the EWPO at one loop.
Although the one-loop contributions are not shown here-see section C for said contributions

in comparison, we find the two-loop corrections to be negligible for all observables except
for the bottom-quark asymmetry, Ay, and its forward-backward counterpart, A, pg, where
they are significant.

3.4 Single-Higgs production in gluon-fusion and Higgs decays

Higgs production via gluon fusion and its decays into gluons and photons are loop-induced
already at LO. Four-top-quark operators contribute for the first time through two-loop
diagrams, such as those shown in figure 2 for the production process.

For single-Higgs production, we adopt the results of ref. [22]. A key challenge in these
computations arise from the presence of +5 in the loop amplitudes rendering a delicate
treatment necessary when dimensional regularisation is used. It has been shown in ref. [22]
that isolated contributions of four-top-quark operators depend on the continuation scheme of
the 5 matrix to d = 4 — 2e dimensions. The reference studied two schemes: the NDR [26] and
the BMHV scheme [27, 28]. Whilst the former is algebraically inconsistent in the presence
of traces involving six or more v* matrices [47, 55-57], the latter remains consistent but
the regulator spuriously breaks chiral symmetries and hence requires symmetry-restoring
counterterms [58-64].

The continuation-scheme dependence is expected to cancel upon matching, once a process-
specific set of operators at a given loop order is included.? We adopt the loop-order definitions
of refs. [65, 66], which requires the assumption of weakly interacting and renormalisable UV
models. Scheme-independent results can be achieved by including operators that enter at a
lower loop order. In section A, we specify those additional operators for the case of ggH and
~vvH and we provide results for the complete contribution to the renormalised matrix element,
together with auxiliary quantities not defined in this section. Since the focus of the present
paper is on the four-top operators, in this section we only show the contribution of the latter

to the renormalised matrix element, which we denote as M%gSH % and it reads as follows:

H,4 CA 1 H
ML t:(cét—i—(c}w——) %t)KtGFMfg; +(c%9t+ch%t)

9 (ngH—i—le)Mgﬁ/[H, (3-2)

1
A2

3This applies to scenarios in which UV divergences are absent in the UV model, a feature that is guaranteed
for the operators considered here by the superficial degree of divergence [29].
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The matrix element in eq. (3.2) has been obtained in the on-shell (OS) renormalisation scheme
for the top-quark mass, whilst the operators are renormalised in the MS scheme. We note that
this differs from the renormalisation scheme of ref. [22]. The scheme dependence in eq. (3.2)
and in the following eq. (3.5) is parametrised by the K terms in eq. (3.3). The scheme
dependence arises, in principle, from all the diagrams sketched in figure 2. In particular,
the diagram topology in figure 2(a) gives the scheme-dependent contribution associated to
Kip, the diagram topology in figure 2(b) is nullified by the on-shell top mass counterterm
and the diagram topology in figure 2(c) gives the scheme-dependent contribution associated
to Kiyg. A detailed diagram-by-diagram analysis can be found in ref. [22], to which we
refer the interested reader.

Finally, we note that only the two operators Oé?t and O%t contribute to the matrix
element in eq. (3.2). This is a consequence of the colour structure of the diagrams and the
on-shell kinematic configurations of the external states.

The matrix element for the Higgs-photon coupling (yyH) can be obtained by performing
the replacements indicated in section A on eq. (3.2) yielding

el 1
Q M (citerddy) 15 (BugntKip) MBL (3.5)

MG~ (CQt"‘CFCQt) Kic— o

We note that different combination of WCs enter in eq. (3.2) compared to eq. (3.5)first
term of the former. The phenomenological consequences of this observation are discussed
in the following section.

4 Interpretation of SMEFT constraints in different ~5 schemes

In this section, we perform a simplified (toy) fit to assess the impact of the 75 prescription
on the bounds on WCs from single-Higgs production. This fit uses the Higgs signal strength
and its associated data from ref. [67]. We restrict our study to the dominant gluon-fusion
channel and consider only total production rates, since measurements of the Higgs transverse-
momentum spectrum are not yet available. We use the same numerical inputs as in section 2.2
and we set ur = pp = my/2 for Higgs production and ur = my for the partial widths [68].

In table 4 of section B we list the numerical results for the single-Higgs production cross
section, o, and the Higgs partial width, I', computed in both =5 schemes using the formulae
derived in the previous section. We omit the O(A~*) terms, as they enter at one loop order
higher than the SM-O(A~2) interference.

The theoretical signal strengths, ™", used in the fit are defined as follows:

Th _ OSMEFT BR(H — X )sMEFT
X O'SMBR(H—LX)SM

In eq. (4.1), the same K-factor is used to account for higher-order corrections both in the

;o X=lyy WIWT, ZZ,bb, 7 T (4.1)

SM and linear, O (A*2), EFT contributions to the production cross section and so it cancels
out in the signal strengths.



