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in SMEFT.

KeyworDs: SMEFT, Higher Order Electroweak Calculations

ARX1v EPRINT: 2601.15901

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP07(2026)100


https://orcid.org/0000-0003-1665-9814
https://orcid.org/0009-0006-7412-4534
https://orcid.org/0000-0002-3061-5781
mailto:anke.biekoetter@kit.edu
mailto:livia.e.maskos@durham.ac.uk
mailto:ben.pecjak@durham.ac.uk
https://doi.org/10.48550/arXiv.2601.15901
https://doi.org/10.1007/JHEP07(2026)100

Contents

1 Introduction 1
2 Preliminaries 2
3 Calculating the threshold corrections 5
4 Numerical analysis 8
4.1 Threshold corrections at the EW scale 9
4.2 Threshold corrections in RG analyses 12
5 Conclusions 14
A SMEFT results for threshold corrections 15
A.1 Threshold corrections from finite parts of counterterms 15
A.2 Finite parts of counterterms as a function of PV integrals 18

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 c 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 Anxp 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.



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, My, and My, and either the Fermi constant G g or the effective on-shell
fine-structure constant a(My) as inputs, i.e. { My, Mz, Gr} and {My, Mz, a}. 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 g, 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 as(u) 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=LW+ 20 £O=%"Ci(u) Qi) (2.1)

where £®) denotes the SM Lagrangian and £ is the dimension-six Lagrangian with
operators @; given in the Warsaw basis [24]. The corresponding Wilson coefficients C; ()
are renormalised in the MS scheme and are implicitly suppressed by two powers of the new
physics scale A. We shall often keep the u-dependence implicit, writing C; = C;(p). The 59
independent dimension-six operators, which in general carry flavour indices, are listed and
grouped into eight classes in table 3.! We define the covariant derivative as

2 4

Dy = |0, +igs TGS + i%a Wi +iygiB,| (2.2)

"We 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 4 +C y =2C 5 .
122 2112 1221



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

1 2
V=2 (HTH — 2112) = MNH'H)? — p%,H'H + constant , (2.3)

where p2, = M\v?. 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 M%{ 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

sym

P (1) = ¥ € {91, 92, N\ w3, v, 93} (2.4)

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

Consider now the broken-phase formulation, which makes use of the physical mass
spectrum arising when u%{ > 0. After rotation to the mass basis, a convenient set of
broken-phase parameters is

broken

i € {MW7MZ7UUamH7mt;gs(N)}~ (25)

Here we have approximated the CKM matrix by the unit matrix and treated all fermions
as massless except for the top quark with mass m;.? Furthermore, using the parameter
Vg € {vu, Vo } 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

NI

- 2Myy Sy
- (v2G g = W 2.6
UIJ‘ (f F) ) v 47'('0[(MZ) ( )

where here and below the cosine (¢,,) and sine (s,,) of the Weinberg angle are defined as

My / 2

A short comment is in order concerning the definition of the strong coupling constant
gs(p) in eq. (2.5). First, it is renormalised in the MS scheme and therefore depends on a
renormalisation scale u, 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 —y:gsHtr + h.c..



scheme ‘ inputs
vu GF7 MW7 MZ
Va Oé(MZ), MWa MZ

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

and thus g independent.® Second, experimental extractions of this quantity are typically
quoted at pu = My, with evolution to and from other scales calculated from the QCD
B 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 g,(u)
in a five-flavour version of QED xQCD, 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 a(Myz), 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 u ~ A, whether to connect with calculations of the Wilson
coeflicients C; 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 ugw 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

2Mzs 1
o= vz w 1+v25g§6,0,0) +075g§4,1,0) +5g§6,1,a):| 7
o o
2 My 6,0,0 1. ui1e 6,1,0
=" [1+v§5g§ )+0759§ )+ 5g8 )] :
(o2 o

g5 = g5 [1+ 02057 + 695" + 595>

\/imt

Vo

I

7 1 7 g 8 s o
[1 +v§6y§6,0, ) 4+ vﬁgy§4,1, )+5yt(6,1, ) 4 5y @ 5yl (6,1,0) ’

[

Yt =

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 v, 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].



\ = Mh {1 4 u26A60.0) ié/\(4,1,a) " 5)\(6,1,0)]
202 7 v2 ’
m2 (6707‘7) 1 (471) (671’0)
nh = 2H {Hv [&m] 2 [MH} + [5/@211] ] : (2.8)

(1’ .’

