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1 Introduction

The Standard Model (SM) is not a complete description of observed phenomena in nature.
Neutrino masses clearly indicate that the SM must be extended with interactions that
couple to the SM states. However, there are no explicit collider results that directly evidence
new long-distance propagating states to add to those in the SM. As a result, the SM
is usefully thought of as an Effective Field Theory (EFT) for measurements and current
data analysis. In this approach, the effects of new states, coupling to the SM through
new interactions, lead to Wilson coefficients of local contact operators at experimentally
accessible energies. This occurs under the assumption that new physics states/dynamics are
residing at scales A larger than the Electroweak scale (y/2 (HTH) = vr) enabling a Taylor
expansion in vp/A < 1.

The Standard Model Effective Field Theory (SMEFT) is defined by this Taylor expan-
sion, for a review see ref. [1]. The SMEFT is also defined by several low energy assumptions;
that the spectrum at low energies is that in the SM, i.e. that there are no light hidden
states in the spectrum with couplings to the SM, and a SU(2)y, scalar doublet (H) with
hypercharge y;, = 1/2 is present in the EFT in a manner that is respected by the power
counting of the theory.

Studying experimental data using the SMEFT is a rich, and rapidly advancing, physics
program. To robustly characterize the projection of experimental results onto the leading
(LO or dimension six) SMEFT perturbations of SM predictions, it is important to calculate
to sub-leading order in the loop expansion and also the higher dimensional (dimension
eight etc.) terms in the operator expansion in processes that have experimental sensitivity
to SMEFT perturbations. Knowledge of the sub-leading terms informs and defines the
theoretical error present in the projection of experimental results onto leading order SMEFT
results, when such sub-leading terms are neglected. Such results also allow experimental
fits to advance in the future to incorporate such corrections as the data improves.

A key point of this paper is the observation that the loop and operator expansions
are not independent at sub-leading order in the SMEFT. This fact is due to calculational
scheme dependence in fixing the SMEFT at leading order. To illustrate this point, consider
the perturbation due to a SMEFT operator to a dimensionless SM amplitude at dimension

six in an on shell process
~9
v
-A:-ASM‘FCiNiA*j;‘i"" (1.1)
here N; is a numerical coefficient that is process dependent. One can choose to normalize
the Wilson coefficients by SM parameters C; — g&,; C/. At dimension six such a choice is
simply a rescaling. Developing a calculation to O(v2/167%A?), one loop finite terms are
dictated by this choice. This is due to finite renormalization of the parameters géM and
finite terms relating the parameters g, to input measurements at one loop. Similarly, when
developing a prediction of A the choice to rescale C; — gy, C! leads to a specific scheme
dependent set of dimension eight contributions relating g&,, to input parameters including
O(1/A?) corrections. The operator expansion and the loop expansion are not independent
in the SMEFT. These expansions are tied together by scheme dependence in fixing theory



conventions. Consequently, it is important that the loop corrections and dimension eight
corrections are formulated in a manner that is self consistent, so they can be meaningfully
combined when studying experimental data. In this paper, we define consistent sub-leading
results, in both of these expansions, for I'(h — vv), 0(GG — h) and I'(h — G G).

The main results of this paper are given in section 5. We report a set of numerical
results in both the my and « input parameter schemes for I'(h — v7), (GG — h) and
I'(h — G G) with a consistent set of corrections in both expansions defined to O(22./1672A?)
andO(v7./A*) as perturbations to the SM one loop amplitudes. These formulae can be used
to generate a consistent set of sub-leading terms in the SMEFT for these processes from
inclusive LO simulation results used in a global SMEFT fit.

2 SMEFT notation
The SM Lagrangian [2-4] notation is fixed to be

1 1 1 —
Lon == G, GN =W, WM — 2By B+ 3 ilp, (2.1)
¥

1 2 L . A
+(D,H) (DFH) -\ (HTH—QUQ) — [HY dYyq;+ HYuY, g+ HYeY, (;4hc.|.

The chiral projectors have the convention vy = Pr g1 where Pr = (1 + 15) /2, and the
gauge covariant derivative is defined with a positive sign convention

Dy = 0y +igsTH Al +igao' Wi /2 + igryi By, (2.2)

with I = {1,2,3}, A = {1...8}, o! denotes the Pauli matrices and y; the Uy(1) hy-
percharge generator with charge normalization y; = {1/6,2/3,—1/3,—-1/2,—1,1/2} for
i ={q,u,d,l,e,H}. The SMEFT Lagrangian is

Lsyerr = Lsn + LD, L@ =3 i QD for d > 4. (2.3)

The SM Lagrangian notation and conventions are consistent with refs. [1, 5-9]. The operators
Qz(d) are labelled with a mass dimension d superscript and multiply unknown Wilson
coefficients C’z-(d). For compact dimensionless notation we define C’i(d) = Ci(d)@%*‘l JA,
Here we have introduced vr which is the minimum of the potential in the SMEFT taking
into account the presence of higher dimensional operators [6]. In this paper we generally
use 0 as notation to indicate a perturbation in the 1/A expansion in the SMEFT, while we
use A to indicate a perturbation in the loop expansion.

We use the Warsaw basis [5] for £®) and otherwise ref. [8] for operator conventions.
Due to strong constraints from low energy CP violating observables [10], will restrict our
study to CP even operators only. Our approach to next to leading order interactions in the
SMEFT, in both the loop expansion and the operator expansion is fundamentally organized
in the Geometric approach to the SMEFT (geoSMEFT).



2.1 geoSMEFT

The geoSMEFT is a organization of the physics of the SMEFT, focused on the fact that
this theory is an EFT with towers of higher dimensional operators, including scalar fields
that can take on vacuum expectation values. Subsets of these operators can dress composite
operator forms with towers of scalar fields contracted with one another, and with symmetry
generators. Physical predictions in the SMEFT cannot depend on the coordinate choice of
the scalar fields. As such the effect of the scalar dressings of interactions terms are required to
be encoded in experimental measurements through scalar coordinate independent quantities.
These quantities define a series of scalar geometries that dress the composite operators. As
the SMEFT contains an H field that can take on a vacuum expectation value, geometric
effects are associated with the vy /A expansion in this theory. The geoSMEFT ([8, 11, 12]
makes this physics manifest by organizing the theory in terms of field-space connections G;
multiplying composite operator forms f;, represented schematically by

LSMEFT = Z Gi(I,A,b...) [ (2.4)

where G; depend on the group indices I, A of the (non-spacetime) symmetry groups, and the
scalar field coordinates of the composite operators. Powers of D*H are included in f;. The
field-space connections depend on the coordinates of the Higgs scalar doublet expressed in
terms of real scalar field coordinates, ¢; = {¢1, P2, P3, ¢4 }. Of particular importance are the
field space connections hry,gap dressing the Higgs kinetic term and the generalized Yang
Mills term built out of WA with W4 = {W1, W2 W3, B}. These field space connections are

LSMEFT = %hlj(@(Du@I(D“(ls)J - igAB(@W[?VWBW o (2.5)

with A = {1,2,3,4} and couplings a4 = {g2, 92, 92, 91}. The mass eigenstate field coordi-
nates are A4 = {W+ W=, 2, A}. Similarly the mass eigenstate ghost field is defined as
e = {ew+, -, cz,ca}. Our notation is such that the covariant derivative acting on the
bosonic fields of the SM in the doublet, using real scalar field coordinates, is given by [13]

(Dro) = (005~ SWAn3h ) o, (26)

with symmetry generators/structure constants (€54, ﬁi 7). See refs. [8, 13] for the gener-
ators/structure constants for the real scalar representation.