Concerning the branching ratios, BR(H — X), in eq. (4.1), four-top-quark operators
modify only the loop-induced partial widths H — gg and H — ~yy-later denoted as I'gy and

'™t changes and it multiplies all

Iy, respectively. Consequently the total Higgs width,
branching ratios by a common factor. Every theoretical signal strength in our fit therefore
receives this universal rescaling — except for p;, Th " Said channel is additionally affected by
the process-specific four-top-quark contribution given in eq. (3.5). In particular, we have
I-\Tot I-\Tot K F 99

int + K’Y’YF (42)

int?

where I'?% and T} can be read from table 4, whilst the K-factors K g4 and K- are obtained
as the ratio between the SM best estimates [69-82] and the SM values in table 4. The
following are the values we employ [68]: T'30F = 4.088 MeV, K,y = 1.707, K, = 0.913.

We present here the theoretical signal strengths, expanded to linear order in the WCs,

in the NDR scheme:

At =1—0.0159 x cfy, — 0.00239 x ¢,
—6.60 x 107°(cdy,)? — 2.34 x 107°(cy,)* — 9.34 x 10 cfy,cdy,

43
MT(h:1—00186cht—000606cht .
and the BMHV one:
a2 =1—0.00451 x cfy, — 0.00601 x cfy,
— 253 x 10~ (cQt) —4.50 x 107%(cfy;)? — 6.75 x 10~ Ccpy,chy, (44

py" =1 —10.00491 x cfy, — 0.00655 x gy
—5.66 x 107" (cy,)? — 1.01 x 1075(cfy,)? — 1.51 x 10~ Ocfy,cdy,

where Y = | WYW~—, ZZ, bb, 77—, ptpu~].

In figure 3 we display the two-dimensional Ay? contours for the single-Higgs production
fit in the (C(lgta C%t) plane. This result highlights the scheme dependence introduced by the
choice of y5-continuation prescription. The analysis is restricted to four-top-quark operators
and the fit retains all linear, quadratic, and mixed (cross) terms in egs. (4.3) and (4.4).

As can be inferred from figure 3, the fit can distinguish between cbt and C%t in NDR but
finds a flat direction for Cth +c FCSQt in BHMV. This can be understood by inspecting eq. (3.2):
in the BMHV scheme, contributions of the type shown in figure 2(c) vanish, leaving a
degeneracy in the WCs. Conversely, in the NDR, scheme, they are non-vanishing and are
proportional to the linear combination cbt—i— (cA—%) c%t, which lifts the degeneracy.

As detailed in section A, the WCs of operators entering at one-loop order depend on
the scheme in such a way that they compensate for the scheme-dependent four-top-quark
contribution. This observation highlights that a ~ys-prescription-independent result can
be obtained only when a sufficiently complete set of SMEFT operators is included, as
demonstrated in ref. [22]. If those additional operators are omitted, our fit — restricted to
four-quark operators — must be interpreted differently in the NDR and BMHYV schemes.
Indeed, since the four-top operators behave differently in the two schemes, the corresponding
fits probe distinct UV scenarios: either those that generate only four-top-quark operators

,10,



NDR BMHV

300 300 A

200 200 A

100 A 100 A
100 4 H—Y —100 4 H—Y
—200 —200
—300 - ; : : —300 : : :

—200 0 200 —200 0 200
) )

Figure 3. Ax? contours for the single-Higgs production fit in the (cét, c%t) plane, shown for each
decay channel, i.e. Y and 7 and for their combination, labelled as ‘combined’. The left (right) panel
corresponds to the NDR (BMHYV) ~5 scheme. A pronounced flat direction emerges in the BMHV fit,
whereas no such degeneracy appears in the NDR scheme.

in the NDR scheme, or those that generate only four-top-quark operators in the BMHV

scheme. These represent two separate classes of UV models.

5 Constraining four-quark operators: fit method, inputs and results

5.1 Fit method

We analyse the impact of SMEFT operators on measured inclusive and differential cross
sections, ogy, by performing individual and marginalised x? fits. For an operator coefficient
¢i, the theoretical cross section, oy, in each bin, can be written as shown in eq. (2.2)

When statistical and systematic uncertainties are provided separately by the experimental
collaborations, the total experimental uncertainty, Agy, in each bin is determined by combining
both uncertainties in a quadrature, i.e. assuming no correlation-the total experimental
uncertainty provided directly by the collaborations is used when available. The normalisation,
Ao, entering the test statistic is the quadrature sum of experimental and theoretical
uncertainties, the latter being the QCD scale uncertainties of SM predictions. Conservatively,
we choose that as the maximum of the scale uncertainty envelope.

