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We present the automation of one-loop computations in the standard-model effective field theory at
dimension 6. Our general implementation, dubbed SMEFT@NLO, covers all types of operators: bosonic and
two- and four-fermion ones. Included ultraviolet and rational counterterms presently allow for fully
differential predictions, possibly matched to the parton shower, up to the one-loop level in the strong
coupling or in four-quark operator coefficients. Exact flavor symmetries are imposed among light quark
generations, and an initial focus is set on top-quark interactions in the fermionic sector. We illustrate the
potential of this implementation with novel loop-induced and next-to-leading-order computations relevant
for top-quark, electroweak, and Higgs-boson phenomenology at the LHC and future colliders.
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I. INTRODUCTION

Observed deviations in accurate measurements would
indirectly point to the existence of physics beyond the
standard model (SM), even if heavy new states remain out
of reach of the LHC and foreseen accelerators. Given the
richness of collider observables and of the models proposed
to address SM limitations, a clear strategy is needed to
maximize the reach of present and future experiments.
The standard model effective field theory (SMEFT)

provides a powerful framework to search for and interpret
possible deviations from the SM [1–3]. Its use is comple-
mentary to direct searches. Higher-dimensional operators

compatible with the symmetries of the SM generate a
well-defined pattern of new interaction terms. Their rel-
evance is dictated, a priori, by the operator dimension, i.e.,
by an expansion in 1=Λ,

LSMEFT ¼ LSM þ
X
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where LSM is the SM Lagrangian, OðdÞ
i are operators of

dimension d larger than 4, and the cðdÞi are the corresponding
Wilson coefficients which encode information about the UV
theory. We do not consider the single operator of dimension 5
which violates lepton number and generates Majorana neu-
trino masses. At dimension 6, without considering the
combinatorial complexity introduced by nontrivial flavor
structures, the number of independent operators is remarkably
small [4]. Just 84parameters encode the leading indirect effects
from all flavor-blind scenarios of decoupling new physics.
One can then parametrize possible deviations from the

SM prediction, for any observable on, in terms of the
Wilson coefficients

Δon ¼ oEXPn − oSMn ¼
X
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where oSMn and að6Þn;i are calculated using standard tech-
niques as expansions in the strong and weak couplings,
while μ is the renormalization scale. The expression above
illustrates the key points of a precision approach to the
search for new physics. First, one needs to achieve the
highest precision in both the experimental and SM deter-
minations of the observables on to reliably identify the
corresponding deviation Δon. Second, since the SMEFT
correlates these deviations, improving its predictions
enhances our sensitivity to new-physics patterns. Third,
in the presence of a signal, the identification of the UV

physics based on the extracted cð6Þi =Λ2 can be greatly

affected by the accuracy and precision on the að6Þn;i . Hence,
to fully exploit the measurements, it is not only mandatory
to have the best SM calculations but also to control the
accuracy and uncertainties of the SMEFT predictions. In
this article, we present an important milestone in this
direction, allowing us to automatically compute higher-
order contributions to SMEFT predictions, for any observ-
able of interest.

II. GENERALITIES

Adopting the Warsaw basis [5] and after canonical
normalization, we implement dimension-6 SMEFT opera-
tors in a FEYNRULES [6] model dubbed SMEFT@NLO. This
implementation is publicly available online together with its
technical documentation, including operator definitions [7].
We employ GF, mZ, and mW as electroweak input

parameters so that propagators do not depend on operator
coefficients. A linear expansion of Feynman rules is
therefore sufficient to perform an exact truncation of matrix
elements to leading SMEFT order in Monte-Carlo pro-
grams. Given the invariance of the S-matrix under field
redefinitions, results at that order can be translated exactly
from one dimension-6 operator basis to another.
We consider flavor structures relevant for collider

