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1 Introduction

The Standard Model Effective Field Theory (SMEFT) [1] is a widely used framework for
analysing indirect effects of high-scale new physics on collider data. The general strategy is
to express observables as an expansion in loops and operator dimensions within SMEFT, and
then perform global fits to constrain the Wilson coefficients of higher-dimensional operators,
see e.g. [2–6] for concrete examples, or [7] for a recent discussion of the methodology.

The characteristic energy of collider measurements used in such fits is typically on the
order of the electroweak (EW) scale, and the SMEFT expansion of observables at that scale
is performed using the broken-phase Lagrangian in the mass basis. While the SMEFT Wilson
coefficients and the strong-coupling constant αs are renormalised in the MS scheme, the
remaining broken-phase parameters are typically renormalised on-shell in a particular EW
input scheme, thereby maintaining a direct link to experimental measurements.

Global fits enable model-independent analyses at the EW scale. However, to extrapolate
the bounds to energy scales ΛNP characteristic of heavy new physics, one must perform
renormalisation-group (RG) running within SMEFT, in which case the MS-renormalised
Lagrangian in its symmetric form is a convenient starting point. The gauge, Yukawa, and
Higgs potential parameters used in this symmetric-phase formulation are the same quantities
that appear in perturbative calculations of SMEFT Wilson coefficients in top-down approaches
based on specific UV models, which have seen significant advances in recent years [8–13].

While the broken-phase parameters can be determined directly from experimental mea-
surements at the EW scale, the symmetric-phase parameters cannot. Instead, by matching the
Lagrangian across the unbroken and broken phases, one can derive relations between the two
sets of parameters, allowing the symmetric-phase quantities to be expressed in terms of the
broken-phase ones within a SMEFT expansion. The coefficients appearing in this expansion
are commonly referred to as threshold corrections. These threshold corrections are obtained
from a Lagrangian-level analysis and therefore constitute a universal, process-independent
ingredient in RG analyses and matching computations in SMEFT.
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The main goal of this paper is to calculate the threshold corrections to one loop in
dimension-six SMEFT within two EW input schemes, namely those using the masses of the
W and Z bosons, MW and MZ , and either the Fermi constant GF or the effective on-shell
fine-structure constant α(MZ) as inputs, i.e. {MW , MZ , GF } and {MW , MZ , α}. Our work
builds on the current state of the art, which is two-loops within the SM [14] and tree-level in
dimension-six SMEFT [15]. Although our computational procedure follows that used in SM
analyses, new subtleties arise already at one loop. For example, in both the SM and SMEFT,
tadpole corrections contribute to the one-loop threshold corrections for the Higgs potential
parameters. However, in SMEFT, they also affect the threshold corrections relating the
SU(3) coupling g3 in the unbroken phase to the strong-coupling constant gs, unless the top
quark and heavy EW bosons are decoupled. This leads us to perform the first calculation of
one-loop decoupling constants for gs in SMEFT in the presence of EW corrections, extending
the QCD results of [16] and providing a necessary element for consistently implementing
experimental determinations of αs(µ) that assume SM-like running into SMEFT analyses.

Our results can be implemented in existing RG-running frameworks such as [17–19] and
provide an important piece of the SMEFT precision program, complementary to efforts in
automated matching [9, 11, 20] and SMEFT running [15, 21–23] calculations and tools. The
relative size of threshold, RG running and matching corrections depends on the process,
UV model and new physics scale.

The paper is organised as follows. Section 2 defines the Lagrangian parameters in both the
broken and unbroken phases, along with the expansion coefficients for threshold corrections
in dimension-six SMEFT in the two electroweak input schemes. Section 3 describes the
computation of threshold corrections from counterterms, outlines cross-checks of our results,
and discusses the renormalisation of the strong coupling constant in the broken phase,
including the calculation of decoupling constants. A brief numerical analysis is presented
in section 4, followed by conclusions in section 5. Appendix A provides analytic formulas
for the threshold corrections.

2 Preliminaries

We write the dimension-six SMEFT Lagrangian as

L = L(4) + L(6); L(6) =
∑

i

Ci(µ) Qi(µ) , (2.1)

where L(4) denotes the SM Lagrangian and L(6) is the dimension-six Lagrangian with
operators Qi given in the Warsaw basis [24]. The corresponding Wilson coefficients Ci(µ)
are renormalised in the MS scheme and are implicitly suppressed by two powers of the new
physics scale Λ. We shall often keep the µ-dependence implicit, writing Ci ≡ Ci(µ). The 59
independent dimension-six operators, which in general carry flavour indices, are listed and
grouped into eight classes in table 3.1 We define the covariant derivative as

Dµ =
[
∂µ + ig3T aGa

µ + i
g2
2 σiW i

µ + iyg1Bµ

]
, (2.2)

1We employ the symmetric basis for the Wilson coefficients. This means that for Wilson coefficients
contributing to operators with two identical fermion bilinears, we define the Wilson coefficient of both flavour
combinations and take into account their symmetry, e.g. C ll

1221
+ C ll

2112
= 2 C ll

1221
.
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where the σi are Pauli matrices. For the SM Higgs potential we follow the convention
of [21], writing

V = λ

(
H†H − 1

2v2
)2

= λ(H†H)2 − µ2
HH†H + constant , (2.3)

where µ2
H ≡ λv2. Throughout this work, we truncate the SMEFT expansion of a given

quantity to linear order in the dimension-six SMEFT Wilson coefficients.
In the formulation above, gauge invariance is manifest, and if µ2

H were negative it
would correspond to a scenario with no spontaneous symmetry breaking — in other words,
the symmetric phase. The set of Lagrangian parameters appearing in this formulation is
particularly useful for studies of RG evolution up to much higher scales and for matching
with new-physics models. We shall refer to these as “symmetric-phase” parameters, and
write the full set as

psym
i (µ) ≡ psym

i ∈ {g1, g2, λ, µ2
H , yt, g3}. (2.4)

We have approximated all Yukawa couplings appearing in the SM Lagrangian as zero apart
from that of the top quark, yt, and made explicit that these symmetric-phase parameters are
defined in the MS scheme and therefore depend on the renormalisation scale µ.

Consider now the broken-phase formulation, which makes use of the physical mass
spectrum arising when µ2

H > 0. After rotation to the mass basis, a convenient set of
broken-phase parameters is

pbroken
i ∈ {MW , MZ , vσ, mH , mt, gs(µ)}. (2.5)

Here we have approximated the CKM matrix by the unit matrix and treated all fermions
as massless except for the top quark with mass mt.2 Furthermore, using the parameter
vσ ∈ {vµ, vα} allows one to choose between the two EW input schemes defined in table 1;
results can be converted to other schemes using expressions from [25, 26]. The definitions
of these parameters are

vµ =
(√

2GF

)− 1
2 , vα = 2MW sw√

4πα(MZ)
, (2.6)

where here and below the cosine (cw) and sine (sw) of the Weinberg angle are defined as

cw = MW

MZ
=
√

1 − s2
w . (2.7)

A short comment is in order concerning the definition of the strong coupling constant
gs(µ) in eq. (2.5). First, it is renormalised in the MS scheme and therefore depends on a
renormalisation scale µ, whereas all other broken-phase quantities are renormalised on-shell

2In this approximation the weak and mass basis in the quark sector coincide, so that the symmetric-phase
SM Yukawa Lagrangian is simply −ytq̄3H̃tR + h.c..
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scheme inputs
vµ GF , MW , MZ

vα α(MZ), MW , MZ

Table 1. Nomenclature for the EW input schemes considered in this work.

and thus µ independent.3 Second, experimental extractions of this quantity are typically
quoted at µ = MZ , with evolution to and from other scales calculated from the QCD
β function. In SMEFT, however, we shall see that both top-quark loops and electroweak
corrections modify this running already at one loop, which prevents a direct use of experimental
extractions that assume purely SM evolution. To avoid this complication, we define gs(µ)
in a five-flavour version of QED×QCD, where the top quark and heavy electroweak bosons
have been integrated out. In this set-up the running is SM-like, while the effects of heavy
particles are taken into account through decoupling constants. An analogous situation arises
for the effective on-shell fine structure constant α(MZ), whose one-loop decoupling constants
in SMEFT were derived in [34].

While the broken-phase parameters can be determined from, and subsequently used to
describe, experimental measurements at the EW scale, it is the symmetric-phase parameters
which are used at much higher scales µ ∼ Λ, whether to connect with calculations of the Wilson
coefficients Ci at that scale in explicit models, or to address phenomenologically interesting
questions such as the high-scale stability of the EW vacuum [35–37]. In order to shift between
the two sets of Lagrangian parameters at a matching scale µEW in a continuous fashion, one
must calculate the relations between them as a SMEFT expansion in loops and operator
dimension. We write these relations, up to one loop in dimension-six SMEFT, in the form

g1 = 2MZsw

vσ

[
1 + v2

σδg
(6,0,σ)
1 + 1

v2
σ

δg
(4,1,σ)
1 + δg

(6,1,σ)
1

]
,

g2 = 2MW

vσ

[
1 + v2

σδg
(6,0,σ)
2 + 1

v2
σ

δg
(4,1,σ)
2 + δg

(6,1,σ)
2

]
,

g3 = gs

[
1 + v2

σδg
(6,0)
3 + δg

(4,1)
3 + δg

(6,1,σ)
3

]
,

yt =
√

2mt

vσ

[
1 + v2

σδy
(6,0,σ)
t + 1

v2
σ

δy
(4,1,σ)
t + δy

(6,1,σ)
t + δy

αs(4,1)
t + δy

αs(6,1,σ)
t

]
,

3The conversion between symmetric- and broken-phase quantities could alternatively be performed using
broken-phase parameters renormalised in the MS scheme, together with an on-shell to MS conversion carried
out directly in the broken phase at a lower scale. The resulting symmetric-phase parameters are equivalent up
to the calculated order in the SMEFT expansion. We adopt the one-step approach because of its simplicity,
because Wilson-coefficient running is usually formulated directly in terms of symmetric-phase parameters, and
because converting the fermion and heavy gauge-boson masses and vσ from on-shell to MS parameters would
introduce sizeable tadpole corrections, which in our formulation only appear in threshold corrections to the
Higgs-potential parameters. Nevertheless, the conversion between on-shell and MS-renormalised broken-phase
parameters can be extracted from the counterterms presented in this work, and may be useful for precision
EFT phenomenology employing MS-renormalised broken-phase inputs, in particular for LEFT running [27–31]
and SMEFT-LEFT matching [32, 33].
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λ = m2
H

2v2
σ

[
1 + v2

σδλ(6,0,σ) + 1
v2

σ

δλ(4,1,σ) + δλ(6,1,σ)
]

,

µ2
H = m2

H

2

[
1 + v2

σ

[
δµ2

H

](6,0,σ)
+ 1

v2
σ

[
δµ2

H

](4,1)
+
[
δµ2

H

](6,1,σ)
]

. (2.8)

The superscripts on the expansion coefficients δg
(i,j,σ)
1 label the dimension-i contribution

at j-loop order in the EW input scheme using vσ as an input, and similarly for those on
δg2, etc. In cases where the coefficient does not depend on the scheme we have dropped the
superscript σ, and in the case of yt we have separated out the EW and QCD contributions,
the latter being labeled with an additional superscript αs.