For each bin, the x? contribution is therefore calculated as

2
o _ (TEx— UTh) 51
Xbin ( ATot ) ( )

and the total x? is obtained by summing over all bins, as well as over all considered
observables and processes:

=200 X (5:2)
proc. obs. bins

Observables from different experiments are assumed to be uncorrelated. Finally, for the
EWPO fit, we use the correlations between the different observables as quoted in ref. [83].
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Tag Vs, L Final state Observable Ngat.  Ref.(Ex) Location/HEPData Ref.(Th)

pp — tt
CMS,; 13 TeV, 137 b~} lepton+jets do /dm; 15 [84] /Table 37 [84]
ATLAS,; 13 TeV, 36 fb~! lepton-jets do /dm; 9 [85] /Table 617 [85]
pp — ttH
ATLAS;y 13TeV, 140fb~! H—bb do /dp¥ 6 [86] Figure 3 in the ref./ [87]
pp — tttt
CMSy, 13TeV, 138 fb~! multi-leptons ook 1 [10] /Figure 8 188]
ATLASy;,  13TeV, 140fb~! multi-leptons ook 1 9] /Table 17 188]
g9 —+ H
CMSgn1 13TeV, 138fb~1  WHW~—,ZZ ,bb, 77, uTpu~ b 1 [67] /Table 12 eqs. (4.3) and (4.4)
CMSggn  13TeV, 138fb~! ¥y b 1 [67] /Table 12 egs. (4.3) and (4.4)
pp — ttbb
ATLAS,z; 13TeV, 36.1fb! lepton+jets gt 1 [89] /Table 5 as in [5]
CMS;:};E 13TeV, 35.9fb~! all-jets o';f?htg 1 [11] Figure 3 in the ref./ as in [5]
CMSZ.  13TeV, 359" dilepton oot 1 [90] Table 4 in ref. (FPS)/ as in [5]
CMS?,;  13TeV, 35.9,fb~! lepton+jets oo 1 [90] Table 4 in ref. (FPS)/ as in [5]
EWPO
EWPO! Z-pole, / Z decays I‘"ZE ,R., R/, Ry 1 [83] Tables 7.1 and 8.4 in ref. [91]
EWPO? Z-pole, / Z decays Ay, ApFB 1 [83] Table 8.4 in ref. [83]

Table 1. Summary of the inputs used in the fit. For each dataset we list, from left to right: (i) the
dataset label; (ii) the centre-of-mass energy and integrated luminosity; (iii) the measured final state;
(iv) the observable under study; (v) the number of data points; (vi) the experimental publication; (vii)
the location of the experimental data (either in the publication or via its HEPData entry®); and (viii)
the reference used for theoretical predictions.

5.2 Fit inputs

We discuss here the inputs for the processes included in our fit, which are summarised
in table 1.

pp — tt. The SM predictions in the bins of ATLAS,; are taken from the corresponding
publication [85], where MC simulations were generated using Powheg-Box v2 [92-95] interfaced
with Pythia 8.210 [96]. The cross-section normalisation of these MC samples is set to the
NNLO + next-to-next-to-leading-logarithmic (NNLL) QCD prediction [97-103], as indicated
explicitly in table 1 of the publication. Predictions and measurements from ATLAS,; are
normalised to the total cross section of 83238 pb, as reported therein.

The SM predictions in the bins of CMS,; are also taken from the corresponding publica-
tion [84]. The cross-section normalisation of these MC samples is set to the NNLO in the
strong coupling constant including the resummation of NNLL soft-gluon terms calculated
with TOP++ (version 2.0) [97]. This amounts to a normalisation factor, i.e. the inclusive
tt production cross section, of 832J_r32 pb. The SM theoretical uncertainties are taken from
the respective publications.

pp — ttH. We use the SM predictions and the associated uncertainties provided in the
analysis of ref. [87]. We use the experimental data from the most recent measurement

of ref. [86] reporting a measured total cross section of 41133;‘; fb. The SM differential

“https://www.hepdata.net/
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predictions [68, 104-109] extracted from ref. [87] are in good agreement with our own results
presented in table 2 of section B.

pp — tttt. For both datasets, we adopt the SM cross section of ref. [88], computed at NLO

(QCD+EW)+NLL accuracy, yielding 13.37ﬂ;§g§ fb.

pp — ttbb. We extract the experimental measurements and theoretical predictions — for
both the SM-assigned a 10% theoretical uncertainty- and the SMEFT — from ref. [5].°

gg — H. The analysis presented in ref. [67] reports signal-strength modifiers, ,uf]x, cate-
gorised through their decay modes ¢, with uncertainties representing the total experimental
error, combining both systematic and statistical contributions. These results are summarised
as follows:
E 0.74 E 0.21 E 0.14
“uz - 0'331L0.70 » Har = 0-66:).21 , Mzz = 0-931L0.13 J (5.3)
E 0.1 E 2.97 E 0.12 )
Pww = 0'90J—r0.1(1)7 Kb = 5-31J—r254a Mﬁ = 1'08t0.%1'

The results reported in eq. (5.3) are of the gluon-fusion production mode and constitute the
experimental input for our fit. Given that gluon fusion is directly sensitive to the operators
we consider and is the dominant production mode for single-Higgs production, we do not
expect significant sensitivity from other production modes.We set the SM prediction to unity.