observables and new physics that might single out the
top quark. The Cabibbo-Kobayashi-Maskawa matrix is
approximated as a unit matrix. All fermion masses and
Yukawa couplings are neglected, except that of the top
quark. An Uð2Þq ×Uð2Þu ×Uð3Þd flavor symmetry is
imposed among the first two generations of left-handed
quark doublets and up-type right-handed singlets as well as
among all three generations of right-handed down-type
singlets. Chirality flipping and right-handed charged cur-
rents involving light quarks—right-handed bottom
included—are thus forbidden. This guarantees consistency
with the five-flavor scheme we adopt, where the bottom
quark is approximated as massless to avoid the generation
of large logarithms of the ratio ofmb to the hard scale of the
process considered. In the current implementation, we
moreover focus primarily on operators involving a top
quark. In the lepton sector, we enforce a ½Uð1Þl ×Uð1Þe�3
symmetry, which results in flavor diagonality and forbids

chirality flipping interactions. Where relevant, our notation
and normalizations match those of Ref. [8].
Once passed to MadGraph5_aMC@NLO [9], the model

allows the tree-level calculation of observables at any order
in SM couplings, with the possibility of evaluating the
contributions that are linear and quadratic in the Wilson
coefficients separately or that involve multiple operator
insertions. After linear transformations between conven-
tions, tree-level results for amplitudes computed at indi-
vidual phase-space points match those of other
implementations [8,10] to machine precision [11].

III. ONE-LOOP COMPUTATIONS

Automating one-loop calculations requires both UV and
rational counterterms. The former encode the renormaliza-
tion of Lagrangian parameters, while the latter are required
to palliate the numerical treatment of the Dirac algebra in
four dimensions [12]. Depending on the complexity of the
theory, their determination can become tedious and cum-
bersome. Yet, being process independent, they only need to
be computed once and for all.
Masses and wave functions are renormalized on shell,

while the strong coupling and operator coefficients are
treated in the modified minimal subtraction (MS) scheme.
The generator takes coefficients as input (possibly renorm-
alization-group evolved [13–15]) and keeps them fixed at a
scale distinguished from that of the strong coupling. The
computation of the counterterms necessary for QCD and
four-quark operator loops has been performed with an in-
house version of the NLOCT package [16], which has been
extended to handle the diversity of structures (e.g., Lorentz
and color) as well as the higher rank integrands appearing
in the SMEFT.
Two particular difficulties arise, associated to the loop-

level generation of gauge anomalies by SMEFT modifi-
cations of chiral interactions and to evanescent operators
that vanish in four dimensions. To preserve the QCD Ward
identity, the covariant anomaly scheme [17,18] has been
adopted such that rational counterterms cancel the anoma-
lies in three- and four-point amplitudes such as ggZ, gggZ,
ggZH, and ggψ̄ψ . In the latter case, the anomaly is
generated by four-fermion operators with an axial quark
current closed in a loop to which two gluons are attached.
Since the SMEFT covers heavy new-physics scenarios in
which the full SM gauge symmetry is preserved, a match-
ing computation in the same scheme would always result in
the anomaly cancellation we require. In d dimensions, γ5 is
taken as anticommuting, and the cyclic property of traces of
Dirac matrices is abandoned [19–21].
Evanescent operators [22,23] arise in one-loop compu-

tations involving four-fermion operators in D ¼ 4 − 2ϵ
dimensions and are required for our implementation of
QCD corrections to four-quark operators. The Dirac
algebra is only closed in four dimensions, and a basis of
four-quark operators in D dimensions contains an infinite
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number of operators. These can for instance be written
with antisymmetric products of Dirac matrices [22]:
ψ̄1γ

½μ1γμ2 � � � γμn�ψ2 ψ̄3γ½μ1γμ2 � � � γμn�ψ4. All such operators
with n ≥ 5 are proportional to ϵ and vanish in four
dimensions. They can, however, give rise to finite con-
tributions at the one-loop level when they are generated
with a coefficient diverging like 1=ϵ. A basis of evanescent
operators must therefore be defined. Although one-loop
SMEFT results depend on this choice, employing the same
evanescent operator basis in the one-loop matching of the
SMEFT to a specific UV model would lead to the
cancellation of this arbitrary dependence. It can therefore
be conceived as a scheme which affects our rational
counterterms.
We follow the evanescent operator conventions of

Ref. [24], used in existing one-loop QCD computations
to LHC processes involving four-quark operators [25,26].
Namely, the ϵ part of the decomposition of each four-
fermion Dirac structure is fixed by matching the trace of the
latter with that of its decomposition, when contracted with
any basis element. Separating the Dirac structures of the
two fermion bilinears by a⊗ sign, one for example defines
the evanescent operator E through