The superscripts on the expansion coefficients dg;"” %) label the dimension-i contribution
at j-loop order in the EW input scheme using v, as an input, and similarly for those on
dgo, etc. In cases where the coefficient does not depend on the scheme we have dropped the
superscript o, and in the case of y; we have separated out the EW and QCD contributions,
the latter being labeled with an additional superscript a.

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]:

2M s
9 = = |1—w ( QC’HD-F CHWB+CHB> )
v 4s
2M;
g =" {1 - U%CHW} ;
vr

93 = 9s [1 - U%CHG} ;

m? 302 1
A= 202 A1 +0f | =£Cxy + =Cuyp —2Cuo | |
v miy 2
V2m 1
Yp = or ¢ + iv%CuH,
2 m%{ 2 3“T

The vacuum expectation value (vev) of the Higgs field in SMEFT is defined through
(H'H) = v&/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

Xo=X (1+AX) , (3.2)



where the subscript “0” refers to the bare quantity and AX are counterterms. For the
SMEFT Wilson coefficients, we use

1. 1 dG;

Ci70:CZ'+ACZ', ACZ‘E% izidlog,u’

(3.3)

where € = (4 — d)/2 is the dimensional regulator in d-dimensions.* Furthermore, for broken-
phase parameters renormalised on-shell, i.e. XOS5 ¢ {My, Mz, vy, m¢, mp}, we split the
counterterms into divergent and finite pieces in the dimensional regulator as

AXOS = Zhdiv. | 5x0S. (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 §XO5

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],°> 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 My,, Mz, myg and m; 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 ;o 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.

SWe use the electronic implementation in DsixTools [17, 38] as the C; typically depend on a large number
of Wilson coefficients.



Figure 1. Representative Feynman diagrams contributing to the counterterms of the broken-theory
parameters My, and Mz (lines 1 and 2), my (lines 3 and 4) and m, (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 R 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 v, 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 gs coincides with
the corresponding broken-phase parameter at one loop. In the SMEFT, however, a difference
arises already at tree level, because the operator C'ya 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 g,(u) to distinguish it from the five-flavour
QEDXxQCD coupling gs(1) 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 @5 = g2(u)/(47), we obtain

o = 2 (G- g0 (3.5)
where the one-loop SM result in our notation is By = 11 — 2n,/3, with ny = 6 the number
of active quarks, and the dimension-six contribution is

MA M2 —12m?
167290 = —4 (m%; y DM + 905 — Lo ) Chig — WVagmoCyg. (30
H




The contribution proportional to C,g is a QCD effect arising from top-quark couplings

to gluons and agrees with the resultgsobtained in [48], while that proportional to Cpq 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(u),
whose RG equation takes the form of the SM piece of eq. (3.5) but with n, = 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 {,,, which we expand to one-loop as

7= (140 +¢0) o, 1)

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
2
1) — Qs g K 3.8
s 6 m3’ (3.8)

while for the dimension-six piece we find

2
4
16712<L(Y68,1) = —4v2gsmyv, In (:;) Cug + m—QCHG 12m? — mjlq — QM{}V — M%

t 33 H
2 2 2 2
4, H 4 H 4 H 49, M

It is instructive to compare the threshold expansion for g3 in terms of g, with that in

terms of gs. To do so, we first modify the threshold expansion in eq. (2.8) to

g3 =7 |1+ 02095 + o5 + 697 (3.10)
where the coefficients on the right-hand side are understood to be a function of g,. 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

A"V 3 my

— ~1%. (4.1)

2 2 2
vs 1672 vz




Gr 1.166378 x 1075 GeV~2  a(Mz)™! 128.917

My 91.1880 GeV My 80.3692 GeV

My 125.20 GeV my 172.56 GeV
s (M) 0.1190 4 0.0009

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

The size of these top-loop (and other) corrections can be enhanced by a factor ¢2 /s2 when
arising from the renormalisation of the sine of the Weinberg angle, in which case their
magnitude is set instead by the quantity

_AT§4’1) B iApg&l)

2 2 2
UG’ Sw /UO'

~ 3.5%. (4.2)

Finally, the threshold corrections to the Higgs-potential parameters A, ,u%l contain uncanceled
tadpole contributions, which scale as

Aﬂiad(d"l) mi (@1 (4,1)
~ Ap, 77 =~ 2Ap; 4.3
v2 m?, Pi Pt (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 g; in the threshold
expansion using the numerical inputs in table 2. In this case, the tree-level SM results
in the two schemes are