The expansion coefficients in eq. (2.8), which are finite and gauge invariant, are referred
to as “threshold corrections” in the literature. They have been calculated up to two loops in
the pure SM in [14], and to calculate them at one loop in dimension-six SMEFT is the main
goal of the present work. We outline some aspects of this calculation in the following section.

3 Calculating the threshold corrections

In order to determine the threshold corrections in SMEFT, we use as a starting point the
following tree-level relations between the parameters of the broken and symmetric phases,
which can be derived from results in [15]:

g1 = 2MZsw

vT

[
1 − v2

T

( 1
4s2

w

CHD + cw

sw
CHW B + CHB

)]
,

g2 = 2MW

vT

[
1 − v2

T CHW

]
,

g3 = gs

[
1 − v2

T CHG

]
,

λ = m2
H

2v2
T

[
1 + v2

T

(
3v2

T

m2
H

CH + 1
2CHD − 2CH□

)]
,

yt =
√

2mt

vT
+ 1

2v2
T CuH

33
,

µ2
H = m2

H

2

[
1 + v2

T

(
3v2

T

2m2
H

CH + 1
2CHD − 2CH□

)]
. (3.1)

The vacuum expectation value (vev) of the Higgs field in SMEFT is defined through
⟨H†H⟩ = v2

T /2.
Beyond tree level, the above relations hold for bare quantities. We can use them to

calculate the threshold corrections by replacing such bare quantities by counterterms plus their
renormalised equivalents, and then solving for the renormalised symmetric-phase parameters
in terms of the broken-phase ones using a SMEFT expansion. The details of this procedure
are worked out in appendix A. The main ingredients are the SMEFT expansion coefficients
of counterterms, which we turn to next.

For a generic renormalised parameter X, we define

X0 = X (1 + ∆X) , (3.2)
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where the subscript “0” refers to the bare quantity and ∆X are counterterms. For the
SMEFT Wilson coefficients, we use

Ci,0 = Ci + ∆Ci, ∆Ci ≡
1
2ϵ

Ċi ≡
1
2ϵ

dCi

d log µ
, (3.3)

where ϵ = (4 − d)/2 is the dimensional regulator in d-dimensions.4 Furthermore, for broken-
phase parameters renormalised on-shell, i.e. XO.S. ∈ {MW , MZ , vσ, mt, mH}, we split the
counterterms into divergent and finite pieces in the dimensional regulator as

∆XO.S. = ∆XO.S.
div.

ϵ
+ δXO.S. . (3.4)

Counterterms for the symmetric-phase parameters are all defined in the MS scheme and
contain only divergent parts. After solving for the threshold corrections as functions of
renormalised broken-phase parameters, the divergent pieces of various counterterms cancel
against each other, and the final results are a function of the SMEFT expansion coefficients
of the δXO.S..

While this procedure for calculating the threshold corrections is fairly straightforward, its
implementation relies on explicit results for the counterterms of the Wilson coefficients, the
symmetric-phase parameters, and the broken-theory parameters up to one loop in dimension-
six SMEFT. Those for the Wilson coefficients have been obtained in [15, 21, 22],5 while
those for the symmetric-phase parameters were given in [21]. The counterterms for the full
set of broken-theory parameters in SMEFT within the two different EW input schemes are
not readily available in the literature, and we have calculated them from scratch in the
present work. This involves evaluating a number of Feynman diagrams, each of which can
receive contributions from multiple SMEFT operators. We show representative Feynman
diagrams relevant for the counterterms of MW , MZ , mH and mt in figure 1, highlighting
contributions which appear only in SMEFT.

In order to perform these calculations, we have used a chain of automated tools. It makes
use of an in-house implementation of the SMEFT Lagrangian in FeynRules [39] in both
unitary and Feynman gauge, a generation of Feynman diagrams with Feynarts [40] using the
Feynrules output, and the calculation of loop diagrams in terms of Passarino-Veltmann (PV)
integrals using FormCalc [40–42]. Our unitary-gauge results have been cross-checked using
Feynman rules generated by SMEFTsim [43, 44], and various manipulations on PV integrals
have been cross-checked between LoopTools [40] and PackageX [45].

We have performed a number of consistency checks on our results. First, we have verified
the cancellation of all divergent contributions at the level of the threshold corrections, and
the related fact that the µ dependence of the MS renormalised symmetric phase parameters,
calculated in terms of the broken-phase ones through threshold corrections, is consistent with
the renormalisation-group equations given in [21]. Second, we have performed all calculations
in various gauges and checked that the threshold corrections are gauge independent. For the

4To avoid notational clutter here and throughout the paper we omit the standard finite pieces which accom-
pany divergent parts of counterterms in the MS scheme and cancel out of expressions for threshold corrections.

5We use the electronic implementation in DsixTools [17, 38] as the Ċi typically depend on a large number
of Wilson coefficients.
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Figure 1. Representative Feynman diagrams contributing to the counterterms of the broken-theory
parameters MW and MZ (lines 1 and 2), mH (lines 3 and 4) and mt (lines 5 and 6). The plain line in
the tadpole diagrams can be either a top-quark, boson or the Higgs. Vertices which only contribute in
SMEFT have been highlighted with a blob.

QCD corrections we utilised a general Rξ gauge, while for electroweak corrections we have
worked in both unitary and Feynman gauge. In the electroweak case tadpole contributions
play an important role. We have treated tadpole counterterms in the FJ tadpole scheme [46],
which amounts to including tadpole topologies in the Feynman diagrammatic calculations of
the counterterms [47], and have confirmed the expected result that, after their inclusion, all
counterterms are individually gauge invariant. Finally, the one-loop threshold corrections
in the SM are a subset of our results, and we have compared them with those given in [14]
in the vµ scheme, finding full agreement.

We end this section with a comment on the threshold corrections for the SU(3) coupling
constant g3. In the full electroweak SM, the symmetric-phase parameter g3 coincides with
the corresponding broken-phase parameter at one loop. In the SMEFT, however, a difference
arises already at tree level, because the operator CHG contributes to the broken-phase kinetic
terms after electroweak symmetry breaking. In addition, the one-loop running of the strong
coupling constant in SMEFT, which we denote by gs(µ) to distinguish it from the five-flavour
QED×QCD coupling gs(µ) used in eq. (2.5), receives modifications from top-quark loops and
weak corrections. We have computed this running by renormalising the quark-gluon vertex,
including tadpole contributions. Defining αs ≡ g2

s(µ)/(4π), we obtain

µ
d

dµ
αs = −2αs

(
αs

4π
β0 − ġ(6,1)

s

)
, (3.5)

where the one-loop SM result in our notation is β0 = 11 − 2nq/3, with nq = 6 the number
of active quarks, and the dimension-six contribution is

16π2ġ(6,1)
s = −4

(
m2

H + 6M4
W + 3M4

Z − 12m4
t

m2
H

)
CHG − 4

√
2gsmtvσCuG

33
. (3.6)
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The contribution proportional to CuG
33

is a QCD effect arising from top-quark couplings
to gluons and agrees with the result obtained in [48], while that proportional to CHG is
a pure weak effect and has not yet been considered in the literature. Higher-order QCD
corrections have been considered in [16, 49].

As mentioned in section 2, dimension-six running effects can be avoided by using gs(µ),
whose RG equation takes the form of the SM piece of eq. (3.5) but with nq = 5. Up to
corrections in light-quark masses, this definition of the strong coupling is related to that in
the full EW SMEFT by a decoupling constant ζαs , which we expand to one-loop as

αs =
(
1 + ζ(4,1)

αs
+ ζ(6,1)

αs

)
αs . (3.7)

The calculation of the decoupling constants follows the procedure and definitions outlined
for the electric charge in [34]. It leads to the standard QCD result

ζ(4,1)
αs

= αs

6π
ln µ2

m2
t

, (3.8)

while for the dimension-six piece we find

16π2ζ(6,1)
αs

= −4
√

2gsmtvσ ln
(

µ2

m2
t

)
CuG

33
+ 4

m2
H

CHG

[
12m4

t − m4
H − 2M4

W − M4
Z

+ 12m4
t ln µ2

m2
t

− m4
H ln µ2

m2
H

− 6M4
W ln µ2

M2
W

− 3M4
Z ln µ2

M2
Z

]
. (3.9)

It is instructive to compare the threshold expansion for g3 in terms of gs with that in
terms of gs. To do so, we first modify the threshold expansion in eq. (2.8) to

g3 = gs

[
1 + v2

σδg
(6,0)
3 + δg

(4,1)
3 + δg

(6,1,σ)
3

]
, (3.10)

where the coefficients on the right-hand side are understood to be a function of gs. Explicit
results for both threshold expansions can be constructed from the expressions given in
appendix A.1. The tadpole contributions, which are large numerically, enter the one-loop
dimension-six coefficients in eq. (3.10) but not in eq. (2.8), because in the latter case they
are cancelled by contributions within the decoupling constants.

The analytic expressions for the expansion parameters of the threshold corrections given
in eq. (2.8) are included as ancillary files with the arXiv submission of this paper along
with an example Mathematica notebook for the numerical evaluation using LoopTools and
employing the experimental input values given in table 2.

4 Numerical analysis

The threshold corrections receive contributions from both QCD and EW effects, which
factorise at one-loop order. The structure of the EW corrections is relatively intricate, as
it depends on the EW input scheme and on the specific parameter or Wilson coefficient
under consideration. In general, the dominant EW contributions arise from top-quark loops
and are proportional to the quantity

∆ρ
(4,1)
t

v2
σ

= 3
16π2

m2
t

v2
σ

≈ 1% . (4.1)
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GF 1.166378 × 10−5 GeV−2 α(MZ)−1 128.917

MZ 91.1880 GeV MW 80.3692 GeV

MH 125.20 GeV mt 172.56 GeV

αs(MZ) 0.1190 ± 0.0009

Table 2. Experimental input values [50]. For reference, the values of the vev derived from these
inputs are vµ = 246.220 GeV and vα = 243.235 GeV.

The size of these top-loop (and other) corrections can be enhanced by a factor c2
w/s2

w when
arising from the renormalisation of the sine of the Weinberg angle, in which case their
magnitude is set instead by the quantity

−∆r
(4,1)
t

v2
σ

= c2
w

s2
w

∆ρ
(4,1)
t

v2
σ

≈ 3.5% . (4.2)

Finally, the threshold corrections to the Higgs-potential parameters λ, µ2
H contain uncanceled

tadpole contributions, which scale as

∆ρ
tad(4,1)
t

v2
σ

≈ m2
t

m2
H

∆ρ
(4,1)
t ≈ 2∆ρ

(4,1)
t (4.3)

and thus receive an additional enhancement.