γμγνγργþ ⊗ γμγνγργþ ¼ Eþ
X

k

ðfk þ akϵÞΓk ⊗ Γ0k

¼ Eþ ð16 − 4ϵÞγαγþ ⊗ γαγþ; ð3Þ

where the coefficients of the decomposition, fk and ak, are
obtained by requesting that

TrðγμγνγργþΓmγμγνγργþΓ0mÞ
¼

X

k

ðfk þ akϵÞTrðΓkΓmΓ0kΓ0mÞ þOðϵ2Þ ð4Þ

for each element Γm ⊗ Γ0m of the chosen basis of four-
fermion Dirac structures in four dimensions. Our basis is

fγ� ⊗ γ�; γ� ⊗ γ∓; γαγ� ⊗ γαγ�;

γαγ� ⊗ γαγ∓; σαβγ� ⊗ σαβγ�g; ð5Þ

with γ� ≡ ð1� γ5Þ=2 and σαβ ≡ i
2
½γα; γβ�.

Given our assumptions, no flavor-changing interactions
are generated at one loop, and the bottom quark remains
massless. The closure of the renormalization procedure at
the level of dimension-6 operators is therefore guaranteed if
loops with at most one operator insertion are allowed.
While the framework can handle any kind of one-loop
amplitudes in the SMEFT, the current version only includes
the counterterms (up to five points) required for one-loop
computations involving the strong coupling or four-quark
operators. By construction, the infrared structure of the
SMEFT is identical to that of the SM. No additional
ingredient is thus required to ensure the cancellation of

divergences between real and virtual diagrams in that
regime, or to match matrix elements to parton showers.
Being fully automatic, our implementation avoids error-

prone manual manipulations. We validated, against ana-
lytical results, various one-loop computations relevant for
top-quark processes as well as rational counterterms such
as the four-quark ones or those that ensure the cancellation
of anomalies. Gauge invariance and pole cancellation have
been tested numerically in a wide range of processes, using
available built-in routines. A list of these processes together
with guidelines for their generation, is available online [7].
The 3.1 series of MadGraph5_aMC@NLO is required in order to
exploit all implementation features and, e.g., to separately
compute the linear and quadratic SMEFT contributions at
next-to-leading order (NLO) and to make loop-level
predictions for four-fermion operators.

IV. APPLICATIONS

While including entirely new elements, the present imple-
mentation is built on earlier NLO developments tailored to
specific applications: top-quark flavor-changing neutral
current (FCNC) [27–29], SMEFT effects in tt̄ [30], tt̄H
and gg → Hj;HH [31], tt̄Z and gg → ZH [32], tj [33,34],
gg → H in conjunctionwith analytic two-loop computations
[35], multijet [36], electroweak (EW)Higgs production [37],
and tHj; tZj [38]. Global fits in the top-quark sector [39,40]
have recently made use of NLO predictions obtained with a
development version of SMEFT@NLO.
The number of possible applications is too vast to be

presented in a comprehensive way in this article. We there-
fore provide selected novel examples relevant for top-quark,
electroweak, and Higgs-boson phenomenology at the LHC
and future colliders, focusing on the importance of NLO
effects. Numerical results assume ci=Λ2 ¼ 1 TeV−2. For
concision, at OðΛ−4Þ, we only quote the cicj dependencies
for i ¼ j. Unless otherwise specified, we fix the factorization
and both renormalization scales to a common value: the sum
of final-state masses divided by 2. Uncertainty envelopes are
obtained from the separate variations of renormalization and
factorization scales by factors of 2 up and down and are
quoted in percent. The operator coefficients are not evolved.
Monte Carlo errors on the last significant digit are indicated
between parentheses, if they exceed 5%. The NLO sets of
NNPDF3.0 [41] are used as parton distribution functions,
with αSðMZÞ ¼ 0.118. Leading-order (LO) sets are, how-
ever, employed for tree-level and loop-induced processes.
Other relevant parameters are mt ¼ 173 GeV, mh ¼
125 GeV,mZ ¼ 91.1876GeV,mW ¼ 80.41GeV, andGF ¼
1.16637 × 10−5 GeV−2.
As a first application, we present four-fermion operator