Tra (M oM
g0 - VATOMZ) gy g0 _ 2Mz5w

=0.3499. (4.4)
Cw Up

At NLO in SMEFT, for 4 = My the result in the v, scheme is

9 1
gva1(4,0) =1.009+v2 | —(1x1.06)Cpr5—(0.25 % 1.07)CHD+0.0230%—0.0190%3;+... .
1

(4.5)

Here and below, the ... refer to SMEFT contributions which are smaller than those listed
when all Wilson coeflicients are set equal to a common value, and the contributions from
Wilson coefficients contributing already at LO are written in the form (¢ x Knpo) C;, where
¢ is the LO contribution and Knr,o is a multiplicative factor induced by the NLO correction.
For the same settings the NLO SMEFT result in the v, scheme is

U
Uitm) = 1.024 + 02| — (1.87 x 1.03)Crwp — (112 x 1.05)Crp
91
— (1 x 1.04)Cyrp — (0.5 x 1.10) (C}j’} + C}j’}) +(0.5 x 1.08)C
11 22 1221
+0.100C, — 0.085CL,) +0.050C) + .. } . (4.6)
33 33 33



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

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

v droa( M » 2M ¢y
92“(4’0) = M = 0.6608 , 92;1(4,0) _ z¢

Sw vy

= 0.6528. (4.7)

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

95"
gva (4,0)

= 0.9818 + Ui [(1.87 x 0.981)Cywp — (1 x 1.03)Crw + (0.87 x 0.989)Crp
2

—0.079C, + 0.068CY) — 0.042CY) + .. ] : (4.8)
33

33 33

3 3
= 0.9972 + vﬁ[ (1 x 1.02)Crw — (0.5 x 1.02) (C‘(i’f) + Céj) +(05x LOO)C

+0.0110HWB+...} , (4.9)

so that the contributions are generally smaller in the v, 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 A. The tree-level SM results are

2 2
Ava(40) — ZLI;I = 01325,  Aw@0 = Z%f =0.1293, (4.10)
v vy

while in SMEFT, again for u = My, one has

Ava
oot = 1001402 {(11.3><1.05)C’H+(3.73><1.21)CHWB+(2.24><1.17)CHD
—(2><1.00)CHD—O.377C’uH—O.1590Hu+0.13502;—0.1090§;+...}, (4.11)
33 33 33 33
and
A" 2 3, B
Ty = 119+ 05| (1.6 X 1.02)C = (2 x 1.00)Cpoy — (1% 1.27) C,f,ll + 012121

+(1x124)C 3y + (0.5 x 1.00)Crp — 0.373C, 5 — 0.029CY) + . } . (412)
1221 33 33

One thus sees that the NLO threshold corrections A are typically of order 10% times numerical
factors depending on the Wilson coefficient (and also in the SM), although they arise solely

,10,



from the EW sector. The situation is similar for the parameter u%;, where the NLO SMEFT
results are

2 Vo
m—%{ (;ﬁg) =1.097 + v? [(5.66 x 1.11)C — (2 x 1.05)Cp + (0.5 x 1.39)Crp

+0.362Cywp — 0.337Cy g + (4.9CHw + 0.38CHB) x 10_3] , (4.13)
33

and
2 2\ 2
5 ()" = 1.095 + 02| (5.80 x 1.04)Cy — (2 x 1.02)Cry + (05 x 1.02)Cripy

—0.333C, 57 + 0.095C ;; —0.095 (O}}”} i C}j’})
33 1221 11 22

+ (4.8CHw + 0.70Cywp + 0.37Cyp) % 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

= 1.003,
t e Y .

B 2
i) _ VEmy vu(00) _ V2 o0 (4.15)
v

The SMEFT results are:

Va
g = 0.9701 + 02 {(1.87 % 0.945)Cw s + (0.870 x 0.955)Cpp + (0.498 x 1.06)Clypy ,
yta ’ 33
— 0.081C, + 0.068CY;) — 0.059C,¢ — 0.052C5) + .. ] : (4.16)
33 33 33 33
and
y"

= 0.9857 + 02 {(0.504 x 1.03)Clypr — (0.5 x 0.992) (C}f} + C}?})
11

4
yz’u( ,0) 33 99

+ (0.5 % 0.967)C ;i — 0.058C,q + .- ] . (4.17)
1221 33

For g3 we have at tree level
goe 0 — o) fara(My) =1.22. (4.18)

In the v, scheme, the NLO corrections are given by

95

gvj( o) = 09960 + v [ — (1.00 x 1.05)Crq + o.ozoc%g} : (4.19)
1

while in the v, scheme
U

g

W = 0.9960 + v7 { —(1.00 x 1.01)Cxea + o,ozoc%g} , (4.20)
1
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4.2 Threshold corrections in RG analyses