The transformation of the scalar fields to the mass eigenstates at all orders in the vy /A
expansion is given by

¢’ = VI Vi ok, (2.7)

The transformation of the gauge/ghost fields, gauge parameters into mass eigenstates
in the SMEFT are given by

WAV — \/EABUBCACW, (2.8)
ut = \/Z]ABUBC CC, (2.9)
ot = /g PUpeAC, (2.10)



with ®L = {®+, &~ x, H}. 5¢ is obtained directly from o and Upc. Note that ay WA
linear terms in the covariant derivative are unchanged by these transformations at all orders
in the o7 /A expansion.! The matrices U, V are unitary rotations; i.e. orthogonal matricies
whose transpose is equal to the matrix inverse, and given by

11 —i i
ﬁﬁOO WEOO
2ozt 0 11 g9

Upc = | V2 V2 ; Vik = | V2 V2
0 0 ¢ s5 0O 0 —-10
0 0 —szc5 0O 0 01

Here the angle is defined via the generalized Yang Mills field space metric

&2 _ (13 = 92/5°4)?
gt (Vo™ + (V™2 + s3[(Va™)? + (Va*)? = 20192/5% (V5™ + Vg™
The masses and couplings that follow in the geoSMEFT are consistent with those

previously defined to £ in ref. [6] and used in SMEFTsim, see refs. [7, 14]. We explicitly
list these results here for completeness, the masses are

(2.11)

N

=252

12, = QZ:T, (2.12)
VORI DTSN RGPS N 1o _ =
z= " 01 +8)+ 07 (g1 +92) Crp + 5079192 Cnw s, (2.13)
C C
2 = 2\ ll - 3% +2 (C’HD - Z’Dﬂ . (2.14)

_ 9192 9192 & 91 92
= 1— C , \/ 32 Cuwa, 2.15
e = [ 7+ 52 HWB} 9z =1\/91 + g + HWB ( )

VIt + 93

91 = 1(1+ Crp), 9> = 92(1+ Crw). (2.16)
2.1.1 Higgs gluon connection in geoSMEFT
The Higgs-gluon field space metric is defined as
1
LsMEFT O —ka(fﬁ)Gﬂ’WGg,W, (2.17)

with 4, B, C... running over {1---8} and

n+1
ks () (1 —4 Z cotzm ( ) ) 8 as. (2.18)

'Here the inverses are defined via \/Z]AB\/ZJBC = 5é and \/EU\/EJK = 51{{. The matrix square roots of
these field space connections are /g, , = (gaB)Y?, and Vhry; = (hr;)*/? and () indicates a background field
expectation value. The SMEFT perturbations are small corrections to the SM, so the field-space connections
are positive semi-definite matrices, with unique positive semi-definite square roots. We also use the notation
gap = (gap) and hry = (h1s) for the background field expectation values of the metrics at times.




The field space connection kgas(¢) is trivial in colour space, as the Higgs carries no SU(3)
charge. It is convenient to explicitly pull the trivial colour structure out of the field space
connection kaz(p) — k(@) dap. For the gluon field and coupling the transformations to
canonically normalized fields are given by

G = kG, (2.19)
93 = g3 VK- (2.20)

We refer to the two index field space connections kgz, hry, gap as field space metrics
in this work. These metrics are defined at all orders in the geoSMEFT organization of the
SMEFT operator expansion in ref. [8].

2.2 ... and the background field method

The geoSMEFT is a formulation of the SMEFT where the background scalar field expansions
of interaction terms are key to the organization of the theory. The scalar expansion is associ-
ated with the scale v7. The geoSMEFT approach, which organizes the operator expansion,
was actually discovered by formulating the background field method (BFM) [15-17] in
the SMEFT, with the aim of gauge fixing the theory in a manner that is invariant under
background field transformations for the purpose of loop corrections, a result reported in
ref. [13].2

The BFM gauge fixes in a manner that leaves the effective action invariant under
background field gauge transformations (A’F) in conjunction with a linear change of
variables on the quantum fields, see refs. [11, 17]. The fields are split into quantum (un-
hated) and classical (hatted) background fields: F — F + E'.3 The classical fields are
associated with the external states of the S-matrix in an LSZ procedure [22]. The scalar
field expectation value key to the geoSMEFT organization of the theory is associated with
an external background Higgs field, so that

NN 1

o) =~ P2 +ig1 ]7 H(Qﬁ]):i ¢ +ig1

b4 + U1 — igh3 ' (2:21)

V2 V2 |4 —ig3

Associating the vev with the external background Higgs field should not be over interpretted,

as a tadpole scheme counter term condition applies to all tadpole topologies.
The BFM generating functional of the geoSMEFT is given by

17 A ] R
Z[F, J] = /DF det [2/5B‘| ezfdx4(S[F+F]+£Gp+sourceterms).

The generating functional is integrated over the quantum field configurations via DF', with
F field coordinates describing all long-distance propagating states. The sources J couple
only to the quantum fields [23]. In the BFM, relationships between Lagrangian parameters

2The issue of gauge fixing the SMEFT in the BFM was first discussed as a novel challenge in ref. [18].
See refs. [19-21] for other approaches to gauge fixing the SMEFT.

3We also use a hat superscript for Lagrangian parameters that are fixed to numerical values by relating
to input parameter measurements.



(including renormalization constants) due to unbroken background SU(2)r, x U(1)y symmetry
then follow a “naive” (classical) expectation when quantizing the theory. This pattern is
naturally related to the geoSMEFT generalization of the SM Lagrangian terms. By which
we mean the geometric masses and couplings appear in the Ward identities of the theory in
the BFM [11] in a natural generalization of the mass and coupling dependence in the SM
into that of the geoSMEFT.

Ref. [13] reported that a minimal gauge fixing term in the BFM for the SMEFT, for
the EW sector is

LEY = —ng*fGA GB, GX = W — E5 WOWPH ¢ gAX%I hii 3657, (2.22)

for the QCD coupling we have analogously the BEM gauge fixing term [24]

£GP = —% G*Ga. (2.23)
where _
G =0,0™H — % £ G 5 G (2.24)

This approach to BFM gauge fixing in the SMEFT has a very intuitive interpretation.
The n-point interactions are dressed by scalar fields defining field space manifolds in the
geoSMEFT. These scalar dressings are curved spaces, whose curvature is associated with
the power counting expansion in v7/A. The SM gauge fixing is promoted to a gauge
fixing on these curved spaces by upgrading the naive squares of fields in the gauge fixing
term, to less-naive contractions of fields through the Higgs background field space metrics
gap, hix, .4

Both the BFM and the geoSMEFT are approaches to the SMEFT that are focused
on the background fields present in the theory, defining the background field manifolds
(in scalar space) that effect scattering experiments. The geoSMEFT L£®) corrections are
naturally associated in a consistent manner with a loop expansion of the theory defined
using the BFM approach to gauge fixing. Again, we stress that the normalization of the
operators at £ effects both the perturbative expansion through the gauge fixing term and
finite renormalization effects, and also the £®) corrections. This point is a key organizing
principle of this paper.