contributions to top-pair and four-top production. Pinning
down this sector will provide sensitivity to the well-
motivated scenario that new physics couples preferentially
to the third generation. Table I collects the four-fermion
contributions to tt̄ production at the LHC

ffiffiffi
s

p ¼ 13 TeV.
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The NLO computation allows us to extract, for the first
time, the interference of color-singlet operators with lead-
ing QCD contributions. For Oð1Þ coefficients, these are
typically small, compared to the OðΛ−4Þ terms and to the
SM cross section. We also compute their interferences up to
NLO in QCD with SM electroweak production, which are
comparable. One aspect worth noting is that NLO correc-
tions break the LO degeneracy between various color-octet
operators, which could be crucial in global fits; see, for
instance, Ref. [39]. Another interesting possibility that
opens up at NLO is to probe the third-generation four-quark
operators (last five rows in Table I), using t=b-loop induced
effects in gg=qq̄-initiated channels. They are otherwise
mainly constrained by tt̄bb̄ and tt̄tt̄ production. Operators
involving doublets already contribute at LO in the bb̄ → tt̄
channel but are suppressed by the b-quark luminosity.
Remarkably, the linear NLO contributions span 2 orders of

magnitude. Cancellations occur between partonic channels
and phase-space regions for all coefficients other than c1Qt

and lead to an order-of-magnitude suppression for c1QQ. As
shown in Fig. 1, the contributions from color-singlet c1QQ

and c1tt change sign around mðtt̄Þ ¼ 400–450 GeV. Their
quark- and gluon-channel components also have opposite
signs across the whole invariant-mass distribution. Partial
cancellations also occur, for c8QQ, between quark and gluon
channels above mðtt̄Þ ≃ 400 GeV and, for c8Qt, between the
bb̄ channel and others. Although these NLO dependencies
are small, they could potentially be isolated by exploiting
differential distributions in tt̄ final states. It is instructive to
compare these sensitivities to those of tt̄tt̄ production, for
which evidence has recently been obtained at the LHC
[42,43]. The tt̄tt̄ dependencies are computed for the first
time at NLO and provided in Table II together with their

TABLE I. Four-fermion contributions (pb) to top-quark pair production, at linear and quadratic levels, LO and
NLO, including QCD scale uncertainties, for the LHC

ffiffiffi
s

p ¼ 13 TeV and ci=Λ2 ¼ 1 TeV−2. The two-light two-
heavy color-singlet operators (second block) only interfere at NLOwith the leading QCD contribution. The numbers
in square brackets correspond to the interference with the EW contribution. The operators in the third block involve
only third-generation quarks. Nonvanishing contributions atOðΛ−2Þ and LO from these operators can arise through
the bb̄ initial state. The SM NLO QCD cross section is 744þ12%

−12% pb.