4.1 Threshold corrections at the EW scale

In order to illustrate these generic statements, let us first evaluate g1 in the threshold
expansion using the numerical inputs in table 2. In this case, the tree-level SM results
in the two schemes are

g
vα(4,0)
1 =

√
4πα(MZ)

cw
= 0.3542 , g

vµ(4,0)
1 = 2MZsw

vµ
= 0.3499 . (4.4)

At NLO in SMEFT, for µ = MZ the result in the vα scheme is
gvα

1

g
vα(4,0)
1

= 1.009+v2
α

[
−(1×1.06)CHB−(0.25×1.07)CHD +0.023CHu

33
−0.019C

(1)
Hq
33

+. . .

]
.

(4.5)
Here and below, the . . . refer to SMEFT contributions which are smaller than those listed
when all Wilson coefficients are set equal to a common value, and the contributions from
Wilson coefficients contributing already at LO are written in the form (c × KNLO) Ci, where
c is the LO contribution and KNLO is a multiplicative factor induced by the NLO correction.
For the same settings the NLO SMEFT result in the vµ scheme is

g
vµ

1

g
vµ(4,0)
1

= 1.024 + v2
µ

[
− (1.87 × 1.03)CHW B − (1.12 × 1.05)CHD

− (1 × 1.04)CHB − (0.5 × 1.10)
(

C
(3)
Hl
11

+ C
(3)
Hl
22

)
+ (0.5 × 1.08)C ll

1221

+ 0.100CHu
33

− 0.085C
(1)
Hq
33

+ 0.050C
(3)
Hq
33

+ . . .

]
. (4.6)
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One sees that the generic size of the NLO corrections is in line with the discussion above.
In particular, one can check using the analytic results in appendix A that the dominant
contributions arise from top loops, and can also understand that the corrections in the vµ

scheme tend to be larger, due to the fact that the tree-level SM result in that scheme is
proportional to sw while that in the vα scheme is not.

This latter statement is not true in general, and is in fact reversed for the case of g2,
where the tree-level results are

g
vα(4,0)
2 =

√
4πα(MZ)

sw
= 0.6608 , g

vµ(4,0)
2 = 2MZcw

vµ
= 0.6528 . (4.7)

Again for the same inputs, in this case the NLO SMEFT results are

gvα
2

g
vα(4,0)
2

= 0.9818 + v2
α

[
(1.87 × 0.981)CHW B − (1 × 1.03)CHW + (0.87 × 0.989)CHD

− 0.079CHu
33

+ 0.068C
(1)
Hq
33

− 0.042C
(3)
Hq
33

+ . . .

]
, (4.8)

and

g
vµ

2

g
vµ(4,0)
2

= 0.9972 + v2
µ

[
− (1 × 1.02)CHW − (0.5 × 1.02)

(
C

(3)
Hl
11

+ C
(3)
Hl
22

)
+ (0.5 × 1.00)C ll

1221

+ 0.011CHW B + . . .

]
, (4.9)

so that the contributions are generally smaller in the vµ scheme.
As noted above, larger contributions arise when tadpoles do not cancel, as is the case for

the parameters in the Higgs potential. For example, let us consider the threshold expansion
for λ. The tree-level SM results are

λvα(4,0) = m2
H

2v2
α

= 0.1325 , λvµ(4,0) = m2
H

2v2
µ

= 0.1293 , (4.10)

while in SMEFT, again for µ = MZ , one has

λvα

λvα(4,0) =1.091+v2
α

[
(11.3×1.05)CH +(3.73×1.21)CHW B+(2.24×1.17)CHD

−(2×1.00)CH□−0.377CuH
33

−0.159CHu
33

+0.135C
(1)
Hq
33
−0.109C

(3)
Hq
33

+...

]
, (4.11)

and

λvµ

λvµ(4,0) = 1.119 + v2
µ

[
(11.6 × 1.02)CH − (2 × 1.00)CH□ − (1 × 1.27)

(
C

(3)
Hl
11

+ C
(3)
Hl
22

)

+ (1 × 1.24)C ll
1221

+ (0.5 × 1.00)CHD − 0.373CuH
33

− 0.029C
(3)
Hq
33

+ . . .

]
. (4.12)

One thus sees that the NLO threshold corrections λ are typically of order 10% times numerical
factors depending on the Wilson coefficient (and also in the SM), although they arise solely
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from the EW sector. The situation is similar for the parameter µ2
H , where the NLO SMEFT

results are

2
m2

H

(
µ2

H

)vα = 1.097 + v2
α

[
(5.66 × 1.11)CH − (2 × 1.05)CH□ + (0.5 × 1.39)CHD

+ 0.362CHW B − 0.337CuH
33

+ (4.9CHW + 0.38CHB) × 10−3
]

, (4.13)

and

2
m2

H

(
µ2

H

)vµ = 1.095 + v2
µ

[
(5.80 × 1.04)CH − (2 × 1.02)CH□ + (0.5 × 1.02)CHD

− 0.333CuH
33

+ 0.095C ll
1221

− 0.095
(

C
(3)
Hl
11

+ C
(3)
Hl
22

)

+ (4.8CHW + 0.70CHW B + 0.37CHB) × 10−3
]

. (4.14)

Finally, we list results for the top-quark Yukawa and strong coupling constant, both of
which receive QCD as well as EW contributions. For the top-quark Yukawa, the tree-level
SM result is

y
vα(4,0)
t =

√
2mt

vα
= 1.003 , y

vµ(4,0)
t =

√
2mt

vµ
= 0.9911 . (4.15)

The SMEFT results are:

yvα
t

y
vα(4,0)
t

= 0.9701 + v2
α

[
(1.87 × 0.945)CHW B + (0.870 × 0.955)CHD + (0.498 × 1.06)CuH

33
,

− 0.081CHu
33

+ 0.068C
(1)
Hq
33

− 0.059CuG
33

− 0.052C
(3)
Hq
33

+ . . .

]
, (4.16)

and

y
vµ

t

y
vµ(4,0)
t

= 0.9857 + v2
µ

[
(0.504 × 1.03)CuH

33
− (0.5 × 0.992)

(
C

(3)
Hl
11

+ C
(3)
Hl
22

)

+ (0.5 × 0.967)C ll
1221

− 0.058CuG
33

+ . . .

]
. (4.17)

For g3 we have at tree level

g
vα(4,0)
3 = g

vµ(4,0)
3 =

√
4παs(MZ) = 1.22 . (4.18)

In the vα scheme, the NLO corrections are given by

gvα
3

g
vα(4,0)
1

= 0.9960 + v2
α

[
− (1.00 × 1.05)CHG + 0.020CuG

33

]
, (4.19)

while in the vµ scheme

g
vµ

3

g
vµ(4,0)
1

= 0.9960 + v2
µ

[
− (1.00 × 1.01)CHG + 0.020CuG

33

]
. (4.20)
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4.2 Threshold corrections in RG analyses

SMEFT can be used both within a bottom-up approach, where the Wilson coefficients
are fit to data at the electroweak scale µEW, or within a top-down approach, where they
are determined from a UV model at a high scale Λ through matching. In either case,
the parameters psym(µEW) are determined through threshold corrections, and the sets of
parameters {psym, Ci} at widely separated renormalisation scales are connected through an
RG analysis. In this section, we briefly examine how the NLO threshold corrections in
SMEFT calculated in this work affect such analyses.

Let us first consider the bottom-up approach. In this case we assume that a certain
set of Wilson coefficients ci ∈ Ci take on non-zero values at the EW scale, and use the
threshold corrections in eq. (2.8) to calculate psym

i (µEW) within a given EW input scheme.
This requires numerical values of the broken-phase parameters, which are listed in table 2.
Within a fixed-order analysis and to leading-logarithmic accuracy, the Wilson coefficients
and symmetric-phase parameters at a high scale Λ can be written in terms of their values
at the EW scale through the relations:

psym
i (Λ) = psym

i (µEW) + ṗsym
i (µEW) ln

( Λ
µEW

)
,

Ci(Λ) = ci(µEW) + Ċi(µEW) ln
( Λ

µEW

)
, (4.21)

where for a given quantity x we define ẋ ≡ dx/d ln µ. The values of the ci(µEW) are fixed
initial conditions, while the scale dependence of the dotted objects can be written as

ṗsym
i (µEW) ≡ ṗsym

i

(
psym

j (µEW), cj(µEW)
)

,

Ċsym
i (µEW) ≡ Ċsym

i

(
psym

j (µEW), cj(µEW)
)

, (4.22)

which is meant to emphasise that the quantities with index i depend in general on all the
parameters and Wilson coefficients under consideration. The fixed-order relations in eq. (4.21)
break down when the logarithm ln(Λ/µEW) ≫ 1, in which case one must solve the RG
equations numerically in order to resum logarithms. But they illustrate the important point
that within the bottom-up approach the dependence of the Wilson coefficients on threshold
corrections appears only through their RG evolution and such loop effects are expected to
be small, unless the aforementioned logarithm is very large.

Let us now consider two simple scenarios within this bottom-up approach, involving
modified top-quark couplings. First, we study the case where only a single Wilson coefficient
is set to a non-zero value at µEW = MZ , namely

ci(MZ) = CuH
33

(MZ) = 1
1 TeV2 . (4.23)

We then examine the effect of LO and NLO threshold corrections on the symmetric-phase
parameters and Wilson coefficients at the high scale Λ = 1 TeV. To this end, we use the
exact numerical solutions to the RG equations, with the only approximation being that we
restrict ourselves to the set of Wilson coefficients generated through the one-loop running as

– 12 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
0

written in eq. (4.22); for this particular example it requires the set Ci ∈ {CH , CuH
33

}. The
relevant set of RG equations for the Wilson coefficients is then

16π2ĊH =
(
−9

2g2
1 − 27

2 g2
2 + 108λ + 18y2

t

)
CH +

(
24λyt − 24y3

t

)
CuH

33
,

16π2ĊuH
33

=
(
−35

12g2
1 − 27

4 g2
2 − 8g2

3 + 24λ + 51
2 y2

t

)
CuH

33
, (4.24)

while for the SM parameters one has

Ṗi = Ṗ
(4,1)
i , Pi ∈ {g1, g2, g3, µ2

H} ,

λ̇ = λ̇(4,1) + 3µ2
H

4π2

(
2CH + ytCuH

33

)
,

ẏt = ẏ
(4,1)
t + 3µ2

H

8π2 CuH
33

, (4.25)

where expressions for the dotted symmetric-phase parameters in the SM limit, p
sym(4,1)
i ,

are given in eq. (A.7) below.
Within this set-up, the effect of the tree and loop-level dimension-six threshold corrections

compared to the pure SM results at the scale µEW can be read off from the equations given in
section 4.1. In particular, compared to NLO SM, the tree-level SMEFT corrections increase
the top-quark Yukawa yt by about 3%; the NLO SMEFT corrections to yt are negligible,
but they serve to decrease the parameters λ and µ2