EWPO. Our predictions are obtained at the two-loop level leveraging the work of ref. [20]
as discussed in section 3.3 and in section C. Experimental measurements and correlations
are taken from ref. [83]. SM predictions for all observables apart from A, and A, pp are
extracted from table 2 of ref. [91]. SM predictions of A, and A, pp are taken directly from
table 8.4 in ref. [83].

5.3 Fit results

Figure 4 shows the two-dimensional Ay? contours at 95% CL for the case where only
linear EFT terms are included whilst figure 5 corresponds to the scenario where quadratic
contributions are also taken into account. In both panels, we display the contours for the
combined fit (all processes) under two distinct scenarios: one in which only the two WCs
of interest are varied (black solid-line contour, labelled as ‘comb-2D’ in the plots) with all
other coefficients fixed to zero, and one in which those two coefficients are scanned while
the remaining WCs are profiled (black dashed-line contour, labelled as ‘comb-profiled’ in the
plots). The best-fit point (BFP) is indicated in each case. In table 5 of section B we list all
the 95% CL bounds obtained on each of the five WCs. Finally, we note that all our upcoming
results-including gg — H results- are obtained using the NDR scheme.

We observe that, in the linear case of figure 4, the comb-2D fit yields smaller and
differently shaped contours than those obtained from the individual channels. This illustrates
that the inclusion of additional production modes provides complementary information
and strengthens the overall constraints. By contrast, the comb-profiled contours display

5The SMEFiT database can be found here: https://github.com/LHCfitNikhef/smefit_database/.
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95% CL — two-parameter scan (others = 0) + profiled ellipse — O(A~%) [ comb-2D

----- comb-profiled
)t
tthb
B
ttH
EWPO
I H
X  BFP|2D
+ BFP|profiled

20

—20~"7

- I—20I 0 20
3 (1) ®)
€QQ Cot ot

Figure 4. Two-dimensional fits for the four-heavy operator coefficients. Shown are the constraints
from each set of observables separately and their combination. Only linear terms, O(A~2), in the EFT
parametrisation are included. The best-fit point (BFP) for the combined fit is indicated for both the
two-parameter scan and the profiled scan.

significantly weaker constraining power in comparison to the comb-2D ones, underscoring the
impact of the profiled coefficients. Examining at individual datasets, we observe that most
are plagued by flat directions; four-top-quark production, for example, shows flat directions
for all coefficient pairs we consider. Top-quark pair production in association with a Higgs
and ttbb seem to exhibit the least constraining power among the different processes. Inclusive
Higgs production probes only a subset of the coefficients and also has no significant impact
on the final combination.

Furthermore, we observe a sizeable impact of the two-loop corrections in our EWPO fit
— particularly when compared with the corresponding one-loop contours of ref. [24]. These
effects are driven mainly by the non-negligible two-loop contributions to the asymmetry
observables A, and A pp; see section C for a detailed comparison between the one- and
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Figure 5. Same as figure 4, but including quadratic terms, O(A~%), in the EFT parametrisation.

two-loop results for these quantities. We find that the combination of EWPO, top-quark
pair and four-top-quark production significantly reduces the allowed parameter space. For
some pairs we note that the contours extracted from the EWPO do not include the SM
at the 95% CL. This is related to the well-known discrepancy between the measurement
of Ayrp and its SM prediction [83].

At the quadratic level of figure 5, the combined fit yields markedly tighter bounds, driven
predominantly by the four-top-quark measurements. The comb-2D contour lies very close
to the four-top-quark one, with modest additional tightening from the EWPO. Moreover,
the discrepancy between the comb-profiled and comb-2D contours is less pronounced than
in the linear case. The most significant reduction in the allowed parameter space appears
in the (0(52270822) plane, where the four-top-quark channel alone exhibits an almost blind
direction; here the EWPO combination is essential to lift the degeneracy.
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6 Conclusion

In this work we explored how various classes of observables can shed light on the dimension-six
four-heavy-quark operators. These operators are notoriously difficult to constrain: global
EFT fits typically leave them essentially undetermined at the linear level. To overcome
this, several studies have examined loop-induced effects in specific observables, which offer
complementary sensitivity to these otherwise elusive interactions.