OðΛ−2Þ OðΛ−4Þ
ci LO NLO LO NLO

c8tu 4.27þ11%
−9% 4.06þ1%

−3% 1.04þ6%
−5% 1.03þ2%

−2%

c8td 2.79þ11%
−9% 2.77þ1%

−3% 0.577þ6%
−5% 0.611þ3%

−2%

c8tq 6.99þ11%
−9% 6.67þ1%

−3% 1.61þ6%
−5% 1.29þ3%

−2%

c8Qu 4.26þ11%
−9% 3.93þ1%

−4% 1.04þ6%
−5% 0.798þ3%

−3%

c8Qd 2.79þ11%
−9% 2.93þ0%

−1% 0.58þ6%
−5% 0.485þ2%

−2%

c8;1Qq 6.99þ11%
−9% 6.82þ1%

−3% 1.61þ6%
−5% 1.69þ3%

−3%

c8;3Qq 1.50þ10%
−9% 1.32þ1%

−3% 1.61þ6%
−5% 1.57þ2%

−2%

c1tu ½0.67þ1%
−1% � −0.078ð7Þþ31%

−23% ½0.41þ13%
−17% � 4.66þ6%

−5% 5.92þ6%
−5%

c1td ½−0.21þ1%
−2% � −0.306þ30%

−22% ½−0.15þ10%
−13% � 2.62þ6%

−5% 3.46þ5%
−5%

c1tq ½0.39þ0%
−1% � −0.47þ24%

−18% ½0.50þ3%
−2% � 7.25þ6%

−5% 9.36þ6%
−5%

c1Qu ½0.33þ0%
−0% � −0.359þ23%

−17% ½0.57þ6%
−5% � 4.68þ6%

−5% 5.96þ6%
−5%

c1Qd ½−0.11þ0%
−1% � 0.023ð6Þþ114%

−75% ½−0.19þ6%
−5% � 2.61þ6%

−5% 3.46þ5%
−5%

c1;1Qq ½0.57þ0%
−1% � −0.24þ30%

−22% ½0.39þ9%
−12%� 7.25þ6%

−5% 9.34þ5%
−5%

c1;3Qq ½1.92þ1%
−1% � 0.088ð7Þþ28%

−20% ½1.05þ17%
−22% � 7.25þ6%

−5% 9.32þ5%
−5%

c8QQ 0.0586þ27%
−25% 0.125þ10%

−11% 0.00628þ13%
−16% 0.0133þ7%

−5%

c8Qt 0.0583þ27%
−25% −0.107ð6Þþ40%

−33% 0.00619þ13%
−16% 0.0118þ8%

−5%

c1QQ ½−0.11þ15%
−18% � −0.039ð4Þþ51%

−33% ½−0.12þ7%
−5% � 0.0282þ13%

−16% 0.0651þ5%
−6%

c1Qt ½−0.068þ16%
−18% � −2.51þ29%

−21% ½−0.12þ3%
−6% � 0.0283þ13%

−16% 0.066þ5%
−6%

c1tt × 0.215þ23%
−18% × ×
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K-factors (NLO over LO rates). To facilitate a comparison
with Table I, we define operator coefficients at mt. QCD
renormalization and factorization scales are instead fixed to
2mt. The K-factors of linear dependencies are close to 1,
except for c1Qt where NLO corrections lift strong phase-
space cancellations occurring at LO. This suppressed
interference for c1Qt in tt̄tt̄ production contrasts with the
relative enhancement of its loop-induced contribution to tt̄
production, noted above. Table II also provides the LO
interferences with subleading SM amplitudes of order
αSαEW and αSy2t , which are actually larger than with the
leading QCD ones. Note they also have opposite signs. At
the quadratic level, the NLO enhancement factors reach
about 1.3 but remain smaller than the SM one at about 1.8.
Without restriction on the energy scale probed, the current
experimental sensitivity in pp → tt̄tt̄ is dominated by
energy-growing quadratic SMEFT contributions, espe-
cially for color-singlet operators which have smaller linear
contributions and larger quadratic ones. Individual sensi-
tivities are then larger than in pp → tt̄. Interesting

complementarities between the two processes could, how-
ever, arise with improved measurements, for low-scale UV
models, or in a global picture where various operators are to
be disentangled.
As a second application, we consider pair (WþW−, ZZ,

W�Z) and triple (WþW−W�, WþW−Z, ZZW�, ZZZ)
weak-boson production at the LHC

ffiffiffi
s

p ¼ 13 TeV. The
latter process has just been observed at the LHC, opening a
new window into electroweak gauge self-interactions [44].
The neutral final states can be produced via gg fusion
through a loop of fermions (at order α2Sα

2
EW in the SM).

Novel SMEFT computations made available include that of
triboson production at NLO in QCD, the dependence of
four-quark contributions to qq̄ → VV not considered pre-
viously [45,46], and the full gg → WþW−, ZZ depedence
extending the results of Ref. [47]. The gg fusion to WþW−

and ZZ is sizeable at the LHC and probe Higgs as well as
top-quark couplings. On the contrary, the gg-induced
production of three bosons is relatively small, with SM
cross sections for gg → ZZZ and gg → WþW−Z of about
0.5% (0.07 fb) and 5% (8.6 fb) of the corresponding qq̄
channel [48] at 13 TeV. Shown in Fig. 2 and Table III theK-
factors of quark-induced channels significantly vary, not
only from operator to operator but also across processes for
the same operator, and between the interference and
quadratic contributions. In general, they range between 1
and 2. However, for the OW operator involving three W
field strengths,K-factors atOðΛ−2Þ are extremely large and
even negative, signaling that NLO corrections are lifting a
suppression that occurs at LO. It is known that the linear
contribution of this operator to the inclusive diboson cross
section is very small at LO relative to the SM prediction
(0.171þ4%