SMEFT can be used both within a bottom-up approach, where the Wilson coeflicients
are fit to data at the electroweak scale ugw, or within a top-down approach, where they
are determined from a UV model at a high scale A through matching. In either case,
the parameters p*™(ugpw) are determined through threshold corrections, and the sets of
parameters {p*™, C;} 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 ¢; € C; take on non-zero values at the EW scale, and use the
threshold corrections in eq. (2.8) to calculate p>™ (upw) 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 A can be written in terms of their values
at the EW scale through the relations:

Sym Sym .sym A
piy (A) = piy (LEW) +pl-y (pEw) In () ,
HEW

Ci(A) = es(pmw) + Ca(pmw) In (MEAW) , (4.21)

where for a given quantity = we define & = dz/dIn u. The values of the ¢;(ugw) are fixed
initial conditions, while the scale dependence of the dotted objects can be written as

B (mew) = By (07 (W), ¢ (HEw)) »
nym(MEw) = C'isym (Pj‘ym(MEw)a ¢j(pEW)) (4.22)

which is meant to emphasise that the quantities with index ¢ 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 In(A/pgw) > 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 upw = Mz, namely

Mz)=Cyg(Mg) = ! 4.23

ci(Mz) = Cun(Mz) = 175 - (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 A = 1TeV. 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 —



written in eq. (4.22); for this particular example it requires the set C; € {Cy,Cyp}. The
33

relevant set of RG equations for the Wilson coefficients is then

. 9, 27
16720y = (—Qg% - 593 108\ + 18y3) Cy + (24)\yt - 24y§) Cup
. 35 , 27 51
1672Cluy = (—g% — Z-g5 — 8g3 + 24\ + y?) Cutt , (4.24)
33 12 4 2 33

while for the SM parameters one has

P = Pi(4’1) , P € {g1,92, 93, 113}
. 32
A= )\(4,1) + % <2CH + thuH> )
T 33

. L(41) | 3u3
g =5t + —8;; C%gf, (4.25)

where expressions for the dotted symmetric-phase parameters in the SM limit, p?ym(4’1),
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 ugw 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 y; by about 3%; the NLO SMEFT corrections to y; are negligible,
but they serve to decrease the parameters \ and ,u%{ by about 2%.

Consider now the evolution of the symmetric-phase parameters to the scale uxp = A =
1TeV in the SM limit, where all Wilson coefficients are set to zero. Taking the NLO SM
results for p>™ at pugw = My within the v, scheme as the initial condition, and using the

one-loop RG equations, we find

P (A)
“sro—— = 11.01,0.980,0.685,1.07,0.891,0.872} , (4.26)
W
i (Mz)
where the list of numbers on the right-hand side corresponds to the parameters p;”" 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

SM+(670)7UN( )
: = {1.00,1.00,0.925,1.00,1.04, 1.00} , (4.27)
P (M)

(2
and thus see that A(A) 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

SM+(6,0)+(6,1),v,L (A)

= {1.00, 1.00, 0.958,0.981, 1.00, 1.00} , (4.28)

SM+(6,0),1}# (A)
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and see that adding the NLO dimension-six corrections to the initial conditions decreases
the values of X and p?; at the scale A 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 A, 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 C;(A) below the 1%
level. However, this result is rather sensitive to the identities and numerical values of the
Wilson coefficients ¢;(Myz) 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:

1 1
ci(Mz) =< Cug(Mz) = = ,Coc(Mz) = —— . 4.29
i(Mz) { w1 (Mz) = 13 Cue(Mz) (0.75A)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 A = 1TeV are rather minimally affected by NLO threshold corrections, and while the
same is true of most Wilson coefficients at that scale,® the value of C,5 (Cp) is shifted by
33

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(A), and then use an iterative RG analysis to find the set of p)"™ (upw), p;" " (A), Ci(urw)
that is consistent both with the high-scale Wilson coefficients and the values of the broken
phase parameters as determined by threshold corrections at pugw. 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 A rather than My), 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 ¢;(A) 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

5Tn this scenario the one-loop running involves C; € {CuqG,Cx,Cux}, with X = B,G, H,W.
33
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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 1 1

—— = 1-— vgév((f”o) — —2Av((,4’1) — AV | (A.1)

UT0 - E Vo 7

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

Cw Cw

5v80) = —28— Cuwp + TCHD )

5oV =@ v cl) —c y . (A.2)
11 22 1221
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For the heavy EW boson masses mpw € {Mw, Mz, mg} we write
nmwﬁ::mEW[1+ S+ (A - 500 amity)|
= mew {1 + S Amb + Am (6’“’)} : (A.3)

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

1
Mo = my [1 + 5 AmY £ AmEhT - Am Y ¢ Am© 1)} : (A.4)
UO'
where the definition of Amg(i’l’g) 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

G50 = g5 [1 + gD + Aglo1)] (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

Sym Sym 1 .Sym s
ot =p 5 N Y (A.6)

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

4,1 41 . (4,1 19 .