3 One loop formulation in the BFM

The formulation of the processes I'(h — 77v), 0(GG — h) and I'(h — G G) in the SMEFT
to O(1/A%1672) requires the definition of input parameters to one loop in the SMEFT,
and the one loop renormalization of the theory, including finite terms, must be fixed with
renormalization conditions. Note that we use ¢4 = h interchangeably in the results below.

“When the field space metrics are trivialized to their values in the SM: hry = 814, as = 645 and
kas = 0as. The field space manifolds are no longer curved due to SMEFT corrections in this v7/A — 0 limit.
The gauge fixing term in the BFM then simplifies to that of the SM, as given in refs. [25-27].



Some initial steps in this direction were made in the BEM in refs. [18, 28, 29]. These
efforts were hampered by the lack of a precise understanding of gauge fixing in the BFM in
the SMEFT at the time of this initial work. Further essential developments leading to the
results collected and completed here were developed in refs. [30-32], which matched the
SMEFT (in the BFM) to the low energy effective field theory (LEFT). The importance of
these matching results is that input parameters measured at low scales, such as a, G are
now consistently characterized to one loop in the BFM. We use these results to complete
the characterization of the three essential processes of interest at LHC in the BFM to
O(1/A%1672) and to perform several consistency cross checks in the results.

3.1 Wavefunction/mass renormalization

For the processes of interest in this work, we require the wavefunction renormalization
of the Higgs, photon and gluon fields. Renormalization constants are introduced for the
background fields and the couplings (here a 0/r superscript means a bare/renormalized
parameter) via

n 1/2 7(r
A0 — ZIA/Z A(r)’

(3.1)
0= 2 A (3.2)
gt =26, (3.3)
e =z, e" e, (3.4)
3 =Zy35" 1, (3.5)
0% = 7250, (3.6)

and the divergent contributions to the tadpole contribution to the Higgs vev (Av/v%)aiy. We
frequently suppress the explicit 0/r superscripts below. We use dimensional regularization
and work in d = 4—2¢ dimensions. The factor of y is included in the coupling renormalization
to render the renormalized coupling dimensionless [33]. Each of the renormalization constants
is expanded as Z; = 1 + AZ; + ---. Our notation is we use AZ; for the divergence chosen
to cancel in a MS subtraction.’ The notation AR; is reserved for the finite renormalization
factors. We generally use A to indicate a loop correction to a Lagrangian parameter.

To define the mass and wavefunction counter-terms we define the decomposition of the
two point functions for vector fields V, V'

R ok 074 — YA k‘k‘,, AA/k‘k‘,,AA/
—iTy"" (k) = (= guuk® + ko + g M2 ) 67V + (—gWJrZQ) LAYy
The photon and Higgs wavefunction finite terms are fixed by the on-shell conditions

oxAA
AR; = — x|, (3.8)
ol . (°)
— Pa¢
AR@ - §p42 ’ (3.9)
p2=m;

5We use a 0 superscript for both bare parameters and matrix elements at tree level at times. These
notational choices are made due to historical conventions.



the divergent terms have the same definition with AR; — AZ;. The masses counter-terms,
and finite contributions to the masses to one loop, are defined via the transverse two point
functions. In the case of the divergences we define

AZ,; =Re (E?W(mﬁv))div, (3.10)
AZ,s = Re (E$2<m%)>div’ (3.11)

so that to one loop bare masses are related to the renormalized masses as
(1) = () 48z (D) = (M) 487, (312)

Note that when a FJ tadpole scheme [34] is used, the tadpole contributions to Y are zero
by definition and the one loop shift in the minimum of vy (denoted Avr) is required to be
included in predictions; see section 3.2 for more details.

3.1.1 Divergent counter-terms

The counter-terms in the SM in the BFM are

B+&@+3g3) Y

AZ, = — 1
b4 647m2e 1672¢’ (3.13)
_9 9
9195 [32 } 1
AZ; = — —n — —_— .14
A g3+ g5 [9 n=1 1672 €’ (3.14)
11N, 2n] g3
AZ. = _2n 1
G [ 3 3 ] 1672 €’ (3.15)

where n sums over the fermion generations and here we have introduced the notation
Y = Tr [NV, + NoY)Ya+ VY. (3.16)

The use of the background field method leads to relationships between the finite and
divergent counter-terms in the theory, due to the unbroken background field symmetries.
Some of these relationships are

<\/Z+ Af) = ﬂ, (3.17)

T/ aiv 2

AZs 4 =0, (3.18)
AZ 4 3= —207, (3.19)
AZgs = —2A0Z,,. (3.20)

For the finite terms we adopt on-shell conditions fixing the mass and wavefunction finite

terms, as in the case of the BFM SM calculations in ref. [27]. The mass counter-terms,®

®Note our convention of adding the shift in the vev in this expression functionally differs from ref. [27]
which did not impose a FJ tadpole scheme and separated out the tadpole contributions as a distinct
(equivalent) contribution the physical masses.



are [27, 35]

AZ,z =Re (P ()

div’
93 (e+3) (of +355)0 403 iy 433miy o~ NemygE o)
25672 3 1672¢ 9672 € 32n2e ’
_ ZZ (=2
AZ,y =Re (SF5(m3))
_ G+ (E+3) (01430 | 5914303 my | G435 My g
256 7r2 G +g3 36m2e G +g2 9672’ ‘
327r €
The gauge dependent part of the mass counter terms are
=2 -9 (-9 ~9
92 v (91 +393)
AZ = 3.23
(6 = L ILESR) ¢ (3.23)
(9% +93) v (9 +363)
AZ = 3.24
(€)= BIRIIL L B) (3:24)

which exactly cancels against the gauge dependence in the net one point function contribution
to the pole position of the bare propagator mass via vev renormalization [27]

" n G2 437
(VVéy) vy (\/ L ) — (Vg op ILT202 ¢ (3.25)
div

with OWWéy) = g3or/2 and (£Z2¢4) = (33 + §3)vr/2. The gauge dependence canceling
also holds for the gauge dependent finite terms including the tadpole contributions leading
to a shift in the vev (Awv) effectively included in FL/Z}VI(]C).

3.1.2 Renormalized masses, finite terms

The sum of the radiative corrections to the W and Z-bosons include a series of terms that
individually depend on the gauge parameter, but the masses themselves, summing all such
contributions (include tadpole contributions in the BEM), are gauge independent. We have
explicitly verified this is the case. We give the results for £ = 1 for the one loop renormalized
masses, purely for brevity of presentation. The masses to one loop after MS counter-term
subtractions are

— (r)\2 = (1)\2
(Tn_Z2) El+ARm227 (vag) El—l—ARm‘z/V,
my myy
Av AM2 Av AM2
:1—&—21_}—— _2, =14+2— - ———,
T my vr mW

where AMZ, AME, are reported in appendix A.