−5% pb vs 71.0þ6%
−7% pb for WW) because of helicity

selection rules [49] and changes sign at NLO in QCD,
albeit staying below 1% (−0.77−14%þ16% pb vs 104þ5%

−5% pb). For
WWZ production, the linear LO contribution is already
sizeable (−12.3þ1.4%

−1.6% fb vs 91.3þ0.0%
−0.5% fb) and becomes

larger at NLO (−32.0þ12%
−9% fb vs 173.6þ8%

−6% fb). For
WþWþW− production, the linear LO contribution is tiny

FIG. 1. tt̄ invariant-mass distribution of the interference be-
tween four-heavy-quark operators and the SM.

TABLE II. Third-generation four-fermion operator contributions (fb) to tt̄tt̄ production at the LHC
ffiffiffi
s

p ¼ 13 TeV,
with K-factors (≡ σNLO=σLO). The LO interferences with SM amplitudes of order αSαEW and αSy2t are indicated in
square brackets. The SM NLO QCD cross section is 11.1þ25%

−25% fb (K ¼ 1.84).

OðΛ−2Þ OðΛ−4Þ
ci LO NLO K LO NLO K

c8QQ 0.081þ55%
−33% [−0.358] 0.090þ4%

−11% 1.1 0.115þ46%
−29% 0.158þ4%

−11% 1.37

c8Qt 0.274þ54%
−33% [−0.639] 0.311þ5%

−10% 1.14 0.342þ46%
−29% 0.378þ4%

−13% 1.10

c1QQ 0.242þ55%
−33% [−1.07] 0.24ð3Þþ3%

−18% 0.99 1.039þ47%
−29% 1.41þ4%

−11% 1.36

c1Qt −0.0098ð10Þþ38%
−33% [0.862] −0.019ð9Þþ63%

−27% 1.9 1.406þ46%
−30% 1.86þ4%

−10% 1.32

c1tt 0.483þ55%
−33% [−1.86] 0.53ð8Þþ3%

−10% 1.10 4.154þ47%
−29% 5.61þ4%

−11% 1.35
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[0.4ð2Þþ8%
−10% fb vs 79.38þ0.1%

−0.6% fb] but becomes significant at
NLO (−10.8þ21%

−16% fb vs 142.8þ7%
−5% fb). These results suggest

that, in addition to spin correlation observables in VV
[50,51], the rates of triple-vector-boson production could
help bound the OW operator. We defer further discussions
of the loop and NLO effects in multiboson final states to a
dedicated publication.
As a third application, we show in Fig. 3 and Table IV

the sensitivity of the loop-induced Higgs production
processes gg → H, HH and HHH to various SMEFT
operators in pp collisions at

ffiffiffi
s

p ¼ 100 TeV. Access to all
of these processes will provide the necessary information to
determine trilinear and quartic terms of the Higgs potential.
Two panels display linear and quadratic contributions of
OtG, OφG, Otφ, Oφ, and Oφ□ operators normalized by the
SM rate. All dependencies are calculated at one loop with
SMEFT@NLO, except for the linear dependence of gg → H
on Oφ, which appears at two loops and is taken from
Ref. [52]. The computation of SMEFT effects in HHH
production is presented here for the first time. In general,
the sensitivity to the various operators increases with
the final state multiplicity, partially compensating the
loss in statistical power due to the decreasing rates.
The only exception is OφG, whose contribution to HHH

FIG. 2. K-factors (NLO/LO) of the linear ðΛ−2Þ and quadratic
ðΛ−4Þ contributions to pair and triple weak-boson production at
the LHC

ffiffiffi
s

p ¼ 13 TeV. Charge-conjugated final states are
summed over. OW values at OðΛ−2Þ are divided by 10 and
negative for empty markers.

FIG. 3. Linear and quadratic contributions of the five relevant
operators to H, HH, and HHH production at a future 100 TeV
pp collider, normalized by the corresponding SM predictions,
for ci=Λ2 ¼ 1 TeV−2.