161" = gt 16725 = — g, 16mgs = —Tgd,

. 34.9,,3
167° A = 3X (—gf — 33 + 4y +8A) + Tol + 503 + il — 6yl

5 1(4.0) 3, 9
167 [ug] = uiy (—292 593 T 122+ 6y§) :

(41 17, 9 9

162y = ( o091~ 792 — 893 + 2@/?) : (A7)

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 ¢y,

6,0,0 1
59" =

Cw 1
= —ECHD — “Cpwp — Cp — v

o I
Sw

(a1 _ Ls @

w 2 (o ’

5g§4’1’0) = (5Mé4’1) +ds

5g§6’1’0) = 6MéG’1) + 55,&?’1) - %51}((,6’1) — i&)c(,&o) (66Mé4’1) + 65553’1) + 521((,4’1))
1

(4,1) 4,1 Lo a1
v (6MZ — o) 55115, >) Crp

- ;i;’ (5Mé§’1) - %505,471) ) Crws
- (5Mé4’1) + 65 4 ;5ug4vl>) Cus ., (A.8)
where
§s(il) = —Z% (onap? — oM PV (A.9)
For go, we have
397 = —Crw — %50((;6’0) :
ogst ) = oY — %5113471) :
5g) = sm{SY — %51)5,671) - %505,6’0) (35MV(§’” + ;51)5,4@)
- <5M$’1) ;51}5}71)) Crw - (A.10)
For A\ we find
SAG0.0) — 32}2‘2’ Crr—2CH xin— 000,
my

5)\(47170) — 25m%71) _6,0((7471) ,

3 2
A1) =95 (01 _ gy (6:1) —4(51156’0)577153’1)+%5@54’1)CH—45mg’1)CH7kin7 (A-11)
H

where Cpyin = Cuyo — Cup/4. For ,u%[ we find

[5'u2 }(67070) 302

= Cu — 2CH xin »
H 2m12q
4,1,0
[5/1,%1}( = 25mg’1) ,
1% ] OL7) _ 50610 4 5060 4 25060 50 _ o530 0y o (A.12)
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Regarding the top-quark Yukawa coupling y;, the EW corrections read

1
5, (600) _ o — L0
b 2\[mt 3%1 2
SyL) — gD _ %57)((74,1)7

S G %51)5,671) - % (35m§4’1) - ;51)3471)) 5000 4 6y 0D sp0 - (A13)

while the QCD ones are given by

(6% (6% C S 3 2
by ) = g4 = 2% (1 T “z) |

sy (G10) _ 5 as(6,1) 1 gém?s(4 1)5U(6 0)

Yi = t
s (4:1) 5, (6.0) (A.14)

a7
1
Cng mtv(, 1+31n Cua — fvgdm
33 2

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

running, we have

6*(6’0) = —Chga,
550 — ¢,
5t = —5ud D Oy (A.15)

Those relating gz with g defined in eq. (2.8) make use of the decoupling constants in eq. (3.7)

and are given by

5980 — 5560
@ _ 1 4
0g 560

591 = 651 4 2 5607+ gg%gﬁ%g. (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=m3, w= M, 2=Mz t=m?. (A.17)

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

1 2 1— 2 1—
By (s;mim%) = —/ dx In <azm1 al :1:)77222 il x)s) , (A.18)
0 1
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which is the finite part of a bubble integral. We also express tadpole integrals in terms
of this function, defining

Bo(0;0,2) =By =1—1n (;) : (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

3
TWY = —4u? — 222 + 5hQBh —126?B,; + 6w?By, + 32°B.,
T = hBy, (=3CHv2 + 2hCrrjan ) + w? (=8 + 12By) Craw

+ 22 (—1 + ;Bz) (CHD + 4Chzz) + GﬁmtvgtBtCtH + CH,kinT(Zl’l) R (A.QO)

where we have defined the following combinations of Wilson coeflicients:

1
Crxin = Cuo — ECHDa Choz = ACHW + cwswCrwp + s2CHp . (A.21)

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

3 2
Cui=> Cm, Cug=> Cuq, Cuq=Cuq,
i=1 j=1 JJ 33

3 3 2
Ca=)_ Cha: Cre=) Che, Chu=) Chu,
i=1 © =1 » i=1 1
Cut=Chu, Cip=Cyp, Cw=Cuww, Cigp=Cyug, (A.22)
33 33 33 33

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

applies to both C’gl) and Cg’l) , and similarly for Crq and Cpq.