3.1.3 Photon wavefunction and electric charge finite terms

Using the BFM leads to several cross checks in calculations and relationships between the
divergent and finite parts of one loop counter-terms. The Ward identities in the SMEFT in
the BFM [11] give the relation between the renormalization constants at one loop:

1
AZC — —§AZA,
1
AR, = - ARy, (3.26)

Directly calculating the finite contributions to the photon wavefunction renormalization in
the BFM using the code package reported in ref. [24] we find:

7 NY Qw u? 1
_ 1 Ll IO
1672 Og( >+Z 1272 ( m2 ) " 24n?

This result can be directly compared to the matching onto e from the SMEFT to the LEFT
at one loop using the BFM reported in ref. [32]. This matching result is restricted to the

(3.27)

—2-=2

9193
AR ; = 192
AT (g2 +32)

case of the top loop integrated out and is given as

=222 2 4 9 9

AR 9192 7 7 NLQ; U 1
+ T ! 1 — | T 3.28
) @% Q%) [32 2% <m%/v> 24m? ©8 m% 4872 |7 ( )

which satisfies the expected relationship given in eq. (3.26). Note that this result is also

consistent with the onshell renormalization result reported for these finite terms in ref. [36].
As the electric coupling is extracted at scales ¢> — 0, far below Agcp where the quarks
have hadronized, it is useful to rearrange the finite terms into the form

. [4%&@2)] _ —i(eg+ AR,)? $AA ()
q%2—0

1+ Re 72) Va] (3.29)

q2 N q2 my

where

- (3.30)

ReEAA(mZZ) B [EAA(qz)l
q=—0

The known SM results for Va can then be used as Va = Vay + Vay + Vapaa + Vagg_ o
where Vay = 0.03150, Vay = —0.0007, Vageq =~ 0.02764 and Vags . ~ 0.0072 [36-39)].
The result for ZAA(MQZ) is purely transverse and is also required, explicitly

1672 (g7 493 miy

3195 s
Z?A _ % [7/{:2 <2+10g l 1 +Disc {\/7 mw,mw}> (3.31)
+4m%, 2+ Disc[VE2, mw,mw])]
2 22 2
9192Q3 Ne _9 . - —2 12 2 H
+%:36(g%+g%)772k2 [12mw+3Dlsc[\/k>2,mw,mw](Qmw+k )+k“ | 5+3log - :

The Disc function is reported in appendix A.

~10 -



3.1.4 Higgs wavefunction finite terms

Unlike the case of the photon, the Higgs wavefunction renormalization is not gauge invariant
on its own in the BFM. The combination of the Higgs wavefunction renormalization with
a subclass of one loop diagrams in each calculation, and the one loop corrections to the vev,
is however gauge independent, see section 3.2.3. We present results for £ = 1, for the sake of
brevity. The finite results for the Higgs wavefunction renormalization in the BFM are [18]

1672 ARy,
mZ
— 2)\<6—\/§7r—jx[m2z] —2jx[m%y]) +2g3 ((jm[miv]—b (1_ 3m2W> _I[m%y]> ;
2 777,2
(Z VAN~ 3g2> log ( 5) +(32+32) ((Jx[m%—;) (1— = ) —Z[frﬂz]),
"
2m?2 2m? m2
+> YN, <1+ <1+m§> I[mi]—m—}{plog (ﬁ%) ) . (3.32)
P

The one loop functions Z, 7, are defined in appendix A.

3.2 vev dependence, tadpoles and G extractions
3.2.1 One loop vev definition and tadpole scheme

The tree level vacuum expectation value of the Higgs is defined by the potential with
convention

2 2
L% = -\ (HT H - 2) : (3.33)

In the SMEFT the tree level vacuum expectation value of the Higgs is augmented to include
corrections due to the tower of higher dimensional operators, introducing vp as the tree
level vacuum expectation value [6]. An all orders solution of vp in the SMEFT in terms of
Wilson coefficients is given in ref. [12].

The parameter vr = /(2HTH) in the SMEFT is defined as the minimum of the
potential, including corrections due to higher-dimensional operators. Our approach to
tadpole corrections is to directly calculate the tadpoles and then use the FJ tadpole
scheme [34] as a conventional choice for defining the contributions to S matrix elements.”

The one loop correction (Av) to the vacuum expectation value is fixed by the condition
that the one point function of the Higgs field vanishes, including the factor of Av. Aw is
defined by the condition T' = 0 on [18]

T=m2ho —167 2A—+3A 1+1o ’L 1 +10g | - (3.34)
M hor 1 1672 & m3 & gm%v ’ '
1 P 2 2
—|—§(gl+g2)£ 1+log f 22 wN 1+log 2 ,
My,

*2*2

+77 <1+310g
2 mh

12

2
myy
7

1
) 4(gl+g2) <1+3log

I

I
ma
mi mz

"For further discussion on this scheme see refs. [27, 40, 41].
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Due to this choice we can neglect the further effects of tadpole diagrams, following refs. [27,
34]. The cost of this approach is including the explicit one loop result for Av in predictions.
Note the dependence of £ in the vev at one loop, indicating that it must be combined with
the one loop gauge dependent terms in the Higgs wavefunction renormalization factor, or
the gauge dependent two point functions, to obtain a gauge independent result.®

3.2.2 GF extraction one loop results

The numerical extraction of the vev is through =~ — e~ + 7. + v,, which also has
one loop corrections. The proper approach to using such a measurement for SMEFT
applications is to match to the effective theory when the top, Higgs, W, Z are integrated
out in sequence, defining the low energy effective field theory (LEFT). Subsequently the
one loop improvement of the extraction of Gg in the LEFT is done, with a chosen tadpole
scheme and gauge fixing. This calculation in defining and matching to the LEFT at one
loop order was recently reported in refs. [30—32]. We use these results in this work. Using
the operator basis defined in [30], the relevant one loop matching is onto the operator

Lrrrr D LY (0 v vre) (Eryupr)- (3.35)

The one loop matching to ALY"Y in the BFM was reported in ref. [32] as

v ALVEL
_ (T +mi (2mf Ne—5 (2miy +m%)) +4 (—4mi Ne+2miy +my))
1672 m3 v, ’
sonh—2mdid) 2\ mENeng—dm?)
8202 (m2 —m¥,) 6\mz | T ez C\mz)
T h w h h T t
82} o (i — ) %) |

-y o o 2n) () o)
Sm2mZ v (g —mi, ) (g, —m?) S\ )

Here we have set the evanescent scheme parameter in this result (bEvan= 1) to be consistent
with naive tree level Fierz identities used in the matching. The matching result from the
SMEFT to the LEFT onto this operator is gauge independent in the BFM [32] with the
chosen tadpole scheme. We have suppressed the flavour rotation matrices. Both the full and
effective theory contains a photon loop that cancels in the matching. The matrix element
to one loop for the parameter extraction includes a photon loop in the LEFT (ALYIL), see
figure 1, that is consistent with refs. [43, 44] giving

VL _ _ @ 2_25)
AL =2 (Tr 2. (3.37)

8Recently the one loop tadpole in this calculational scheme was reported at all orders in the o7 /A
expansion in ref. [42].
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Figure 1. One loop QED contribution to 4= — e~ 4+ Ve + 1.