H by about 2%.
Consider now the evolution of the symmetric-phase parameters to the scale µNP = Λ =

1 TeV in the SM limit, where all Wilson coefficients are set to zero. Taking the NLO SM
results for psym

i at µEW = MZ within the vµ scheme as the initial condition, and using the
one-loop RG equations, we find

p
SM,vµ

i (Λ)
p

SM,vµ

i (MZ)
= {1.01, 0.980, 0.685, 1.07, 0.891, 0.872} , (4.26)

where the list of numbers on the right-hand side corresponds to the parameters psym
i in the

order written in eq. (2.4). If we now include SMEFT corrections, using first the NLO SM
plus tree-level SMEFT threshold corrections as the initial conditions (labelling the result
with a superscript “SM+(6,0)”) and with the full one-loop RGEs, we find

p
SM+(6,0),vµ

i (Λ)
p

SM,vµ

i (Λ)
= {1.00, 1.00, 0.925, 1.00, 1.04, 1.00} , (4.27)

and thus see that λ(Λ) is most strongly affected. Finally, obtaining the initial conditions
from the full NLO threshold corrections in SMEFT (labelling the result with a superscript
“SM+(6,0)+(6,1)”), we find

p
SM+(6,0)+(6,1),vµ

i (Λ)
p

SM+(6,0),vµ

i (Λ)
= {1.00, 1.00, 0.958, 0.981, 1.00, 1.00} , (4.28)
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and see that adding the NLO dimension-six corrections to the initial conditions decreases
the values of λ and µ2

H at the scale Λ by 4% and 2%, respectively, meaning that loop effects
are roughly half as large as the tree-level ones.

The threshold corrections also alter the Wilson coefficients at Λ, since the SM parameters
that determine their anomalous dimensions are themselves changed. In the scenario above,
it turns out that the NLO threshold corrections affect the results for Ci(Λ) below the 1%
level. However, this result is rather sensitive to the identities and numerical values of the
Wilson coefficients ci(MZ) which define the initial conditions. For instance, let us modify
the scenario in eq. (4.23) to include a non-zero value also for the Wilson coefficient of the
top-quark chromomagnetic dipole operator:

ci(MZ) =
{

CuH
33

(MZ) = 1
Λ2 , CuG

33
(MZ) = 1

(0.75Λ)2

}
. (4.29)

The top-quark dipole operator coefficient appears in loop-level threshold corrections only.
Repeating the analysis above, one finds that the values of the SM parameters at the high
scale Λ = 1 TeV are rather minimally affected by NLO threshold corrections, and while the
same is true of most Wilson coefficients at that scale,6 the value of CuH

33
(CH) is shifted by

3% (-2%) compared to the case where the dimension-six threshold corrections are treated
only at tree level.

Let us now comment briefly on a top-down approach. One possible implementation,
taken for instance in [18], is to fix a numerical pattern of high-scale Wilson coefficients
ci(Λ), and then use an iterative RG analysis to find the set of psym

i (µEW), psym
i (Λ), Ci(µEW)

that is consistent both with the high-scale Wilson coefficients and the values of the broken
phase parameters as determined by threshold corrections at µEW. We have studied the
analogue of the scenarios in eqs. (4.23), (4.29) within this approach (i.e. that where the
numerical values of the Wilson coefficients are taken to be at Λ rather than MZ), and found
that the effect of NLO threshold corrections is similar to that in the bottom-up approach
analyzed above. We note that in model-specific implementations of the top-down approach,
the Wilson coefficients ci(Λ) are calculable functions of both the symmetric phase and new
physics parameters, so the threshold corrections affect the Wilson coefficients beyond the
one-loop running in eqs. (4.21), (4.22) and can thus lead to larger effects which must be
determined on a case-by-case basis.

5 Conclusions

Threshold corrections provide a link between experimentally measured broken-phase input
parameters and MS-renormalised symmetric-phase parameters, and are thus a key ingredient
for RG analyses and matching computations in SMEFT. In this work we have presented in
analytic form the complete set of one-loop threshold corrections in dimension-six SMEFT in
two EW input schemes. As a by-product of the analysis, we obtained the one-loop running of
the strong coupling constant in the full EW SMEFT as well as the decoupling constant arising
when this coupling is defined in a theory where the top quark and heavy electroweak bosons

6In this scenario the one-loop running involves Ci ∈ {CHG, CH , CuX
33

}, with X = B, G, H, W .
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are integrated out. We have performed extensive consistency checks on our results, including
gauge independence, cancellation of divergences, and consistency with the known SM limits.

While modest in many scenarios, the NLO threshold corrections can be enhanced — for
example in the Higgs potential, which is sensitive to tadpole corrections, or more generally
through contributions involving top-quark loops. A brief numerical analysis in two benchmark
scenarios involving modified top-quark couplings illustrates that loop-level dimension-six
threshold corrections can change the SM parameters at the electroweak scale by up to
O(5–10%), with similar shifts to SM parameters and Wilson coefficients at the TeV scale.
Beyond this, our results provide a complete, process-independent set of one-loop SMEFT
threshold corrections that can be readily implemented in existing RG-running frameworks
such as [17–19] to improve the theoretical accuracy of both top-down and bottom-up SMEFT
analyses.
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A SMEFT results for threshold corrections

In this section we work out the details of the general strategy outlined in section 3 for
calculating the SMEFT expansion coefficients of the threshold corrections as defined in
eq. (2.8). Implicit results for the threshold corrections as a function of the finite parts of
broken-phase counterterms are given in section A.1, and results for these finite counterterm
shifts in terms of Passarino-Veltmann (PV) integrals are given in section A.2. In addition,
we have included with the arXiv submission of this paper electronic files for the threshold
corrections in terms of PV integrals directly.

A.1 Threshold corrections from finite parts of counterterms

As a first ingredient in this procedure, we define the SMEFT expansions used to renormalise
the broken-theory parameters listed in eq. (2.5). For the Higgs vev, we follow [25] and write

1
v2

T,0
= 1

v2
σ

[
1 − v2

σδv(6,0)
σ − 1

v2
σ

∆v(4,1)
σ − ∆v(6,1)

σ

]
, (A.1)

where here and below we use the notation of eq. (3.2) for relations connecting bare parameters
with the renormalised ones plus counterterms, and the notation of eq. (2.8) for the superscripts
on SMEFT expansion coefficients in a given scheme. In the two schemes, the tree-level
results read

δv(6,0)
α = −2cw

sw

[
CHW B + cw

4sw
CHD

]
,

δv(6,0)
µ = C

(3)
Hl
11

+ C
(3)
Hl
22

− C ll
1221

. (A.2)
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For the heavy EW boson masses mEW ∈ {MW , MZ , mH} we write

mEW,0 = mEW

[
1 + 1

v2
σ

∆m
(4,1)
EW +

(
∆m

(6,1)
EW − δv(6,0)

σ ∆m
(4,1)
EW

)]

≡ mEW

[
1 + 1

v2
σ

∆m
(4,1)
EW + ∆m

(6,1,σ)
EW

]
. (A.3)

The counterterm for mt receives both QCD and EW corrections at NLO in SMEFT, which
we make explicit by writing

mt,0 = mt

[
1 + 1

v2
σ

∆m
(4,1)
t + ∆m

(6,1,σ)
t + ∆m

αs(4,1)
t + ∆m

αs(6,1)
t

]
, (A.4)

where the definition of ∆m
(6,1,σ)
t follows the notation of eq. (A.3). The counterterm for

gs also receives QCD and EW corrections, but the latter only appear in the dimension-six
piece, so in this case we write

gs,0 = gs

[
1 + ∆g(4,1)

s + ∆g(6,1,σ)
s

]
. (A.5)

In addition one needs the analogous relations between the bare and renormalised
symmetric-phase parameters in eq. (2.4) and SMEFT Wilson coefficients in order to check
that the threshold corrections are finite when the dimensional regulator is set to zero. As an
example, which is necessary for the numerical analysis in section 4.2, we list the one-loop
counterterms in the pure SM [51]. Writing

psym
i,0 = psym

i + 1
2ϵ

[ṗsym
i ](4,1)

, (A.6)

the explicit results when all SM quark flavours contribute to the running are

16π2ġ
(4,1)
1 = 41

6 g3
1 , 16π2ġ

(4,1)
2 = −19

6 g3
2 , 16π2ġ3 = −7g3

3 ,

16π2λ̇(4,1) = 3λ
(
−g2

1 − 3g2
2 + 4y2

t + 8λ
)

+ 3
8g4

1 + 9
8g4

2 + 3
4g2

1g2
2 − 6y4

t ,

16π2 ˙[µ2
H

](4,1)
= µ2

H

(
−3

2g2
1 − 9

2g2
2 + 12λ + 6y2

t

)
,

16π2ẏ
(4,1)
t = yt

(
−17

12g2
1 − 9

4g2
2 − 8g2

3 + 9
2y2

t

)
. (A.7)

The dimension-six counterterms for the symmetric-phase parameters are given in [21], and
that for the Wilson coefficients is in [15, 21, 22], but we do not list them here. Instead, we
limit ourselves to pointing out a subtlety, which is that the aforementioned counterterms
have been calculated directly in the symmetric phase of the theory, while to cancel potential
divergences in the threshold corrections they need to be expressed in terms of broken-theory
parameters. These counterterms first appear at one loop and contain only polynomial
dependence on the couplings, and it is a simple matter to shift them to the broken phase
using the tree-level relations of eq. (3.1).