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

2 2 2 2 2
3 t 3
16720mY = 62— — 3% 4 “hBy — 6By + <—w + 3“’) B+ (Z Z) B,

h h h h 2h 2
9 2 h w?
h 22 3
o . _ 2 (4,)
+ <4 +3 . z) By(h; z, z) 2hT , (A.23)
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while the SMEFT result reads

2 2 2

3
167T25mg§71) _ —12%0H,kin_% (20HD+CHD)+ (811)_3611;1/) CHW

2

+<4z—18’z

h
. )chzz—Qvg(Bh—kBo(h h h))CH+ (19B,+27By(h;h,h)) CH xin

[ w? w?
+ (—2w—|—6h> B,+ (h—4w+12h> Bo(h;w,w)] CH kin

2

[ w? w? 9z
+ 30731”4— —1210—}—247 By(h;w,w) | Cgw+ 4hB .Cup

(s B (P 2e67 \ Botheeo) | (Camt Lo
+|| —=2+ 5 P 5 z+ h oln;z,2 HD+4 HD

—1 2 2
+ %Bz—i- (—62—1—122}1) Bg(h;z,z)] Chaz

2

+ —12hBt+<6t 24—

2

h

) Bo(h;t,t)] CH xin

t t
+V2muv, [15hBt+ <—3+12h> Bo(h;t,t)} Ciy

1 v2 7 3
_ 2|1 _g Yo L . 2 (6,1)
N lT ( 3m%{ CH+20H’k1n> +2T ] . (A.24)

The corresponding results for the W-boson mass are

h 98 z (h R? t2
16726m (41) 2t—— —— ———|B —2t+— | B
om —y 2 gutSuc, gt | g | Buk | ~204 ) B
h 4 t?
+< +8wet 42 )Bw+<4w—;—6;)Bz+<—t—w+2w> By(w;0,t)
2h h? 34 8
+< ? +2w>Bo(w;h,w)+<—;)—8wcfu+;+6;>Bo(w;w,z)
1
—5 T YASDR (A.25)
and
2561 2h ., @) | Aw? 1 204 5w
167“0m *_?CH,k1n+4tCHQ+TCHD+Z _ECHD_ 3 CawnB
4 4 4 M 8 8
+w(—QCHD—gCHD—3C§é+160wswC’HWB+2O :VCW—i-gCSl)—i—?)C’g;)

h
+h (CH,kin+5CHW— CH,kin> B+t ( (3) —6\f70tw (3) > By

Y
+{ (—CHD+ Crp+= C(‘”’)+4C}I) —4C W +16¢450Crwp—12 WCW)

Vo

h

4o 10¢y, s
+5Cukint—Cup+z *CHLH— —
3 z 12

3

CHWB) } B+ {2wCHD
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2

2 M, 1 10¢y 5w
+z <—CHD+8Cw3wCHWB—12 WCW)—Z (CHD—i— Cw? CHWB) B,
3 Vo w \ 12 3
2t 4w 3) My  my .

4 h?
+ {—h (3CH,kin+4CHW> +3U)CH,kin+4w(CH,kin+2CHW):| By(w;h,w)

17 M, 42
+{w (—3CHD—166waCHWB—48 WCW>—wCHD
v z

g

4 28 M,
+z <30HD_3Cw3wCHWB+12 UW Cw>

2
z 1 10
+E (IQCHD‘i'?)CwaCHWB)

—% (T(4’1)(CH,kin+20HW)+T(6’1))- (A.26)

BO(w;w>Z)

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

16 25m(4,1>__L%_@Jr%@_@_@@Jr@“ﬁjL@
TOomz =73 9 9 22 22 9232 "9

2 6z) " 9 9 22 "9 |t 3 22 37 )7V
<h 200w 160 w? 100z> ( 2h h?
4 4+ "B,

A o ) Bo(2ih
6 9 "9 29 3+6,z+z> 0(z:h.2)