Adding all of these results together, and including the leading matching in the SMEFT
onto the LEFT, the net result is

pvien — _4Gr (3.38)
\/g )
2 oG
=~ (1+ AL + ALVEE - 2v2
vp vp

Here Gy is the measured value of the Fermi constant, and to £

| R -
G = — (B [y +C : 3.39
F Ve \ E;ﬁ 2 uéleu 6/%16 ( )

The notation is consistent with refs. [7, 14]. Considering both loop corrections and SMEFT
perturbations replacing the vev in terms of the input parameter Grp is given by

5G(6)
vor =or 14+ AGF + \/g : (3.40)
where 92 = 1/(v/2Gr) and we define

ALV
Bleb

This result affords a cross check in an observable to observable relationship. Utilizing a

~2
AGp = —%TALV»LL + (3.41)

FJ tadpole scheme, as in the calculations reported above, one expects large perturbative
corrections o< m} desending from finite terms in the tadpoles shifting the vev to cancel
between observables [18]. We find that the large m contribution exactly cancels as expected
via the appearance in M; (defined below) of a term

2
1+ log <H2>
My

Further, as the observables we consider are o vr, it follows that the observables are

N

Av 212 m
—

(3.42)

— — c—
or 1672~ m?

proportional to

27 M p
1 No—% |1+10g [ £
e Oz T 2

o = U

+] (3.43)

This cancelation also extends to several other gauge independent terms in Av/v and ALY-EE,

affording a non-trivial cross check of the results.
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Figure 2. One loop contributions to {(¢4] FF)(%)

3.2.3 Gauge parameter independence

All of the observables we consider are linear in the Higgs field and the vev. As such, a
common cancelation of gauge dependence occurs in the one loop matrix element in each
case. Consider the relevant terms in the geoSMEFT organization of the SMEFT

1 1
Lsmprr O — 7 kas G, G — 1948 Wi, wiB (3.44)

For the observables considered the tree level three-point amplitudes are

VR 6n(9)

(G(p1)G(p2)|6a) = —( G Guypa) ~—— (“=E0y /i, (3.45)

4 " o
B y Vit 6933(9), € 8g34(¢), @ 6944(9), €
(¢a]A(p1)A(p2)) = —(pa A" A) 1 ( 504 >;%+2< 564 >g1gz+ 504 >g? :
(3.46)

The photon field is canonically normalized in the process of rotating to the mass eigenstate
field in the gecoSMEFT, introducing coupling dependence, while the gluon field is directly
canonically normalized by x2. The cancellation in gauge dependence at one loop occurs
in a common fashion. Denoting a general gauge field with F', and a general variation of a
field space metric with respect to the Higgs field with 6 Map/d¢4, one has the tree level
dependence

dMap()
Jon

with <¢4F“"FW>O = —4(p1-pae1-€2 — p1-€apa-€1) and (§Map/6¢4)° oc vp. Here we have
started the practice of using 0,1 superscripts for tree level results and one loop results, in a

(B4l F(p1)F(p2))° o< ($aF Fu)* )?, (3.47)

slight overuse of notation as 0 also corresponds to bare parameters.

A one-loop improvement of this result for EW corrections is given by introducing the
wavefunction renormalization of the Higgs field, introducing Av, and calculating the one
loop matrix element, which includes the diagrams in figure 2. The sum of these terms is
given by

(PaF(p1)F(p2))*

v [
(paFHv F,,)0( quﬁ(@ )0
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where

_ =2
M15<ARh+ v, (VBT-6A 1 <g1+392+6/\>10g[7;’b,

2 v 1672 1672 4
1 g%z i B 3\ (Zling] + 2700 3.49
+ 62\ 1 [mz] + 4 Z 4 ( [mZ} + [mWD : ( : )

Here the result is reported for £ = 1 for brevity of presentation. It was explicitly confirmed
that the sum of terms is gauge independent in ref. [18]. For all three processes we consider,
the gauge dependence in the EW corrections cancels in a common fashion through this
combination of terms.

It is important to note that all of the finite terms required for relating input parameters
to one loop in the SM, when using the BFM, and the chosen tadpole scheme, are individually
gauge invariant. As a result, different combinations of couplings that multiply the gauge
invariant operators in normalization choices do not introduce a gauge dependence to cancel
against process specific matrix elements. In this sense, the input parameter loop corrections
“factorize” in a gauge independent manner in this calculational scheme. This is useful
feature of this calculational scheme, that aids in the transparency of the results. This fact
also makes this calculational scheme have advantages for coding implementation.

Consider the case of I'(h — 7) to illustrate this point. The following finite terms
depend on the normalization choice of the £ operators. Expanding the three-point
function (¢4 A(p1)A(p2)) to L) one has

(3.50)

(D2A" Ay )o l iz + 93 Ciyw — 0192 Cipe
( )

<¢4“AA>OL(6) = or )

where (g3'1)2 = g% + g3. In ref. [18] the choice was made to rescale each operator by the

power of gauge couplings corresponding to the field strengths present. This normalization
choice at £ is indicated with an additional Ny superscript, and leads to

224 - - -
(pal A = DA Awdoga (o) L c@ o) ). (351)

With this choice, the dependence on AR 4, AR, cancel in the BFM, as they dress the S
matrix element as

(1+ARA) (1+ AR (1+AGr) {dal Alp1)Ap2)) %) (3.52)
The resulting AR4 + 2AR. = 0 cancelation is due to the unbroken background field
symmetries, but is not required to perform such operator rescalings for a gauge invariant

result. One can also choose to retain the normalization of eq. (3.50). In this case, the
one-loop finite terms due to mapping to input parameters the gauge couplings multiplying
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each operator are given by

201 (Agag1 — Ag1§

g2 (93M)?
~2 ~(6) «
g C vr v
G A Ao, (3.53)

2G2(Ag192 — Agag
(@sllClii]lAA) = (ARA+AGF+ 220192 29291))
91 (37%)
33 Citly o

(g%M)z A2

22 A2 Agodr — Aard
(64l [C sl AA)! = - (ARA B 9192))
9192(37")

A A(6) .

x WKZ@W”AMO. (3.55)
In this case, the finite terms of the calculation relating Lagrangian parameters to input
measurements at one loop are more complex in structure. Nevertheless, all of the A
corrections at one loop in the BFM are individually gauge independent. This is the case
in both the {aew,mz,é r} and {mw,mz,é F} input parameter schemes. The explicit
expressions for Ag; are easily derived by linear perturbation theory on the input parameters
defining conditions in each scheme.

Explicitly in the {mwy,mz, G r} scheme one has

Ag1 _ AGF + Ame ml%v — ARmz m2Z

3.56
w2 U (3:56)
A AG
gzz == E L AR, . (3.57)

In the {Geyw, Mz, GF} scheme one has

Ag _ Ae  Ag

= ) 3.58
g1 € Ch ( )
Agy _Ae  Asg (3.59)
92 e S5 '
where )
A 1—s: TA
0 6|22 _AGp—2ARy,|. (3.60)

2
54 2(1-2s7) | o

We again emphasize the benefit of using the FJ tadpole scheme in the SMEFT and the
BFM, which leads to the A corrections all being individually gauge independent. Alternate
tadpole schemes can be problematic when MS subtraction is used, see ref. [45] for a more
detailed discussion. As the £ operators of the SMEFT are renormalized in a gauge
independent manner in MS using background field gauge in refs. [6, 46, 47], in our view, it
is appropriate to use the FJ tadpole scheme and the BFM in SMEFT calculations.
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4 Three processes to O(v2/1672A?) and O(v7/A*) consistently in
geoSMEFT

41 o0(GG — h)
We can group the full amplitude for GG — h in the following way:
Aggh = Agg¢4 <gg’¢4>0@(v2//\2) + <gg|¢4>%9(v2//\2) + <QQ\<Z>4>?9(U4/A4) + - (4.1)

the SM contribution, O(v2,/A?) contributions at tree and loop order, and the O(vi/A%)
contributions respectively.