TABLE IV. Numerical values for SMEFT contributions to H,
HH, and HHH shown in Fig. 3. Entires are normalized by the
corresponding SM predictions of 340 pb, 1.0 pb and 37 fb,
respectively.

H HH HHH
σi
σSM

OðΛ−2Þ OðΛ−4Þ OðΛ−2Þ OðΛ−4Þ OðΛ−2Þ OðΛ−4Þ
cφG 36 320 −17 2300 −0.042 2.2
ctφ −0.12 0.0038 0.25 0.043 0.29 0.19
ctG 1.1 0.31 −1.2 13 −4.5 22
cφ −0.0031 × 0.32 0.045 0.63 0.12
cφ□ 0.12 0.0037 0.20 0.027 −0.42 0.13

TABLE III. K-factors for various multiboson production proc-
esses in the SM and the SMEFT as shown in Fig. 2. Linear and
quadratic SMEFT contributions are listed by operator assuming
ci=Λ2 ¼ 1.

K WW WZ ZZ WWW WWZ ZZW ZZZ

SM 1.5 1.7 1.3 1.8 1.9 2.0 1.4
OðΛ−2Þ

cW −4.5 −1.4 × −17 2.6 −7.5 …
cφW × × × 1.3 1.5 1.5 1.2
cφB × × × × 1.6 1.8 1.2
cφWB 2.8 1.6 1.3 2.0 1.8 2.0 1.3
cφD 0.8 1.8 1.3 0.1 1.9 2.2 1.4
cφ□ × × × 1.4 1.6 1.5 1.2

cð−Þφqi
0.9 1.4 1.3 1.2 1.4 1.6 1.4

cð3Þφqi
1.4 1.5 1.3 1.5 1.6 1.6 1.3

cφu 1.2 × 1.4 × 1.3 × 1.2
cφd 1.2 × 1.3 × 1.1 × 1.2

OðΛ−4Þ
cW 1.1 1.1 × 1.0 0.9 1.0 ×
cφW × × × 1.1 1.0 1.1 1.1
cφB × × × × 1.0 1.2 1.1
cφWB 1.2 1.4 1.4 1.2 1.1 1.5 1.2
cφD 1.2 1.5 1.3 1.3 1.6 1.9 1.4
cφ□ × × × 1.2 1.2 1.2 1.2

cð−Þφqi
1.1 1.3 1.3 1.1 0.9 1.5 1.0

cð3Þφqi
1.1 1.2 1.3 1.1 0.9 1.1 1.0

cφu 1.1 × 1.4 × 0.9 × 1.0
cφd 1.1 × 1.3 × 0.9 × 1.0
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is suppressed by an off-shell Higgs propagator. The loss of
statistics is reflected in the projected Future Circular
Collider in hadron-hadron mode (FCC-hh) reach: 1%,
5% and 50% on H, HH, and HHH [53–55], respectively.
Though challenging, HHH production might be used as a
diagnostic process, should a significant Oφ-like deviation
be observed in HH, given its larger relative sensitivity in
this parameter.

V. CONCLUSIONS

In this article, we have presented the automation of
SMEFT computations up to one-loop accuracy, illustrated
with selected phenomenological applications for the LHC
and future colliders. Providing necessary input for the
extraction of operator coefficients, the implementation can
readily be used in current experimental and theoretical
interpretations of collider data where it opens the possibility
to systematically leverage NLO accuracy, of reduced theo-
retical uncertainties, and of loop-induced sensitivities in
the SMEFT.
Several directions of further developments can be iden-

tified. The first is to extend our implementation to the
elements necessary for EW loop computations, building
upon the existing automation of EW corrections in the SM
[56] and the available analytic results in the SMEFT [57–
68]. Dedicated studies of one-loop EWeffects have already
appeared [69,70]. The second is to exploit the modularity
of the implementation to lift some of the working

assumptions, for example, by including CP-violating
couplings, more general flavor structures, FCNC inter-
actions [27–29], or higher-dimensional operators. Finally,
operator coefficients are kept at a fixed scale in the current
implementation. Work is ongoing to include their renorm-
alization-group evolution to better describe distributions
spanning a wide range of scales and to automatically
determine full scale uncertainties.
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