In any case, splitting the broken-phase counterterms into divergent and finite parts
using the notation of eq. (3.4), we find a complete cancellation of divergent pieces in the
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SMEFT expansion coefficients of the threshold corrections. The results can be written as
follows. For g1,

δg
(6,0,σ)
1 = − 1

4s2
w

CHD − cw

sw
CHW B − CHB − 1

2δv(6,0)
σ ,

δg
(4,1,σ)
1 = δM

(4,1)
Z + δs(4,1)

w − 1
2δv(4,1)

σ ,

δg
(6,1,σ)
1 = δM

(6,1)
Z + δs(6,1)

w − 1
2δv(6,1)

σ − 1
4δv(6,0)

σ

(
6δM

(4,1)
Z + 6δs(4,1)

w + δv(4,1)
σ

)

− 1
4s2

w

(
δM

(4,1)
Z − δs(4,1)

w + 1
2δv(4,1)

σ

)
CHD

− cw

sw

(
δM

(4,1)
W + 1

2δv(4,1)
σ

)
CHW B

−
(

δM
(4,1)
Z + δs(4,1)

w + 1
2δv(4,1)

σ

)
CHB , (A.8)

where

δs(i,1)
w = −c2

w

s2
w

(
δM

(i,1)
W − δM

(i,1)
Z

)
. (A.9)

For g2, we have

δg
(6,0,σ)
2 = −CHW − 1

2δv(6,0)
σ ,

δg
(4,1,σ)
2 = δM

(4,1)
W − 1

2δv(4,1)
σ ,

δg
(6,1,σ)
2 = δM

(6,1)
W − 1

2δv(6,1)
σ − 1

2δv(6,0)
σ

(
3δM

(4,1)
W + 1

2δv(4,1)
σ

)

−
(

δM
(4,1)
W + 1

2δv(4,1)
σ

)
CHW . (A.10)

For λ we find

δλ(6,0,σ) = 3v2
σ

m2
H

CH−2CH,kin−δv(6,0)
σ ,

δλ(4,1,σ) =2δm
(4,1)
H −δv(4,1)

σ ,

δλ(6,1,σ) =2δm
(6,1)
H −δv(6,1)

σ −4δv(6,0)
σ δm

(4,1)
H + 3v2

σ

m2
H

δv(4,1)
σ CH−4δm

(4,1)
H CH,kin , (A.11)

where CH,kin ≡ CH□ − CHD/4. For µ2
H we find

[
δµ2

H

](6,0,σ)
= 3v2

σ

2m2
H

CH − 2CH,kin ,

[
δµ2

H

](4,1,σ)
= 2δm

(4,1)
H ,

[
δµ2

H

](6,1,σ)
= δλ(6,1,σ) + δv(6,1)

σ + 2δv(6,0)
σ δm

(4,1)
H − 2δv(4,1)

σ CH,kin . (A.12)
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Regarding the top-quark Yukawa coupling yt, the EW corrections read

δy
(6,0,σ)
t = vσ

2
√

2mt

CuH
33

− 1
2δv(6,0)

σ ,

δy
(4,1,σ)
t = δm

(4,1)
t − 1

2δv(4,1)
σ ,

δy
(6,1,σ)
t = δm

(6,1)
t − 1

2δv(6,1)
σ − 1

2

(
3δm

(4,1)
t − 1

2δv(4,1)
σ

)
δv(6,0)

σ + δy
(6,0,σ)
t δv(4,1)

σ , (A.13)

while the QCD ones are given by

δy
αs(4,1)
t = δm

αs(4,1)
t = −CF αs

π

(
1 + 3

4 ln µ2

m2
t

)
,

δy
αs(6,1,σ)
t = δm

αs(6,1)
t − 1

2v2
σδm

αs(4,1)
t δv(6,0)

σ

= CF gs

4π2
mtvσ√

2

(
1 + 3 ln µ2

m2
t

)
CuG

33
− 1

2v2
σδm

αs(4,1)
t δv(6,0)

σ . (A.14)

Finally, for the threshold corrections in eq. (3.10) relating g3 with gs in the full EW
SMEFT, which include contributions from the top quark and heavy weak bosons in the
running, we have

δg
(6,0)
3 = −CHG ,

δg
(4,1)
3 = 0 ,

δg
(6,1,σ)
3 = −δv(4,1)

σ CHG . (A.15)

Those relating g3 with gs defined in eq. (2.8) make use of the decoupling constants in eq. (3.7)
and are given by

δg
(6,0)
3 = δg

(6,0)
3 ,

δg
(4,1)
3 = 1

2ζ(4,1)
αs

,

δg
(6,1,σ)
3 = δg

(6,1,σ)
3 + 1

2ζ(6,1,σ)
αs

+ 1
2ζ(4,1)

αs
δg

(6,0)
3 v2

σ . (A.16)

A.2 Finite parts of counterterms as a function of PV integrals

In this section we list the finite parts of the broken-phase counterterms needed to evaluate
the threshold corrections explicitly.

We begin by introducing some shorthand notation. For squared masses, we use

h = m2
H , w = M2

W , z = M2
Z , t = m2

t . (A.17)

All results can be written in terms of the single loop function

B0
(
s; m2

1, m2
2
)

= −
∫ 1

0
dx ln

(
xm2

1 + (1 − x)m2
2 − x(1 − x)s

µ2

)
, (A.18)
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which is the finite part of a bubble integral. We also express tadpole integrals in terms
of this function, defining

B0 (0; 0, x) ≡ Bx = 1 − ln
(

x

µ2

)
, (A.19)

where x can be any of the squared masses in eq. (A.17). We shall make use of the following
tadpole functions in unitary gauge

T (4,1) = −4w2 − 2z2 + 3
2h2Bh − 12t2Bt + 6w2Bw + 3z2Bz ,

T (6,1) = hBh

(
−3CHv2

σ + 2hCH,kin
)

+ w2 (−8 + 12Bw) CHW

+ z2
(
−1 + 3

2Bz

)
(CHD + 4chzz) + 6

√
2mtvσtBtCtH + CH,kinT (4,1) , (A.20)

where we have defined the following combinations of Wilson coefficients:

CH,kin = CH□ − 1
4CHD , chzz = c2

wCHW + cwswCHW B + s2
wCHB . (A.21)

Finally, to avoid a proliferation of flavour indices it is convenient to introduce the following
abbreviations for (sums) of Wilson coefficients,

CHl ≡
3∑

i=1
CHl

ii
, CHq ≡

2∑

j=1
CHq

jj
, CHQ ≡ CHq

33
,

CHd ≡
3∑

i=1
CHd

ii
, CHe ≡

3∑

i=1
CHe

ii
, CHu ≡

2∑

i=1
CHu

jj
,

CHt ≡ CHu
33

, CtB ≡ CuB
33

, CtW ≡ CuW
33

, CtH ≡ CuH
33

, (A.22)

the last of which was already used in eq. (A.20). It is understood that the notation for CHl

applies to both C
(1)
Hl and C

(3)
Hl , and similarly for CHq and CHQ.

With this notation, the SM part of the Higgs counterterm is

16π2δm
(4,1)
H = −6w2

h
− 3z2

h
+ 3

4hBh − 6 t2

h
Bt +

(
−w + 3w2

h

)
Bw +

(
3
2

z2

h
− z

2

)
Bz

+ 9
4hB0(h; h, h) +

(
3t − 12 t2

h

)
B0(h; t, t) +

(
h

2 − 2w + 6w2

h

)
B0(h; w, w)

+
(

h

4 + 3z2

h
− z

)
B0(h; z, z) − 3

2h
T (4,1) , (A.23)
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while the SMEFT result reads

16π2δm
(6,1)
H =−12w2

h
CH,kin−

3z2

h
(2CH□+CHD)+

(
8w−36w2

h

)
CHW

+
(

4z−18z2

h

)
chzz−9v2

σ (Bh+B0(h;h,h))CH +h

2 (19Bh+27B0(h;h,h))CH,kin

+
[(

−2w+6w2

h

)
Bw+

(
h−4w+12w2

h

)
B0(h;w,w)

]
CH,kin

+
[
30w2

h
Bw+

(
−12w+24w2

h

)
B0(h;w,w)

]
CHW +9z2

4h
BzCHD

+
[(

−z+3z2

h

)
Bz+

(
h

2−2z+6z2

h

)
B0(h;z,z)

](
CH□+1

4CHD

)

+
[

15z2

h
Bz+

(
−6z+12z2

h

)
B0(h;z,z)

]
chzz

+
[
−12 t2

h
Bt+

(
6t−24 t2

h

)
B0(h;t,t)

]
CH,kin

+
√

2mtvσ

[
15 t

h
Bt+

(
−3+12 t

h

)
B0(h;t,t)

]
CtH

− 1
h

[
T (4,1)

(
−3 v2

σ

m2
H

CH +7
2CH,kin

)
+3

2T (6,1)
]

. (A.24)

The corresponding results for the W -boson mass are

16π2δm
(4,1)
W =−h

3 +2t−98
9 w+8wc2

w−
z

3 +
(

h

2−
h2

6w

)
Bh+

(
−2t+ t2

w

)
Bt

+
(

h

6 +8wc2
w+z

6

)
Bw+

(
4w−4z

3 − z

6c2
w

)
Bz+

(
−t− t2

w
+2w

)
B0(w;0,t)

+
(
−2h

3 + h2

6w
+2w

)
B0(w;h,w)+

(
−34w

3 −8wc2
w+8z

3 + z

6c2
w

)
B0(w;w,z)

− 1
h

T (4,1) , (A.25)

and

16π2δm
(6,1)
W =−2h

3 CH,kin+4tC
(3)
HQ+4w2

z
CHD+z

(
−1

6CHD−20cwsw

3 CHW B

)

+w

(
−4

9CH□−
4
3CHD−4

3C
(3)
HQ+16cwswCHW B+20MW

vσ
CW +8

9C
(3)
Hl +8

3C
(3)
Hq

)

+h

(
CH,kin+5CHW − h

3w
CH,kin

)
Bh+t

(
−4C

(3)
HQ−6

√
2 mt

MW
CtW +2t

w
C

(3)
HQ

)
Bt

+
[
w

(
−2

3CH□+5
3CHD+4

3C
(3)
Hl +4C

(3)
Hq−4CHW +16cwswCHW B−12MW

vσ
CW

)

+h

3 CH,kin+4w2

z
CHD+z

( 1
12CHD+10cwsw

3 CHW B

)]
Bw+

[
2wCHD
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+z

(
−2

3CHD+8cwswCHW B−12MW

vσ
CW

)
−z2

w

( 1
12CHD+10cwsw

3 CHW B

)]
Bz

+t

[(
−2−2t

w
+4w

t

)
C

(3)
HQ−6

√
2
(

MW

mt
− mt

MW

)
CtW

]
B0(w;0,t)

+
[
−h

(4
3CH,kin+4CHW

)
+ h2

3w
CH,kin+4w(CH,kin+2CHW )

]
B0(w;h,w)

+
[
w

(
−17

3 CHD−16cwswCHW B−48MW

vσ
CW

)
−4w2

z
CHD

+z

(4
3CHD−28

3 cwswCHW B+12MW

vσ
CW

)

+z2

w

( 1
12CHD+10

3 cwswCHW B

)]
B0(w;w,z)

− 1
h

(
T (4,1)(CH,kin+2CHW )+T (6,1)

)
. (A.26)

While the SM result for the Z-boson mass counterterm is relatively simple,

16π2δm
(4,1)
Z =−h

3 +34t

9 −130w

9 +64
9

tw2

z2 −8w3

z2 −80
9

tw

z
+40

3
w2

z
+62z

9

+
(

h

2−
h2

6z

)
Bh+

(
−34t

9 −64
9

tw2

z2 +80
9

tw

z

)
Bt+

(
−w

3 +8w3

z2 −8w2

3z

)
Bw

+
(

h

6−
200w

9 +160
9

w2

z
+100z

9

)
Bz+

(
−2h

3 +h2

6z
+2z

)
B0(z;h,z)

+1
9

(
7t−40w+64 tw2

z2 −80 tw

z
+32w2

z
+17z

)
B0(z;t,t)