4.1.1 SM result

The leading result is already at first order in the loop expansion and is given by

ggos _ N~ @Y1/ V2
AL = zf: 16m AT, 1/2(T)(G" G Pa)o, (4.2)

where [Y];;/v/2 = [M{]/op and 7, = 4m2/mj. Here f sums over all coloured fermions in
the mass eigenstates. We have introduced the function [48, 49]

Al/Q(Tp) = 27, [1+ (1 — 7p) f(7p)], (4.3)

where f(7,) is defined in appendix A.

412 (66164)%
The general geoSMEFT result for the GG, three-point function at tree level is

44 2
h 0
Aglg/[%FTo _ vk 4\/E ( gqi?) (G"Gvao- (4.4)

Here 0k(¢)/d¢4 indicates the variation of the Higgs-gluon field space connection with respect
to ¢4, and () indicates the expectation value of the composite operator forms for the G Gh
amplitude. The result in eq. (4.4) contains an infinite tower of higher order corrections in
the 6% / A2 expansion. For G Gh we have

oKk ¢ 4 Z ~ + n 1.5
W hiCh, expanded out to O(’UT2 /AQ), giVGS

C
<gg‘¢4>%(v2//@) = %TG(Q’WQW(IM)O- (4.6)
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4.1.3  (GG|b4) ;o)

For the one loop matrix element, there are QCD and EW one loop corrections to the
matrix element eq. (4.6), one loop operator mixing effects, plus O(v#/A?) corrections to
the (one-loop) SM result.

We express these various terms as

Ci fi
16 2 92,

(GG|éa) Loy = (GGIIC L] oa)t + < > o1 (G Gy 0a)°, (4.7)

where <gg\[é§g]|¢4>1 contains the loop corrections to eq. (4.6)
-(6) ') )
(GG|[IChellea)! = [AGE + M) @I;G (GM G da)o + ;G (G" Gpa)d (4.8)

and C; f; contains all corrections — from operator mixing and O(2,/A?) corrections to the
SM — that are not proportional to C’I(L?)G In eq. (4.8), we have separated the EW effects
(first term) from the QCD effects (second term, denoted with ay subscript) as the latter
have IR issues we will address shortly; AGp and M; have been defined in eq. (3.40) and
eq. (3.49) respectively.

The O(v%/A?) corrections to the SM loop come from corrections to the Yukawa coupling.
Specifically, generalizing eq. (4.2), to [Y]ss/v2 — Re[)]ss in geoSMEFT [6]

V= ——= — AR (4.9)

VRS ) VRt i 41 sn(6420)

vr V2D T Yy
with ¢ = {u,d,e}. Here the definition of the Yukawa coupling has convention £ =
—ht! [V)rsPr s 4+ h.c. where 1) = {q,1}. The square root of the expectation of the
background field Higgs field space connection \/544 is defined at all orders in the vp/A
expansion in ref. [8]. Since the Yukawa interaction enters at one loop level, we restrict our
results to O(v%/A?) pieces in eq. (4.9),

My (A 1a@ OGO\ 14
If _ f 6) Lx(6) F L =)
[y](’)(ﬁ%/AQ) ~ op <CHD 4CHD NG) ) ﬂq@:}q + (4.10)
so that
fuo == asm Ayp(7y), (4.11)
f
1
fup = 7 3 asm Aypa(7y), (4.12)
f
1
fsar = ﬁ ; asm Ay o(T), (4.13)
Y] fwf’]fj =2 asm Aip(ry). (4.14)
f
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In practice, contributions from light fermions to the f; are suppressed since A;/o(7y < 1) ~

T ~ [Yw}f} 2, so we will only include effects from the top and bottom quarks.

There are no corrections due to the top/Higgs mass, as we consider the masses as input
parameters. In addition in principle there are a set of unknown corrections to the extraction
of ag in the SMEFT, that are necessarily neglected as they are unknown at this time.

The other C;f; piece comes from chromomagnetic dipole, which mixes with C’( ) at
one-loop. The UV divergent piece of the dipole loop is cancelled by a SMEFT C}ié counter—
term [6, 46, 47], leaving a finite remnant. As the dipoles enter at one loop, the only term
which enter at O(v%/1672A?) (again retaining only the top and bottom quark terms) are

the dimension six operators C’uG and C’dgz
bb

tt
VEGs 93

<QQ|¢4>}9(U2/A2) 3272 5

where

(qu éz%tG [Yet + fac é%%;[y]bb + h.c.> (Guv G" da)o, (4.15)

qu:

A? 4
—1+2 log <m2> + log <7't>] — 27, [m?] — I[m3].
h
2

2

A 4 Th 14+V1—m7 .

= |-1+21 2log (= )| + 2 Jlog [ YT —
Jac [ * °g<m%>+ Og(f,,) Ty Og<1_m "

VI-7

These results are consistent with a coupling rescaling of the results in ref. [28]. Results

NV — llog(lJ”l_T)m] (4.16)

for the finite terms of this mixing (with different function and operator conventions) have
also been reported in refs. [50, 51] and we agree with this result.” Here and below we
have chosen x = A in these expressions, implicitly renormalizing the one loop effects of
the SMEFT operators at the high scale A. This corresponds to operator mixing (including
diagonal running terms in the RGE) being conventionally introduced to redefine the Wilson
coefficients as they run from A down to the measurement scales p >~ my,. For evaluations
associated with the one loop improvement of input parameters and on shell renormalization
conditions, we use p = my,.

We define the interference of the above (GG \¢4>%,)(U2 /A2) terms with Agl\g/[m as Ao(GG —
h)gw, the SM X one-loop L5 SMEFT contribution to the GG — h cross section from all
loops ezcept QCD corrections to 0(6)

Re GO f©

BT oI (1 —2),

Ac(GG — h)ew = 60(GG — h)oCcpaas) <[AGF + M) CY) + Z
(4.17)

9Note the appearance of a rescaling by v/ in eq. (4.15), as this is a common rescaling of the gluon field
in the dipole operator in both diagrams giving this result, but that [Y]s is used, not [V]+«. The relationship
between the top mass and the Yukawa is redefined order by order in the SMEFT. The Feynman diagram
results do not combine in the same manner as in the SM at £ and above, as the generalization of the mass
and Yukawa couplings in the gecoSMEFT expansion differ from those in the SM (due to cross terms in the
SMEFT expansion). This is as expected. The one loop anomalous dimension for mixing of £©® operators
does not trivially generalise to higher orders in vr/A. As the full class of L® operator effects at one loop
do not directly follow from the £ operator effects at one loop, we take \/k — 1 in eq. (4.15) and restrict
our results to O(v%/16m2A?).
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Figure 3. QCD one loop contribution to GG — h.