In particular, we have explored the tree-level contributions of the four-heavy operators
to four-top-quark production at the LHC; their one-loop contributions to top-quark pair
production and to associated Higgs production-both inclusive and differentially; the two-loop
contributions to single-Higgs production in gluon fusion and its subsequent decays; and the
one- and two-loop contributions to EWPO. We presented results for all these channels at
linear and, where available, quadratic terms in the EFT expansion.

In the case of single-Higgs production via gluon fusion and its subsequent decays, we
scrutinised the dependence of the results on the choice of the prescription for the continuation
of 75 to d = 4 — 2e. We show that this scheme dependence numerically propagates into the
bounds on the WCs. Therefore, one must exercise caution when interpreting these limits.
Indeed, by restricting the analysis to four-top-quark operators, this assumption leads to a
different interpretation of the fit in the BMHV scheme compared with NDR. Establishing
a coherent correspondence between the two schemes therefore necessitates the inclusion of
additional operators. We defer a full global fit in the BMHV scheme to future work, as our
restricted fit clearly calls for a global picture including a full basis of operators.

Finally, we performed a fit combining experimental data from the LHC and LEP,
incorporating all relevant theoretical and experimental uncertainties. This allowed us to
identify the most sensitive observables and to elucidate the complementarity between tree-
and loop-level probes. In the linear fit, the synergy between heavy-quark production and
EWPO is key to reducing the allowed parameter space. In the quadratic fit, the strongest
constraints arise from four-top-quark production, with the EWPO further reducing the
allowed parameter space and lifting degeneracies where present. Moreover, we observed non-
negligible two-loop effects in the EWPO fit, predominantly driven by the sizeable two-loop
corrections to the asymmetry observables.

In conclusion, we note that a comprehensive assessment of the impact of the observables
considered in this work requires their inclusion in a global fit together with the complete set
of relevant operators. It is also worthwhile to investigate UV-complete theories which, upon
matching onto the EFT, reproduce the operator basis examined here.
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A Matrix elements for ggH and vy H

In this appendix we provide the explicit expression for the auxiliary quantities appearing
in egs. (3.2) and (3.5). We also include the contribution from the operators

Opp = QP = (g3pus) <<PT<P> , O=0% =g gt TAusGs),,
OgaG = Q(pG :GA#UG:?V (90 90) )

which are required to obtain a result that is independent of the 5 continuation scheme. We

(A1)

note that the operator O, is introduced to renormalise the one-loop contribution from
O:c. We note that the results presented here employ the MS renormalisation scheme for
the WCs and the on-shell scheme for the top-quark mass, in contrast to ref. [22], where all
parameters were renormalised in the MS scheme.
The matrix element for the process gg — H (or, equivalently, H — gg) reads
MggH CoG Mg [CtG + <c(1;)t + <CF CA> CQt> ’CtG} 1z MggH

A2 2

3 (A.2)

1 v
1 + (Cégt + CFCSQt) F (ngH + ]Ct(p) — m

where ¢4 and cp are the SU(N) Casimir invariants in the adjoint and fundamental rep-

g9H
thp‘| MSM 5

resentations, respectively. For SU(3)c they take the values ¢4 = 3 and c¢p = 4/3. The
factor Byypg is defined in eq. (3.4).
The matrix elements entering eq. (A.2) are

M = =T L 1 () ()51 (43)

2 2 2
m; 9 Bl) dmg <B1> 52
—1 — 1——+1 — 21 —-= 1
(m%{ 8 (ﬂ—H +\/ m? 08 B+1 +2log m? T

212 2 —4m? Bg—1
MggH _ 95t 1 papn sA1A2 My t 1oo2 < ) -4, A4
F4’/T2'Um%{ 6#1 (pl)EMQ (p2) X m%] 0g ﬁ_‘_l ( )
MggH = —4ivLF"2e, (p1)ep, (p2)5A1A2. (A.5)

Here Tr is the Dynkin index of the fundamental representation of SU(N). The Lorentz
structure of the amplitude is

LI = (3 /2 g0 — plepht), (A.6)

with p; and ps being the gluon momenta. The indices A; and A, denote the gluon
colour indices.
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The scheme dependence arising from the two-loop contributions of four-top-quark opera-
tors, parametrised by K, and Ky, in eq. (3.3), can be compensated by assuming the WCs
of operators entering at one loop order are scheme dependent. In particular, the relations

NDR _ _BMHV ye (X —y7)
Ctsﬂ = Ctlp + (CQt + CFCQt> T, (A?)
NDR _ BMHV _ [ 1 _CAYN 8\ Ht9s A8
GG = aq Cor T | cF 5 ) CQt) 162 (A.8)

render the prediction in eq. (A.2) scheme independent. In these expressions, y; is the top-
quark Yukawa coupling and A = m?/(2v%). We note that some of the shifts depend on the
strong coupling constant, gs, and thus on the renormalisation scale. This scale dependence
must be accounted for when a dynamical scale choice is employed in the calculation.