+
(

8w

3 −8w3

z2 −34w2

3z
+z

6

)
B0(z;w,w)− 1

h
T (4,1) , (A.27)

the dimension-six part receives contributions from a large number of fermion-specific Z-boson
couplings and requires some additional notation. To this end, we first split up the result as

δm
(6,1)
Z = δm

(6,1)
Z,fer + δm

(6,1)
Z,bos + δm

(6,1)
Z,tad , (A.28)

where the tadpole contributions read

16π2δm
(6,1)
Z,tad = −1

h

(
T (4,1)

(
CH□ + 1

4CHD + 2chzz

)
+ T (6,1)

)
, (A.29)

and the one-particle irreducible (1PI) bosonic contributions are given by

16π2δm
(6,1)
Z,bos =

(
−5w

9 − 4w3

z2 + 4w2

3z
+ z

18

)
CHD + sw

cw

(
−4w

9 − 16w3

z2 + 8w2

3z

)
CHW B

+
(
−2h

3 − 4z

9

)(
CH□ + 1

4CHD

)

+ h

[
CH□ + CHD + 5chzz −

h

3z

(
CH□ + 1

4CHD

)]
Bh
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+ w

[(
−1

6 + 4w2

z2 − 4w

3z

)
CHD + sw

cw

(
16w2

z2 − 20w

3z

)
CHW B

]
Bw

+ z

[(
−2

3 + h

3z

)(
CH□ + 1

4CHD

)
− 4chzz

]
Bz

+ z

[(
4 + h2

3z2 − 4h

3z

)(
CH□ + 1

4CHD

)
+
(

8 − 4h

z

)
chzz

]
B0(z; h, z)

+ z

[( 1
12 − 4w3

z3 − 17
3

w2

z2 + 4w

3z

)
CHD

+ sw

cw

(
−16w3

z3 − 28
3

w2

z2 + 10w

3z

)
CHW B

]
B0(z; w, w)

− z
MW

vσ

[
4w

z
− 24w2

z2 + 24w2

z2 Bw +
(

48w2

z2 − 12w

z

)
B0(z; w, w)

]
CW .

(A.30)

The 1PI fermionic contribution is

16π2δm
(6,1)
Z,fer = z

9 (2 + 3Bz)
[
F ℓ + F ν + 3F u + 3F d

]

− 2
√

2mtMZ

(
5 − 8w

z

)
(swCtB − cwCtW ) B0(z; t, t)

+ z

[
−1

3 + 2t

z
− 2t

z
Bt +

(
1 − t

z

)
B0(z; t, t)

]
F ′

+ 6t

[
Z4u

L Z6t
R + Z4u

R Z6t
L − 1

2Z
4u
L Z4u

R CHD

]
B0(z; t, t) . (A.31)

The contributions from light-fermions f ∈ {ℓ, ν, d, u} can be written as

F f = 2Z4f
L Z6f

L + 2Z4f
R Z6f

R − 1
2 (3 − δfu)

[(
Z4f

L

)2
+
(
Z4f

R

)2
]

CHD , (A.32)

where δfu = 1 for f = u and vanishes for all other f . This result involves the left- and
right-handed Z-fermion couplings in the SM,

Z4f
L = 2T f

3 − 2s2
wQf , Z4f

R = −2s2
wQf , (A.33)

where Qf is the charge and T f
3 is the third component of the weak isospin of fermion f , as

well as the corresponding sums of contributions in SMEFT, which can be written as

Z6f
L/R = (3 − δfu) Qf

(
c2

wCHD + 2cwswCHW B

)
+ g6f

L/R . (A.34)

The flavour-specific results are

g6ℓ
L = −C

(1)
Hl − C

(3)
Hl , g6ℓ

R = −CHe ,

g6ν
L = −C

(1)
Hl + C

(3)
Hl , g6ν

R = 0 ,

g6u
L = −C

(1)
Hq + C

(3)
Hq , g6u

R = −CHu ,

g6d
L = −C

(1)
Hq − C

(3)
Hq − C

(1)
HQ − C

(3)
HQ , g6d

R = −CHd . (A.35)
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The contributions from the top quark in addition involve the functions

Z6t
L = Qu

(
c2

wCHD + 2cwswCHW B

)
− C

(1)
HQ + C

(3)
HQ ,

Z6t
R = Qu

(
c2

wCHD + 2cwswCHW B

)
− CHt , (A.36)

and

F ′ = 2Z4u
L Z6t

L + 2Z4u
R Z6t

R − 1
2

[(
Z4u

L

)2
+
(
Z4u

R

)2
]

CHD . (A.37)

The QCD counterterms for the top-quark mass have been given in eq. (A.14), while for
the EW ones we draw on the notation above in writing the pieces involving top-Z couplings.
In particular, the SM result is

16π2δm
(4,1)
t = 16

9 M2
W s2

wfγ + 2wfw + tfh + z

((
Z4u

L

)2
+
(
Z4u

R

)2
)

fz
1 + zZ4u

L Z4u
R fz

2

− 1
h

T (4,1) , (A.38)

where

fγ = −1 − 3Bt ,

fw = −1
2 +

(
−1

4 + w

2t

)
Bw +

(1
4 + t

4w
− w

2t

)
B0(t; 0, w) ,

fh = h

2t
Bh − 1

2Bt +
(

2 − h

2t

)
B0(t; h, t) ,

fz
1 = 1

2

{
−1 −

(
1 + t

z

)
Bt + z

t
Bz +

(
1 − z

t

)
B0(t; t, z)

}
,

fz
2 = 2 + t

z
Bt − 3B0(t; t, z) , (A.39)

while in SMEFT

16π2δm
(6,1)
t = 16

9 M2
W s2

wfγδv(6,0)
α +4wfwC

(3)
HQ+2t

(
CH,kin−

1√
2

vσ

mt
CtH

)
fh

+zF ′fz
1 +z

(
Z4u

L Z6t
R +Z4u

R Z6t
L −1

2Z
4u
L Z4u

R CHD

)
fz

2

− 3vσ

2
√

2mt

hBhCtH−
√

2MW

mt
(−2t+4w−3wBw+3(t−w)B0(t;0,w))CtW

+
√

2MZ

mt

(
Z4u

L +Z4u
R

)
(2(t+z)−3tBt−3zB0(t;t,z))(swCtB−cwCtW )

−
√

2mtMW sw

(16
3 −8Bt

)
(cwCtB+swCtW )+t(2−4Bt)

(
C

(1)
qu

3333
+4

3C
(8)
qu

3333

)

− 1
h

(
T (6,1)+

(
CH,kin−

1√
2

vσ

mt
CtH

)
T (4,1)

)
. (A.40)

Finally, the tree-level vev shifts in both schemes have been given in eq. (A.2). In the
vµ scheme, the one-loop SM result is

16π2δv(4,1)
µ = −h

2 + 3t − w − z

2 + 3hw

h − w
Bh − 6tBt +

(
9w − 3hw

h − w
− 3w2

w − z

)
Bw

+ 1
s2

w

(−6w + 3z) Bz −
2
h

T (4,1) . (A.41)
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The SMEFT contribution to δvµ for arbitrary flavour structure in unitary gauge within the
FJ tadpole scheme was given in [25], and in our notation reads

16π2δv(6,1)
µ =16π2δv(4,1)

µ

(
−2δv(6,0)

µ +CHD

2

)

+h

(
−CH□+CHD

2

)
+5zC ll

1221

+w

(
−CH□−

3CHD

2 −12sw

cw
CHW B+10C

(3)
Hl
11

+10C
(3)
Hl
22

+10
(

C ll
1122

−C ll
1221

))

+3t

(
−CHD

2 +C
(3)
Hl
11

+C
(3)
Hl
22

+2C
(3)
Hq
33
−C

(3)
lq

1133
−C

(3)
lq

2233

)

+6w
hBh−wBw

h−w

(
CH□−

CHD

2

)

+6wBw

(
C

(1)
Hl
11

+C
(1)
Hl
22

+C
(3)
Hl
11

+C
(3)
Hl
22

+2C ll
1122

)

+6wBz

(
−CHD−C

(1)
Hl
11

−C
(1)
Hl
22

+C
(3)
Hl
11

+C
(3)
Hl
22

+
(
−2+ z

w

)
C ll

1221

)

+tBt

(
3CHD−6C

(3)
Hl
11

−6C
(3)
Hl
22

−12C
(3)
Hq
33

+6C
(3)
lq

1133
+6C

(3)
lq

2233

)

− 2
h

[
T (4,1)

(
CH,kin−

1
2CHD

)
+T (6,1)

]
. (A.42)

In the vα scheme, the one-loop SM result for vev renormalisation takes the form

δv(4,1)
α = 2

(
δM

(4,1)
W + δs(4,1)

w − δe(4,1)
)

, (A.43)

where all pieces have been given explicitly above with the exception of

16π2δe(4,1) = 4ws2
w

(283
54 + 8

9Bt −
7
2Bw + 40

9 Bz

)
. (A.44)

The dimension-six piece can be written as

δv(6,1)
α = 2

(
δM

(6,1)
W + δs(6,1)

w − δe(6,1)
)
− 2δv(6,0)

α

(
δM

(4,1)
W + δs(4,1)

w

)

+ 2
cwsw

(
CHW B + cw

2sw
CHD

)
δs(4,1)

w , (A.45)

where in this case the new piece is

16π2δe(6,1) = −8MW sw

vα

(
2
√

2mtvα (−1 + Bt) (cwCtB + swCtW ) + 9sww (−1 + Bw) CW

)

+ hBhchγγ + wcwsw (16 − 12Bw) CHW B − 2
h

chγγT (4,1) , (A.46)

with

chγγ = c2
wCHB + s2

wCHW − cwswCHW B . (A.47)
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1 : X3

QG fABCGAν
µ GBρ

ν GCµ
ρ

Q
G̃

fABCG̃Aν
µ GBρ

ν GCµ
ρ

QW ϵIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

ϵIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH□ (H†H)□(H†H)

QHD

(
H†DµH

)∗ (
H†DµH

)

5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GA
µνG

Aµν

Q
HG̃

H†H G̃A
µνG

Aµν

QHW H†HW I
µνW

Iµν

Q
HW̃

H†H W̃ I
µνW

Iµν

QHB H†H BµνB
µν

Q
HB̃

H†H B̃µνB
µν

QHW B H†σIHW I
µνB

µν

Q
HW̃ B

H†σIH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσµνer)σIHW I
µν

QeB (l̄pσµνer)HBµν

QuG (q̄pσ
µνTAur)H̃ GA

µν

QuW (q̄pσ
µνur)σIH̃ W I

µν

QuB (q̄pσ
µνur)H̃ Bµν

QdG (q̄pσ
µνTAdr)H GA

µν

QdW (q̄pσ
µνdr)σIHW I

µν

QdB (q̄pσ
µνdr)H Bµν

7 : ψ2H2D

Q
(1)
Hl (H†i

←→
D µH)(l̄pγµlr)