where we have introduced the energy sharing variable z =m? /3, i ={ HO, HD,5Gr,v' H,uG}
and 00(GG — h)o(Cygas) 18 the SM x tree level Lg cross section (in d =4—2¢ dimensions),

asRe(A; (7)) C1) m2 2
60(GG = h)oCrea,) = — 32/§ (i _Hf) 51— 2). (4.18)

The final ingredient is the QCD correction to eq. (4.6), shown in figure 3 [52, 53]:

<g/u/ g,uu¢4> (113

4 oy 1?2\ 2 bo 2im by mj, 2 v
-Smo(im) o (G- d e (GE) o) oo

(4.19)

after a; — as(p)MS = ay (1 — (u2/u%)¢ as cr bo/2me) , by = 3 (1 - %) is renormalized
in MS. Here we consider the initial state gluons as quantum fields here in the BFM as the
gluons are convoluted with the PDF’s. This choice does not modify the expression. The
same result is obtained with classical initial gluon fields as we have explicitly verified. These
results below are largely a rescaling of the results in refs. [53, 54]. The 1/€2,1/€ terms that
remain are IR divergences.! Taking the interference of this term with Agﬁm results in an
(’)(qu) 2) contribution to (GG — h):

g 2\°
9(GG = hocugaz) = 9(99 = P)o(Cugas) 5 Ca <M2> cr

27 my

2 2by  2bg m3
—— == — 1—2). 4.2
><< 2 Cic Ca og(u + 7% 6(1 - 2) (4.20)

To cancel these IR divergences, we need to include gluon emission, GG — Gh. The SM
amplitude for GG — Gh is O(g3) and the 01(*?)0 amplitude is O(é}% gs), therefore the piece
with the right coupling order to match the loop term above is the interference between the
SM and C’( 2; pieces.'! The SM contribution to GG — hG involves loop functions of the

YHere, cr = (47)T(1 + )T(1 — €)?/T(1 — 2¢).

" There are other SMEFT contributions to G G — hG coming from Yukawa-like and dipole terms, however
they enter at one-loop (amplitude level) and therefore are only needed to fix IR issues with GG — h arising
at two loops.
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momenta and the top mass. Extracting the IR divergences from these loops, maintaining
the full mass dependence, is difficult,'? so we will expand in m; — oco.

Taking m; — oo, Ay jo(1y > 1) — —240(1/7¢), and the SM top quark loop in eq. (4.2)
can be combined with L5 SMEFT tree level term:

1 s ~(6) ) iz
— v . 4.21
o (4 Ok ) (9 G (421)
Using this modified coefficient to calculate, the O(Cggas) contribution to o(GG —
h)o(Cugas) Teduces to

~(6) _
aschg m% ,u2€

6™ TG G = hoCygas) = 24307 (1—¢)’

(4.22)

and we must replace the f; in eq. (4.17) with their large m; expressions.'® The SM expression
can be improved by including the O(a?), 2-loop matching contribution [54, 57-61] and the
leading O(m3 /m?) correction

1 [ as  ~@6) > 1 [ as Hag  7mi ~(6)
- - 1 . 4.2
ir (127r ) = 5\t \U T i T 120mz ) T e (423)

While the O(a?) piece is not the full two loop correction to Agy for this process, it is a

well defined matching correction that is numerically relevant. Given that the O(a?) SM
piece interfering with tree level C’}?G is formally the same order as the O(a;) SM times
the O( ~§?)Ga5) QCD loop-corrected Lg piece, we choose to include it. We emphasize that
our goal is to capture and compare SMEFT effects at O(v%/1672A%) and O(v4/A?) rather
than to push to higher orders in perturbative corrections. For SMEFT results in the
m¢ — oo limit (excluding the chromomagnetic dipole operators) at NNLO, see ref. [62], and
refs. [63-65] for N3LO.

Working in the m; — oo limit (and d = 4 — 2¢ dimensions), the G G — Gh, amplitude
squared is

(mf; + s* +t1 + u?) (1 — 2¢) + g€ (M} + 52 + 12 + u?)?

|A(gg — hg)mt%oo|2 X OKS‘CVhGG'|2
stu

(4.24)

where Chgg is the coefficient of (hGG)? and s,t,u are the usual Mandelstam variables.
Inserting the eq. (4.21) coeflicient, we can extract the O(C’}?&a?) piece. Converting this
into a cross section, expanding the result in 1/e and regulating divergences as z — 1,¢ — 0

2For the SM alone, the full dependence is known, ref. [53]. Reference [50] includes the two-loop results
for C'g%, Yukawa-like, and dipole-like operators at dimension six, retaining the full top mass dependence.
This is combined with one-loop GG — Gh via the SMEFTNLO [55, 56] framework. However, their results
are not easily adapted to the framework used here due to different operator convention choices.

13In the my — oo limit, fug — —2 (1 — log(A2/mf)).
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via the + prescription. The net result can be written as

2 €
m¢—r00 Mt —>00 Qg ,U
g(gg%gh)o(gm =0(GG—h)y cha)XQTrCA< ;%) cr X
2 2by 7 2 11 (1—2)3
[<¥+Cﬁ 3) d(1—-2) Epgg(z) 3 (4.25)

(1—2)2(1422)+22 1+24 4+ (1—2)* (1log(1—2)
—4 2(1=2) log z+4 . ( 1 >j,

where pgg(2) is the colour-stripped Altarelli-Parisi splitting function.'* The 1/¢ diver-
gence proportional to pgg is absorbed into the parton distribution functions, formally by
introducing a counter-term

e o Qs o (BN 4.26
oct. =0(GG — ) O(Crgas) “ 9 A(E) crpgg(2)- (4.26)
Including this last counter-term and combining ¢(GG — h)gzgzag) — both from the

my — oo limit of eq. (4.20) and from the interference of the O(a?) SM piece (eq. (4.23))
and the tree level C’}iﬁé amplitude — and (GG — hg)gEgHOEQQ), we have:

Ac(GG = )olcygan)

(6
(GG = W)Gigeang Ca “ erx

m
2bolog( — 9 3
m 11(1-2)
6(1— 2 log | =1 | — —
o z) +2pgg(2) 0g<u%> 5
1-2)%(1 1 (1—2)* flog(1—
Yt e e P el ) (Og( z)) (4.27)
2(1—z) z 1—2z /4

4.1.4 (GG|b4)% s
The O(v/A*) terms for the GG — h amplitude comes from expanding out eq. (3.46)

<gg|¢4>(()9(v4/A4) = <\/}>L44>O(v2/A2) <gg’¢4>%(vz//\2) (4.28)
UT[<QQ’¢4>%(U2/A2)]2
(G Glda)°

where (\/544>O(v2 JA2) = CN'J(L?)D — ié’}?%). A term from the redefinition of v in its relation to

input observables is formally present but suppressed as it cancels when the SM amplitude

+(<gg|¢4> (v2/A2) ‘ (6)

N0}

is interfered with, which is oc 1/v7.