We now present the matrix element for the Higgs-photon coupling. We use F*¥ to denote

the photon field strength tensor and introduce the operators O, = (tpohvtR) H\/‘;} F,, and
Oyy = HvFH"EF,,. These operators are not part of the Warsaw basis, as they are defined
directly in terms of the physical fields in the broken phase. Their expression in Warsaw-basis
operators can be found in refs. [110, 111]. We finally obtain

MW

T H | Coy Qte

3 (A.9)

1 v H
+ 1 + (Cbt + CFC8Qt> F (ngH + ICtLp) - \/WCt@] M’Y'Y .

The one-loop matrix element for H — =7 can be obtained from that for H — gg by
making the substitutions g; — eQ; and Tré*142 — N in /\/lfg;H, Mg%/[H, where e is the
electric charge of the electron and Q¢ = 2/3 is the quantised charge of the top quark. We
denote the matrix elements of the Higgs boson decay into photons as MWH MWH The
tree-level insertion of O, is given by M%H = —divLMH2e, (p1)epu, (pg). Regarding the
two-loop matrix elements, each four-top-quark operator insertion generates two different
colour contractions. We are able to obtain our result from the Higgs-gluon coupling since in
the diagrams in figure 2, the only non-vanishing term features a single Dirac trace, allowing
the colour structures to be identified unambiguously.

For completeness, the SM contribution to H — v with W-boson loops reads

2 (6m? 6ms 3m? Bw — 1
P W W O )02 <> 1), A.10
SMW ™ 4r2p | m?, + mi; m3, ©8 Bw + 1 + ( )
4m?
where OBy = (/1 — m%‘;‘/.

To render the Higgs decay into photons scheme-independent, we must employ eq. (A.7)
with the relation analogous to eq. (A.8), namely

1 8
Yt (ot + CFCOy
C%DR = c,]%MHV eQy ( 52 ) . (A.11)
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donro/dpX [pb]

pil < 60Gev 60 < pif < 120 < pH < 200 < pif < 300 < pif < pi > 450 Gev
120 GeV 200 GeV 300 GeV 450 GeV

SM 1.197e—1 + 1.785e—1 & 1.258e—1 £ 5.203e—2 + 1.888e—2 + 5.179e—3 &

0.054%10%  0.052%T5 9% 0.065% 13T 0.006% 54T 0.141% 350K 02871 L TO%
O(ci/A?)

cty ~3.693e—5+  —1.173c—4%  —1.223e—4 % 1.13de—6 + 9.791e=5 £ 1.567e—4 £
e T T T AT

he gy Slwigey  leead,  astesy somens e,
1'227%—25.25% 0'96%—26.06% 1'896%—28.45% 6'025%—39.8% 9‘49%—28.18% 5'559%—22.19%

o 2.735e—5 + 5.53e—5 + 8.320e—5 £ 8.667e—5 £ 8.205e—5 £ 7.729e—5 £
3.903% 10 91%  3.214% 920K 250791030 0 7014610 B0% 513496 P21 g4 07492 00%

Cbt 71'20636371%;% 71'934§2T2?.)6j1:% 71‘33%35.372:% 74'831632493:% 71'273?32.‘%33&% 73'17J§371§5j9:%
0'246/6—22.67% 0'203%—22.98% 0'258%—23.52% 0'553%—24.05% 1'555%—23.78% 6'399%—22.27%

B —1.149e—4%+  —1.266e—4 % 3.364e—6 £ 9.672e—5 % 1.129¢e-4 %+ 1.088e—4 £
1.008% T30 12% 1521995 T 74.484%T380%  2.479% 120007 2.405% 28 3% 3.605% 5507

O(cf/A‘l)

ct, X x X X X X

b0 28054 5918e-5E  GT6le-5E  5.253e-5E  B68Te-5E  2TT9e5
2.048% T4 4% 18670 TIOL 1.804% AN 2.050% 0BT 33389 T8 A2 4385078 5T

%o 441506 & 8.9020—6 & 1.034e—5 £ 8.285¢—6 & 5.831e—6 + 4.937e—6 +
3.202%825%  9.504%FT99%  2.034%F920%  2.89% T 1059% 40349 12T 6.78% T L4 A5

Ot 2838054 60550 a4 65450-5%  51l3e-5d 3639 5k 3042 5k
1.938% T400% 15yt 19279 P21 2355070 10 3.02a% T A8E 41359611202

by 4.303e—6 £ 8.2e—6 £ 1.0le—5 + 7.497e—6 £ 4.598e—6 £ 4.561e—6 = _
3.461%F825%  2.807% T8 T 2563% 1222 7.e55% I O0% 11.933% 11K 8799 T2 00%

O(cicj /A")

60Ot L4954+ 281705 & 292805 4 L7625k  1.086e-5k  —2.1530-6 4
8.241% T Ne, T.635%T (Do, QTR oo 14.089%T N0 21.595% T o) 118% T o e,

haco 8253064 587806+ 7.997¢—6 + 4.398¢—6 + 4.704e—6 + 6.259¢—7 +
11.559% 72 79%  10.101% 710207 7.513% T4 T3%  19.689% 9787  18.524% 10 0%% 1239 7109%

Table 2. Differential pX predictions in the SM and SMEFT in the ttH process. The cross sections
are reported as the integral within the bin range. The uncertainties quoted correspond, respectively,
to the Monte Carlo statistical uncertainty and the QCD scale uncertainty from a 9-point variation.