Q
(3)
Hl (H†i

←→
D I

µH)(l̄pσIγµlr)

QHe (H†i
←→
D µH)(ēpγ

µer)

Q
(1)
Hq (H†i

←→
D µH)(q̄pγ

µqr)

Q
(3)
Hq (H†i

←→
D I

µH)(q̄pσ
Iγµqr)

QHu (H†i
←→
D µH)(ūpγ

µur)

QHd (H†i
←→
D µH)(d̄pγ

µdr)

QHud + h.c. i(H̃†DµH)(ūpγ
µdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγµlt)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt)

Q
(3)
qq (q̄pγµσ

Iqr)(q̄sγ
µσIqt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt)

Q
(3)
lq (l̄pγµσ

I lr)(q̄sγ
µσIqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγ
µet)

Quu (ūpγµur)(ūsγ
µut)

Qdd (d̄pγµdr)(d̄sγ
µdt)

Qeu (ēpγµer)(ūsγ
µut)

Qed (ēpγµer)(d̄sγ
µdt)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγ
µet)

Qlu (l̄pγµlr)(ūsγ
µut)

Qld (l̄pγµlr)(d̄sγ
µdt)

Qqe (q̄pγµqr)(ēsγ
µet)

Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q
(1)
quqd (q̄j

pur)ϵjk(q̄k
sdt)

Q
(8)
quqd (q̄j

pT
Aur)ϵjk(q̄k

sT
Adt)

Q
(1)
lequ (l̄jper)ϵjk(q̄k

sut)

Q
(3)
lequ (l̄jpσµνer)ϵjk(q̄k

sσ
µνut)

Table 3. The 59 independent baryon number conserving dimension-six operators built from Stan-
dard Model fields, in the notation of [21]. The subscripts p, r, s, t are flavour indices, and σI are
Pauli matrices.

– 25 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
0

Data Availability Statement. This article has data included as electronic supplementary
material.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Supplementary material and data. The following files are provided as supplementary
material/data and are accessible through the article’s webpage.

• supplementary_material.zip. “evaluate.nb”: notebook for numerical evaluation of
analytic inputs. “Load.m”, “SMEFTD6.m”: auxiliary files used by evaluate.nb. Files
ending on “_40.m”: analytic form of the SM parameters. Files ending on “_60_vmu.m”
and “_60_valpha.m”: analytic form o-f SMEFT tree-level corrections in the VMU
and VALPHA schemes. Files ending on “_41_vmu.m” and “_41_valpha.m”: analytic
form of SM one-loop corrections in the VMU and VALPHA schemes. Files ending on
“_61_vmu.m” and “_61_valpha.m”: analytic form of SMEFT one-loop corrections in
the VMU and VALPHA schemes.
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bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

References

[1] W. Buchmuller and D. Wyler, Effective Lagrangian Analysis of New Interactions and Flavor
Conservation, Nucl. Phys. B 268 (1986) 621 [INSPIRE].

[2] J. Ellis, C.W. Murphy, V. Sanz and T. You, Updated Global SMEFT Fit to Higgs, Diboson and
Electroweak Data, JHEP 06 (2018) 146 [arXiv:1803.03252] [INSPIRE].

[3] S. Dawson, S. Homiller and S.D. Lane, Putting standard model EFT fits to work, Phys. Rev. D
102 (2020) 055012 [arXiv:2007.01296] [INSPIRE].

[4] R. Bartocci, A. Biekötter and T. Hurth, Renormalisation group evolution effects on global
SMEFT analyses, JHEP 05 (2025) 203 [arXiv:2412.09674] [INSPIRE].

[5] J. ter Hoeve et al., Connecting scales: RGE effects in the SMEFT at the LHC and future
colliders, JHEP 06 (2025) 125 [arXiv:2502.20453] [INSPIRE].

[6] J. de Blas et al., Constraining new physics effective interactions via a global fit of electroweak,
Drell-Yan, Higgs, top, and flavour observables, JHEP 03 (2026) 013 [arXiv:2507.06191]
[INSPIRE].

[7] G. Isidori, F. Wilsch and D. Wyler, The standard model effective field theory at work, Rev. Mod.
Phys. 96 (2024) 015006 [arXiv:2303.16922] [INSPIRE].

[8] J. de Blas, J.C. Criado, M. Perez-Victoria and J. Santiago, Effective description of general
extensions of the Standard Model: the complete tree-level dictionary, JHEP 03 (2018) 109
[arXiv:1711.10391] [INSPIRE].

[9] J. Fuentes-Martín et al., A proof of concept for matchete: an automated tool for matching
effective theories, Eur. Phys. J. C 83 (2023) 662 [arXiv:2212.04510] [INSPIRE].

– 26 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(86)90262-2
https://inspirehep.net/literature/218149
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.48550/arXiv.1803.03252
https://inspirehep.net/literature/1659142
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.1103/PhysRevD.102.055012
https://doi.org/10.48550/arXiv.2007.01296
https://inspirehep.net/literature/1804799
https://doi.org/10.1007/JHEP05(2025)203
https://doi.org/10.48550/arXiv.2412.09674
https://inspirehep.net/literature/2859435
https://doi.org/10.1007/JHEP06(2025)125
https://doi.org/10.48550/arXiv.2502.20453
https://inspirehep.net/literature/2895783
https://doi.org/10.1007/JHEP03(2026)013
https://doi.org/10.48550/arXiv.2507.06191
https://inspirehep.net/literature/2943470
https://doi.org/10.1103/RevModPhys.96.015006
https://doi.org/10.1103/RevModPhys.96.015006
https://doi.org/10.48550/arXiv.2303.16922
https://inspirehep.net/literature/2647262
https://doi.org/10.1007/JHEP03(2018)109
https://doi.org/10.48550/arXiv.1711.10391
https://inspirehep.net/literature/1639289
https://doi.org/10.1140/epjc/s10052-023-11726-1
https://doi.org/10.48550/arXiv.2212.04510
https://inspirehep.net/literature/2612681


J
H
E
P
0
7
(
2
0
2
6
)
1
0
0

[10] G. Guedes, P. Olgoso and J. Santiago, Towards the one loop IR/UV dictionary in the SMEFT:
One loop generated operators from new scalars and fermions, SciPost Phys. 15 (2023) 143
[arXiv:2303.16965] [INSPIRE].

[11] A. Carmona, A. Lazopoulos, P. Olgoso and J. Santiago, Matchmakereft: automated tree-level and
one-loop matching, SciPost Phys. 12 (2022) 198 [arXiv:2112.10787] [INSPIRE].

[12] G. Guedes and P. Olgoso, From the EFT to the UV: the complete SMEFT one-loop dictionary,
SciPost Phys. 20 (2026) 074 [arXiv:2412.14253] [INSPIRE].

[13] S. Kraml, A. Lessa, S. Prakash and F. Wilsch, SUSY meets SMEFT: complete one-loop matching
of the general MSSM, JHEP 04 (2026) 028 [arXiv:2506.05201] [INSPIRE].

[14] B.A. Kniehl, A.F. Pikelner and O.L. Veretin, Two-loop electroweak threshold corrections in the
Standard Model, Nucl. Phys. B 896 (2015) 19 [arXiv:1503.02138] [INSPIRE].

[15] R. Alonso, E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the
Standard Model Dimension Six Operators III: Gauge Coupling Dependence and Phenomenology,
JHEP 04 (2014) 159 [arXiv:1312.2014] [INSPIRE].

[16] C. Duhr, G. Ventura and E. Vryonidou, Two-loop renormalisation of quark and gluon fields in
the SMEFT in the on-shell scheme, JHEP 11 (2025) 046 [arXiv:2508.04500] [INSPIRE].

[17] A. Celis, J. Fuentes-Martín, A. Vicente and J. Virto, DsixTools: The Standard Model Effective
Field Theory Toolkit, Eur. Phys. J. C 77 (2017) 405 [arXiv:1704.04504] [INSPIRE].

[18] J. Aebischer, J. Kumar and D.M. Straub, Wilson: a Python package for the running and
matching of Wilson coefficients above and below the electroweak scale, Eur. Phys. J. C 78 (2018)
1026 [arXiv:1804.05033] [INSPIRE].

[19] S. Di Noi and L. Silvestrini, RGESolver: a C++ library to perform renormalization group
evolution in the Standard Model Effective Theory, Eur. Phys. J. C 83 (2023) 200
[arXiv:2210.06838] [INSPIRE].

[20] S. Das Bakshi, J. Chakrabortty and S.K. Patra, CoDEx: Wilson coefficient calculator connecting
SMEFT to UV theory, Eur. Phys. J. C 79 (2019) 21 [arXiv:1808.04403] [INSPIRE].

[21] E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the Standard
Model Dimension Six Operators I: Formalism and lambda Dependence, JHEP 10 (2013) 087
[arXiv:1308.2627] [INSPIRE].

[22] E.E. Jenkins, A.V. Manohar and M. Trott, Renormalization Group Evolution of the Standard
Model Dimension Six Operators II: Yukawa Dependence, JHEP 01 (2014) 035
[arXiv:1310.4838] [INSPIRE].

[23] L. Born, J. Fuentes-Martín and A.E. Thomsen, Next-to-Leading Order Running in the SMEFT,
arXiv:2601.19974 [INSPIRE].

[24] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-Six Terms in the Standard
Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

[25] A. Biekötter, B.D. Pecjak, D.J. Scott and T. Smith, Electroweak input schemes and universal
corrections in SMEFT, JHEP 07 (2023) 115 [arXiv:2305.03763] [INSPIRE].

[26] A. Biekötter, B.D. Pecjak and T. Smith, Using the effective weak mixing angle as an input
parameter in SMEFT, JHEP 04 (2024) 073 [arXiv:2312.08446] [INSPIRE].

[27] J. Aebischer, M. Fael, C. Greub and J. Virto, B physics Beyond the Standard Model at One
Loop: Complete Renormalization Group Evolution below the Electroweak Scale, JHEP 09 (2017)
158 [arXiv:1704.06639] [INSPIRE].