1 tw? t 2
o 7t 40w +6478 80" 432 1172 | Bo(2:t,1)
9 22 z z

(s st 3w
3 22 32 6

1
+ ) Bo(z;w,w)—ET(Zl’l), (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

5m§5’1) = 5m(Zﬁ7’?r + 5m(Z6”blgs + 5m(Z§’t1a)d , (A.28)
where the tadpole contributions read
1 1
167r25m(Z€i’t2d =—7 (T(4’1) (CHEI + ZCHD + 2Chzz> + T(G’l)) ) (A.29)

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

3 2
2¢ (61) Sw 4w 4w z s
16770m bos = (‘9 — ottt ) Gt

2h 4z 1
+ (-3 - 5) (cn+ g0m)

h 1
+h [CHEI + CHD + 5¢Chzy — 35 (CHD + 4CHD>} By
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1 4w? 4w s w? 20w
—— 4+ ——-—|C 2l16—-—-—|C B
+w ( 6+ 2 32> HD+Cw< 2 32) HWB] w
2 h 1
+z [(—3 + 32) (CHD + 4CHD> - 4Chzz] Bz

h?  4h 1 4h
+ 2 [(44— 3.2 3Z> (CHD + 4CHD) + (8 - Z) Chzz] By(z; h, 2)

3 2
Sw w 28 w 10w _
(—1623 — 3? + 3Z> C’HWB:| BO(vavw)

w? w
T og o B+ (48— 12Y) By(z;w, w)| Ow .
z 22 22 22 z

(A.30)

The 1PI fermionic contribution is

(61 _ #
Z fer — §

- 2\/§thZ (5 - 8;U> (SthB - CthW) BQ(Z; t, t)

1 2t 2t t
4z {_ + = _-ZB + (1 - ) Bo(z;t,t)} F
3 z z Z

16726m (2+3B.) [F' + F¥ + 3F" + 3F"|

1
+ 6t {Zguzfég + Ziez8t 3 ,‘{UZ#CHD} Bo(z;t,1). (A.31)

The contributions from light-fermions f € {{,v,d,u} can be written as

1 2 2
Fr=2zfz) ozl zlf — 2 (36 {(zﬁf )+ (2) ] Cup, (A.32)

where 07, = 1 for f = u and vanishes for all other f. This result involves the left- and
right-handed Z-fermion couplings in the SM,

z =orf — 252 Q;, z = —2:2Q;, (A.33)

where @)y is the charge and T3f 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

ZEJ;R = (3= 05u) Qs (‘%%;CHD + 2CwaCHWB) + ggj;R- (A.34)

The flavour-specific results are

gff = —Cy) - Cfy), 9k = =Che

i i+ '

g =—Cy+ O, 9% = —Chu,

g = —cl e ot _ o) ¢ = —Ca. (A.35)
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The contributions from the top quark in addition involve the functions

76t _ Qu (cﬁ,CHD + 2cwswCHWB) - Cgég + Cg)é) J

ZGt = QU (C%UCHD + QCwaCHWB) - CHt 5 (A36)
and
1 2 2
F' =22} 2] + 22 2 — {(z}f“) + (28 } Cup . (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

16 2 2
167°0m; ") = MG s, £+ 2wf i 4 ((Zé“) +(z#") ) fi+ 221" 2R f5
1
_ —7&1

; , (A.38)

where

fﬂY:_l_gBt)

1 1 w 1 t w
w_ 1 (1 B L) Byt
/ 2+( 4+2t> w+<4+4w Zt) o(t:0,w),

h 1 h
fh= 5 Bn— 5B+ (2— ) By(t; h,t),

ff:;{—1—<1+i>3t+t3z+<1—)Bo(ttz)},

t
f5=2+ ;Bt —3By(t;t, 2), (A.39)
while in SMEFT
(6.1) _ 16

1 v,
16720my o — M2 2 76000 44w wa( +2t (cmm ﬁ;qH) fh

+zF’ff+z<z uz % zgu 7% 4“Z§§“CHD) f3

2M
301y g — Y2 MW

2\fmt my
L V2My
myg

(=2t+4w—3wB,,+3(t—w)By(t;0,w)) Cyw

(28"+28") (2(t+2)—3tBy—32Bo(tt,2)) (suCin—cuCuw)

16
—V2m My s4 (—8Bt> (cwCiB+swCiw)+t(2—4By) (C%L 4= C( ) )
3 3333 3 3433

1 1 v,
~ (T(G’l)-i- (CH,kin ﬂthH) T 1)> : (A.40)