B Numerical predictions

Table 2 presents the differential p¥ spectrum in the ATLAS #tH bins, whilst table 3 lists the
inclusive cross sections for all top-quark processes. SMEFT results are split into interference,
quadratic, and cross terms, with total-rate K-factors given. All WCs are set to unity
and A = 1 TeV. Predictions are quoted within their QCD scale uncertainties and MC
statistical errors. Predictions which are compatible with zero within a MC error of 20 or

¢

greater are omitted and denoted by the ‘->. The ‘x’ indicates no contribution from the
corresponding operator.

Table 4 lists our numerical predictions for single-Higgs production and for Higgs decays
into gluons and photons. The quoted SM value is the LO result with only top- and W-boson
loops included. Quadratic SMEFT terms are strongly suppressed relative to the linear ones

and are therefore not shown.

C EWPO

We employ the relations in eq. (C.1) where the WCs Cyp and Chwp are expressed in
terms of the shifts to the oblique parameters S and 7' [19] and in terms of the shifts of the
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Cint [Pb] Dint [MeV] Dint [MeV]
O(ci/A?) O(ci/A?) O(ci/A?)
coe (NDR)  —0.3203 che (NDR)  —1.912 x 1073 ¢ty (NDR) 2.798 x 1072
g, (NDR)  —0.1033 ¢, (NDR)  —4.810 x 10~* g, (NDR) 3.731 x 1072
g (BMHV)  —0.0830 cge (BMHV)  —2.781 x 107* g (BMHV) 4.069 x 10~6
g, (BMHV) —0.1106 g (BMHV)  —3.708 x 10~* g (BMHV) 5.426 x 1076
TsM 16.51 pb T'sm 0.1960 MeV I'sm 1.016 x 10~2 MeV

(a) gg — H cross section. (b) H — gg partial width. (¢) H — ~~ partial width.

Table 4. Linear EFT contributions and SM values for single-Higgs inclusive production cross section in
gluon-fusion channel (table 4(a)) and Higgs decays (tables 4(b) and 4(c)), parametrised as in eq. (2.2).
WCs are set to unity with A = 1TeV. The SM values correspond to the LO one-loop result including
only the dominant top- and W-loops. Results are presented in both the NDR and the BMHYV schemes.

Weinberg angle, sg, and the effective couplings [91]. The two-loop contributions to the oblique
parameters AS and AT have been computed in and are taken from ref. [20].

2a AT aAS
Cip=——5—, Cawp=—"3,
v dcgspv 1)
&2 miy Cup _ mw Cuwp 1 miy Sy = — Cup '
o 2\/§Gpm2z \/iGFmZ mQZ’ 4\/§GF

Using eq. (C.1) and substituting into the shifts in vector and axial-vector couplings shown
in eq. (C.2)—which can be found in ref. [91]—we obtain the modified vector and axial-vector
couplings due to the effective operators:

Sgl, =09z 91, + Q' 353,

(C.2)
5g% = 892 g%,

where g‘]; = T3/2 — Q753 and gﬁ = T3/2, where Ty is weak isospin and Q/ is the electric
charge. We adopt the conventions of ref. [91] and use the following definitions of the EWPO:

ﬂGFm%NC

li=—7fb"— (g + 1941%), -
I, r NN 3
e = Q=U%,:C,s,b b e = Thad’ = Fh:d’ £ llzzd'
For the numerical analysis we adopt the following input parameters:
Gr = 1.166379 x 107° GeV™2,  my = 80.379 GeV,  my = 91.1876 GeV,
v = 246.22 GeV, o =1/132.184, 52 = 0.2230,
g =1-s3, my = 172.5 GeV, A =1TeV, (C.4)
iR = My, DM = 24941 GeV, TPM =1.6944 GeV,
R3M = 0.21582, APM = 0.9347, AP = 0.1029.
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Corrections to I’y

Adopting the one-loop result of ref. [20] and including the two-loop contributions as described
above, the relative shift in the Z — bb partial width, 6T, reads

ST} /rsM = (3.8320 ¢l + 0.4065 )y — 4.5839 cfy) x 107*

o7y JrsM = (3.8255 ¢y + 0.4049 cyy — 4.5745 ¢y + 0.0018 ¢y, — 0.0125 ¢fy) x 107%,
(C.5)
where 6T and 5F11)L+2L denote the one-loop and the combined one- and two-loop contri-
butions, respectively.