– 27 –

https://doi.org/10.21468/SciPostPhys.15.4.143
https://doi.org/10.48550/arXiv.2303.16965
https://inspirehep.net/literature/2647303
https://doi.org/10.21468/SciPostPhys.12.6.198
https://doi.org/10.48550/arXiv.2112.10787
https://inspirehep.net/literature/1994988
https://doi.org/10.21468/SciPostPhys.20.3.074
https://doi.org/10.48550/arXiv.2412.14253
https://inspirehep.net/literature/2861311
https://doi.org/10.1007/JHEP04(2026)028
https://doi.org/10.48550/arXiv.2506.05201
https://inspirehep.net/literature/2929964
https://doi.org/10.1016/j.nuclphysb.2015.04.010
https://doi.org/10.48550/arXiv.1503.02138
https://inspirehep.net/literature/1351233
https://doi.org/10.1007/JHEP04(2014)159
https://doi.org/10.48550/arXiv.1312.2014
https://inspirehep.net/literature/1268339
https://doi.org/10.1007/JHEP11(2025)046
https://doi.org/10.48550/arXiv.2508.04500
https://inspirehep.net/literature/2957942
https://doi.org/10.1140/epjc/s10052-017-4967-6
https://doi.org/10.48550/arXiv.1704.04504
https://inspirehep.net/literature/1591722
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.1140/epjc/s10052-018-6492-7
https://doi.org/10.48550/arXiv.1804.05033
https://inspirehep.net/literature/1667740
https://doi.org/10.1140/epjc/s10052-023-11189-4
https://doi.org/10.48550/arXiv.2210.06838
https://inspirehep.net/literature/2165220
https://doi.org/10.1140/epjc/s10052-018-6444-2
https://doi.org/10.48550/arXiv.1808.04403
https://inspirehep.net/literature/1687150
https://doi.org/10.1007/JHEP10(2013)087
https://doi.org/10.48550/arXiv.1308.2627
https://inspirehep.net/literature/1247479
https://doi.org/10.1007/JHEP01(2014)035
https://doi.org/10.48550/arXiv.1310.4838
https://inspirehep.net/literature/1261282
https://doi.org/10.48550/arXiv.2601.19974
https://inspirehep.net/literature/3112547
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.48550/arXiv.1008.4884
https://inspirehep.net/literature/866649
https://doi.org/10.1007/JHEP07(2023)115
https://doi.org/10.48550/arXiv.2305.03763
https://inspirehep.net/literature/2657687
https://doi.org/10.1007/JHEP04(2024)073
https://doi.org/10.48550/arXiv.2312.08446
https://inspirehep.net/literature/2737318
https://doi.org/10.1007/JHEP09(2017)158
https://doi.org/10.1007/JHEP09(2017)158
https://doi.org/10.48550/arXiv.1704.06639
https://inspirehep.net/literature/1593947


J
H
E
P
0
7
(
2
0
2
6
)
1
0
0

[28] E.E. Jenkins, A.V. Manohar and P. Stoffer, Low-Energy Effective Field Theory below the
Electroweak Scale: Anomalous Dimensions, JHEP 01 (2018) 084 [Erratum ibid. 12 (2023) 042]
[arXiv:1711.05270] [INSPIRE].

[29] J. Aebischer, P. Morell, M. Pesut and J. Virto, Two-loop anomalous dimensions in the LEFT:
dimension-six four-fermion operators in NDR, JHEP 05 (2026) 043 [arXiv:2501.08384]
[INSPIRE].

[30] L. Naterop and P. Stoffer, Renormalization-group equations of the LEFT at two loops:
dimension-five effects, JHEP 06 (2025) 007 [arXiv:2412.13251] [INSPIRE].

[31] L. Naterop and P. Stoffer, Renormalization-group equations of the LEFT at two loops:
dimension-six operators, JHEP 02 (2026) 016 [arXiv:2507.08926] [INSPIRE].

[32] E.E. Jenkins, A.V. Manohar and P. Stoffer, Low-Energy Effective Field Theory below the
Electroweak Scale: Operators and Matching, JHEP 03 (2018) 016 [Erratum ibid. 12 (2023) 043]
[arXiv:1709.04486] [INSPIRE].

[33] W. Dekens and P. Stoffer, Low-energy effective field theory below the electroweak scale: matching
at one loop, JHEP 10 (2019) 197 [Erratum ibid. 11 (2022) 148] [arXiv:1908.05295] [INSPIRE].

[34] J.M. Cullen, B.D. Pecjak and D.J. Scott, NLO corrections to h → bb̄ decay in SMEFT, JHEP 08
(2019) 173 [arXiv:1904.06358] [INSPIRE].

[35] G. Degrassi et al., Higgs mass and vacuum stability in the Standard Model at NNLO, JHEP 08
(2012) 098 [arXiv:1205.6497] [INSPIRE].

[36] D. Buttazzo et al., Investigating the near-criticality of the Higgs boson, JHEP 12 (2013) 089
[arXiv:1307.3536] [INSPIRE].

[37] A.V. Bednyakov, B.A. Kniehl, A.F. Pikelner and O.L. Veretin, Stability of the Electroweak
Vacuum: Gauge Independence and Advanced Precision, Phys. Rev. Lett. 115 (2015) 201802
[arXiv:1507.08833] [INSPIRE].

[38] J. Fuentes-Martín, P. Ruiz-Femenia, A. Vicente and J. Virto, DsixTools 2.0: The Effective Field
Theory Toolkit, Eur. Phys. J. C 81 (2021) 167 [arXiv:2010.16341] [INSPIRE].

[39] A. Alloul et al., FeynRules 2.0 — A complete toolbox for tree-level phenomenology, Comput.
Phys. Commun. 185 (2014) 2250 [arXiv:1310.1921] [INSPIRE].

[40] T. Hahn and M. Perez-Victoria, Automatized one loop calculations in four-dimensions and
D-dimensions, Comput. Phys. Commun. 118 (1999) 153 [hep-ph/9807565] [INSPIRE].

[41] T. Hahn, S. Paßehr and C. Schappacher, FormCalc 9 and Extensions, PoS LL2016 (2016) 068
[arXiv:1604.04611] [INSPIRE].

[42] T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3, Comput. Phys.
Commun. 140 (2001) 418 [hep-ph/0012260] [INSPIRE].

[43] I. Brivio, Y. Jiang and M. Trott, The SMEFTsim package, theory and tools, JHEP 12 (2017) 070
[arXiv:1709.06492] [INSPIRE].

[44] I. Brivio, SMEFTsim 3.0 — a practical guide, JHEP 04 (2021) 073 [arXiv:2012.11343]
[INSPIRE].

[45] H.H. Patel, Package-X: A Mathematica package for the analytic calculation of one-loop integrals,
Comput. Phys. Commun. 197 (2015) 276 [arXiv:1503.01469] [INSPIRE].

[46] J. Fleischer and F. Jegerlehner, Radiative Corrections to Higgs Decays in the Extended
Weinberg-Salam Model, Phys. Rev. D 23 (1981) 2001 [INSPIRE].

– 28 –

https://doi.org/10.1007/JHEP01(2018)084
https://doi.org/10.48550/arXiv.1711.05270
https://inspirehep.net/literature/1636234
https://doi.org/10.1007/JHEP05(2026)043
https://doi.org/10.48550/arXiv.2501.08384
https://inspirehep.net/literature/2869347
https://doi.org/10.1007/JHEP06(2025)007
https://doi.org/10.48550/arXiv.2412.13251
https://inspirehep.net/literature/2860855
https://doi.org/10.1007/JHEP02(2026)016
https://doi.org/10.48550/arXiv.2507.08926
https://inspirehep.net/literature/2945862
https://doi.org/10.1007/JHEP03(2018)016
https://doi.org/10.48550/arXiv.1709.04486
https://inspirehep.net/literature/1623566
https://doi.org/10.1007/JHEP10(2019)197
https://doi.org/10.48550/arXiv.1908.05295
https://inspirehep.net/literature/1749749
https://doi.org/10.1007/JHEP08(2019)173
https://doi.org/10.1007/JHEP08(2019)173
https://doi.org/10.48550/arXiv.1904.06358
https://inspirehep.net/literature/1729733
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.48550/arXiv.1205.6497
https://inspirehep.net/literature/1116539
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.48550/arXiv.1307.3536
https://inspirehep.net/literature/1242456
https://doi.org/10.1103/PhysRevLett.115.201802
https://doi.org/10.48550/arXiv.1507.08833
https://inspirehep.net/literature/1385870
https://doi.org/10.1140/epjc/s10052-020-08778-y
https://doi.org/10.48550/arXiv.2010.16341
https://inspirehep.net/literature/1827396
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.48550/arXiv.1310.1921
https://inspirehep.net/literature/1257621
https://doi.org/10.1016/S0010-4655(98)00173-8
https://doi.org/10.48550/arXiv.hep-ph/9807565
https://inspirehep.net/literature/474106
https://doi.org/10.1088/1742-6596/762/1/012065
https://doi.org/10.48550/arXiv.1604.04611
https://inspirehep.net/literature/1448118
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.48550/arXiv.hep-ph/0012260
https://inspirehep.net/literature/539011
https://doi.org/10.1007/JHEP12(2017)070
https://doi.org/10.48550/arXiv.1709.06492
https://inspirehep.net/literature/1624421
https://doi.org/10.1007/JHEP04(2021)073
https://doi.org/10.48550/arXiv.2012.11343
https://inspirehep.net/literature/1837608
https://doi.org/10.1016/j.cpc.2015.08.017
https://doi.org/10.48550/arXiv.1503.01469
https://inspirehep.net/literature/1347391
https://doi.org/10.1103/PhysRevD.23.2001
https://inspirehep.net/literature/158844


J
H
E
P
0
7
(
2
0
2
6
)
1
0
0

[47] A. Denner, L. Jenniches, J.-N. Lang and C. Sturm, Gauge-independent MS renormalization in
the 2HDM, JHEP 09 (2016) 115 [arXiv:1607.07352] [INSPIRE].

[48] N. Deutschmann, C. Duhr, F. Maltoni and E. Vryonidou, Gluon-fusion Higgs production in the
Standard Model Effective Field Theory, JHEP 12 (2017) 063 [Erratum ibid. 02 (2018) 159]
[arXiv:1708.00460] [INSPIRE].

[49] C. Duhr, A. Vasquez, G. Ventura and E. Vryonidou, Two-loop renormalisation of quark and
gluon fields in the SMEFT, JHEP 07 (2025) 160 [arXiv:2503.01954] [INSPIRE].

[50] Particle Data Group collaboration, Review of particle physics, Phys. Rev. D 110 (2024)
030001 [INSPIRE].

[51] M.E. Machacek and M.T. Vaughn, Fermion and Higgs Masses as Probes of Unified Theories,
Phys. Lett. B 103 (1981) 427 [INSPIRE].

– 29 –

https://doi.org/10.1007/JHEP09(2016)115
https://doi.org/10.48550/arXiv.1607.07352
https://inspirehep.net/literature/1477844
https://doi.org/10.1007/JHEP12(2017)063
https://doi.org/10.48550/arXiv.1708.00460
https://inspirehep.net/literature/1614159
https://doi.org/10.1007/JHEP07(2025)160
https://doi.org/10.48550/arXiv.2503.01954
https://inspirehep.net/literature/2896701
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://inspirehep.net/literature/2817040
https://doi.org/10.1016/0370-2693(81)90075-7
https://inspirehep.net/literature/164331

	Introduction
	Preliminaries
	Calculating the threshold corrections
	Numerical analysis
	Threshold corrections at the EW scale
	Threshold corrections in RG analyses

	Conclusions
	SMEFT results for threshold corrections
	Threshold corrections from finite parts of counterterms
	Finite parts of counterterms as a function of PV integrals