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

h 3h 3h 3w?
167200 = — = 4+ 8t —w — 5 + M B 6B+ (w2 2 gy,
K 2 h—w h—w w—z

1
+ 5 (~6w+32) B. - ET(“) : (A.41)
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The SMEFT contribution to év, for arbitrary flavour structure in unitary gauge within the
FJ tadpole scheme was given in [25], and in our notation reads

C
25 (6,1) _ 2¢ (4,1 HD
167260 = 167700 >(_25( )+2>

C
+h (—CHD+HD) 15:C
2 1221

3C w
+w (—CHD— HD—12iCHWB+1oc§{2+1OC§,2+10 (0 i —Cy ))
1122 1221

C

- A2 i vacip- ) - )
22 33 1133 2233
hBj,—wB,,

_|_6wh7wB (CHD— CHD)

h—w 2
L6wB, (C},}+C“>+C§,2+O§H)+2C . )

22 22 1122

+6U)BZ<—CHD—CSZ) C’(l)—kC}H)JrC}”) ( 2+Z)C ll)
11 22 w 1221

+tB, <3CHD 6Cy;) 601 ~12C5) +6C) +6c(;>
11 22 33 1133 2233

2
7 [T(4’1) (CH,kin—2CHD) +T(6’1)} : (A.42)
In the v, scheme, the one-loop SM result for vev renormalisation takes the form
suitt) = 2 (aMipt) + 55 — gelth)) (A.43)

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

283 8 7 40
16m26eY) = aw ( 1 toB— Bt 9BZ) : (A.44)

The dimension-six piece can be written as

oul®Y) =2 (MG + 3581 — 5e®D) — 2600 (sait) + 55(4D)

+ (C’HWB + C“’CHD) 5sidh) (A.45)

25y

CwSw

where in this case the new piece is

1672601 = —8@ (2\/§mtva (=14 By) (cwCip + 50 Ciiw) + 95w (—1 + By,) CW)
«
+ hBhCh'w + Wy Sw (16 - 1QBw) Cawn — %C/WVT(ZL’I) , (A.46)
with
Chyy = CIQUCHB -+ S?UCHW — cuSwCHWE - (A.47>
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1:Xx3 2: HS 3: H*D? 5:12H3 + h.c.
Qc | fAPCGHGErGSr  Qu | (HTH)®  Quo (HH)O(H'H)  Qen | (HTH)(lpe,H)
Qg | FAPCGIGBrGSH Qup | (H'DuH) (HIDLH) Qua | (HH)(@yu,H)
Qw | KW hwlew ke Qan | (HTH)(Gpd, H)
p. EIJKW'L{VW;]/)W!{(;L
4:X2H? 6:Y2XH +h.c. 7:9?H?D
Que | HHHGAGW  Quy | (o™e,)ol HW, a (H'i'D  H) (L")
Qua | HHHGAGY Q. | (lo™e,)HB,, QW | iDL el m,)
Quw | HHWLWI™ Q. | (go* TAu)H G4, Qe (H''D JH) (e e,)
Quiv | HHWLW™  Quy | (@0 u)o' HW,, Q' (YD W H) (G ar)
Que | H'HBWLB™  Qup | (@o™u)H By, QW | (HYDLH)(Go v"q,)
Qu5 | HHBWLB™  Quo | (G0 T4d,)H G4, Qru (HYi D H) (@ uy)
Quws | Hio!HWLB"  Qaw | (go*d,)o’ HW], Qra (HH%)#H)( dyytd,)
Quivp | HA!HWLB™  Qup | (g0 d,)H By, Quud + hec. | i(H' D, H)(uyy"d,)
8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu Ul ) (Is7"l) Qe (epyuer)(€svter) Qe (Ipvulr) (€57 er)
W @)@ Quu | (@) (@u)  Quo | Gl (@eytur)
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Q| Gl @"a)  Qu | Eme)@tu) Qe | (@) @)
QY | bpwo' )@ o' a) Qua | Eme)(dertd) QW | (Gpuar) (@ ue)
QW | (@) dotd) QR | (@D @y T u)
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8: (LR)(RL) + h.c.

8: (LR)(LR) + h.c.

Qledq (l%er)(ds%j)

Qo | @uesn(@ar)
QB | @I u) e (@5 TAdy)
Q| @eren(@tu
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Table 3. The 59 independent baryon number conserving dimension-six operators built from Stan-

dard Model fields, in the notation of [21].

Pauli matrices.

,25,

The subscripts p,r,s,t are flavour indices, and o! are
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