Corrections to R., Ry, and Ry
Implementing the above definitions and expanding to first order in 0I'y, we obtain

_ rsM r _ TSM 45T r
Re= g ~R8M<1—5b>, Rg:haderb:R?M(lerb),

RV i Ihad

= F%M + (Sl—‘b SM SM (Srb
=—<+——>R;7"+(1-R — -

Replacing 6Ty — 6F%L or 5F2L+2L gives

(C.6)

SR"/RSM = (—5.6404 ¢ — 0.5983 ) + 6.7472¢fy;) x 1077
SR /REM = (—5.6308 ¢y — 0.5959 ¢y + 6.7333 ¢y, — 0.0026 ¢y, + 0.0184 ¢f) x 1074,
SRV /RSM = (20.494 gy + 2.1742 cfp — 24.516 ¢fy;) x 1074

SRyMTHE/RSM = (20.459 ¢y + 2.1654 ¢y — 24.465 cfy, + 0.0096 ¢y, — 0.0669 cj;) x 107

(C.7)
Corrections to Ay, AprB
Using the one-loop result of ref. [20], the one-loop shifts read
SAL"/aM = (2.3648 ¢ + 0.2508 ) — 2.8288 c(y) x 1077 ©3)

0AVig/ASMy = (2.3682 ¢ + 0.2512ch — 2.8329¢fy;) x 1077
where we have used the relation A, pp = 3/4A4,A. [112]. Including the two-loop shifts using
the following relations [112]:
9y 94 _ gl gk ()
(90)2 + (90)? (90)2 + (g2

we obtain the total corrections for the asymmetry observables:

e —

AT/ ASM = (2.6316 ¢y + 0.3447 ) — 3.1499 ¢y, + 0.0062 ¢, + 0.6133 ¢;) x 1074,

SALERT/ASM, = (24.593 ch + 8.0737 chhg — 20.576 cfyy + 0.5198 ¢y, + 51.083 ¢fy) x 107
(C.10)
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Order ttH titt tthb gg— H tt EWPO
L O(A2) [-79.98,37.36 ] [-11.31,1.42] - - [-6.94,11.72 ] [-14.92, - 1.68]
G OAY) [-79.98,37.36 ] [-1.62,1.89 ] - - [-6.94,11.72 ] [-14.92, - 1.68]
L O - [-19.00,2.40] - - [-14.75,22.89] [ -0.94,2.49 ]
Q@ o(AY) [-13.20,11.92] [-3.20,3.85] [ -9.31,9.32 ] - [-14.06,9.36 ] [ -0.94,2.49 ]
¢ 02 - [-57.01,7.20] [-39.53,91.23] - [-16.18,26.89] [-13.31,16.79 ]
Q@ O(AY) [-38.30,24.08] [-9.60,11.55] [-21.91,17.67] - [-41.86,17.41] [-13.31,16.79 ]
1 O(A™%) [-26.19,68.73 ] [-2.35,18.64] - [-3.14,11.23] [ -6.77,9.34 ] [ -2.08,0.78 ]
@ oA [-1040,13.92] [-3.27,278] [ -9.39,9.26 | [-3.16,10.93] [ -7.27,9.69 | [ -2.08,0.78 |
¢ O(A™2) [-117.00,39.40] [-44.30,5.59] [-38.41,88.66] [-6.71,42.30] [-8.69,18.14 | -
“at O(A™%) [-44.52,22.92] [-5.73,6.59 ] [-21.56,17.34] [-7.06,39.16] [-56.11,19.70] -
Table 5. 95% CL individual bounds from each process.
Individual Marginalised
O(A™?) O(A™) O(A™?) O(A™)
ey [-9.12,-089] [-1.66, 1.49 ] [-16.30, -1.45] [-1.50, 1.52 ]
cho [ -0.99, 241 ] [-0.84, 3.03] [ -842, 850 | [-0.97, 5.94 ]
c§o [-11.39, 11.46] [-8.60, 10.84] [-75.66, 48.77] [-19.43, 5.85]
chy [ -1.74,1.03 ] [-230, L17] [-10.99, 6.71] [-1.37, 2.69 ]
C%t [-7.93, 12.88 ] [-4.39, 6.63 ] [-9.50, 58.36 ] [-4.09, 6.20 ]

Table 6. 95% CL individual and marginalised bounds from the combined fit.

D Additional fit results

We report here the 95% CL bounds on each of the five WCs from each process, summarised

in table 5. The corresponding individual and marginalised limits from the combined fit

are shown in table 6. All bounds are quoted at both linear and quadratic order in the

EFT expansion.
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