Ypgg(z) = 2(—(1_1)+ +12 41— z)) +225(1 - 2).
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These contributions lead to the dimension eight corrections — in the m; — oo limit:

Qg ’I’?L% MQE

——he  (4.29
24502 (1—e¢) (429)

00 44 ~
00(GG = h) 5ot /as) = {((\/ﬁ Joqe/an+2C % ) C%Z:w}%]
Combining all of these contributions we have

m2 m me—00
(GG 1) = 0(GG = W bazany +7(GG = Wgier oy +60(GG — h) By

+Ac(GG — h)pi >+ Ao (GG — h)gé;};’gag) - (4.30)
The 1/m? superscript on the 0(GG — h)gy| Y™ and 3o (GG — h)l/(rgfH o) terms indicates
that we include the O(m? /m?) corrections eq. (4.23). For all other terms, we use the

O(ay), my — oo SM expression.

4.2 T(h — GG) vs 0(GG — h)

When considering I'(h — GG) compared to 0(GG — h), it is important to note the constraints
that are present in the vertex being a three point momentum conserving interaction. This,
combined with the common matrix elements due to crossing symmetry lead to a significant
overlap in the (inclusive) results.

Nevertheless, some subtle differences are present. Using the BFM, we have checked if
the one loop matrix elements ((GG¢4)! compared to ($,GG)!) change treating the external
gluon fields as final state ‘classical’ background fields as opposed to quantum fields to
convolute with the parton distribution functions.'® We find the one loop matrix element is
identical for the two cases, as expected. The final results are not identical even so, as we
show below.

4.2.1 SM result, and (¢4|gg)0£(6,8) corrections

In the SM, the leading order result for the decay width (still in the m; — oo limit) is given
by [49, 68]

2 .53
T'(h miooo s T 4.31
Db GO ~ £k (431)
The lowest order partial width at O( ~é% o) (in d = 4 — 2¢ dimensions) is
(6)
oo Qs Cremy Arp?ye T(2 —¢)
5F(h — g g)O(CHGOls) - ~2 ( ) F(2 — 26) (4.32)

32 07 mh

and the O(v}/A*) contribution is a simple rescaling

3w207. \ mi ) T'(2—2¢)’
(4.33)

15 At O(C’Sé aZm3;/mi), there are additional contributions additional higher dimensional operators
(suppressed by 1/m7?) generated which can contribute to GG — h G [66, 67].
6Here we have used the Feynman rules package in ref. [24].

00 44 ~ asmy (4w I'2—e
ST GG)2% o = [(VE ™ Yorueyn + 2085 G0+ C5) ( ”> (2-¢)
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The EW correction is identical to the case of o(GG — h),

(6) £(6)
asm; ([ 4mu? F(2—e) (6) ReC}" f;
= A Mi+A — 4.34
- 3m2od < mi ) F(2—26) [AGp+My+ARg) C G+Z 1672 (4:34)

In this expression we also include the BFM wavefunction renormalization finite factor of the
final state gluon: (ARg). This result is easy to obtain in the background field method, see
ref. [17]. As in the case of the QCD / function, only two diagrams are required for the gauge
interactions in the BFM. As p? — 0 for on-shell renormalization, for ARg these diagrams
are scaleless in dimensional regularization, and the finite terms vanish. The contribution
from the massive quarks are not scaleless and gives the finite terms

1 m}
ARg = a7 ;log <u2> (4.35)

The CJ(L?)G operator was not redefined to rescale it by g3. Note that in the BFM this has the
result of the ARg contribution not canceling against a corresponding finite term for g3 but

contributing.

Adding the QCD loop correction ((¢4GG)! shown in figure 4), the as counter-term,
and the interference between the tree level CN'SS)G and O(a?) SM pieces from eq. (4.23), the
result is the LO partial width times a factor

Qg 2 ‘
AT = G5y 10— S5 O (1)
h

2 2by 2 u? 5 11
- —log | =5 — . 4.36
X( 2 Cac Ca® <mg>+” G (4.36)

As with GG — h, there are IR divergences proportional (’)(C’}{)Gas) in the amplitude, or,

upon interfering with the SM contribution, O(C';{)Ga ) in the partial width. These IR
divergences are cancelled by I'(h — G G G). While the matrix elements for GG — h <> h —
GG,and GG — hG < h — GG @G are identical, the phase space and kinematics differ, which
leads to slightly different factors when computing the partial widths. It is also not sufficient
toadd I'(h — GG) and I'(h — GG G) alone to cancel all IR issues; I'(h — Gqq) must be
included as well. The two three-body processes do not interfere with each other, but both
come about with the same power of o and are indistinguishable in the collinear limit.

For I'(h — GG @G), the matrix element (squared) in the m; — oo limit is eq. (4.24),
with prefactor set by eq. (4.21). Integrating over three-body phase space and including the
appropriate initial state factors,

2 €
T —00 oo Ols I 2 11 73
AL G0N Sy =0 G0 erma 50 ) o (54 o b )

(4.37)
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Figure 4. QCD one loop contribution to ¢4 — G G.

)

As described above, we need to include I'(h — Gqq) CEG This comes from a C (6)

h-G-G vertex with one of the gluons splitting to a gq pair. Interfering this term with the
~(6)

SM contribution — diagrammatically identical to the C . piece in the m; — oo limit —
and including phase space, yields:

Mi—00 me—00 /‘2 ‘ 2 7
AL(h = 999) (e L'(h—GG)o CA | aNe|—g-—5 | (43%)

as) CHGO‘S)

where Np is the number of fermion flavors the Higgs can decay into.
Adding the three contributions, the IR divergences cancel and we have I'(h —

GG) (e

2\ € 2
mt Oo _ M—r00 as /.,L 7NF 2 ,u
AL(h=G9)o(c, F<Hgg>o<3m><zﬂc/*<w) (14‘9+OA1 <m>>

h h
(4.39)

Given the appearance of the pgg(z) color-stripped Altarelli-Parisi function in ¢(GG — h),
one may have expected fragmentation functions to appear in h — GG. No such function
is explicitly present in the inclusive result as a final state phase space integration over a
normalized fragmentation function implicitly occurs.

Combining all of these results gives the decay width

Csmerr(h—GG) :F(h%gg)é{\ﬁo(ﬁ a3)+5f(h—>gg)1/mt . )+5F(h—>gg)mt_>?i /%)
FAD(h— GGG o) + AT (h— GG+ (4.40)

3)

where the 1/m? superscript indicates which terms include the O(1m3 /m?) corrections from
eq. (4.23).

4.3 T'(h — ~vy)

The full amplitude for I'(h — AA) that determines the result to O(v%/1672A?) and
O(v%/A%) is given by

(Gl AA) = (91 ADyg + @il AAD 2 po + (1] AA G s sy + (Ba Ad k. (4.41)

We define each of these contributions to the amplitude systematically in the following
sections.
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4.3.1 SM result

In the SM, I'(h — ~7) is loop-suppressed, and the leading order result was developed in
refs. [48, 49, 69]. We define

= 642y

P
—g92¢ ;
(Pal AN = ——5—— (AI(TW) + Z N: Q7 A1/2(Twi)> (Ga A" Ap)°, (4.42)
i
where we are using the notation that ¢ indicates a mass eigenstate fermion,

Ai(mp) =24 31, [1+ (2 — 1) f(1)] (4.43)

and Aj/5(7p) is given in eq. (4.3). As before, 7, = 4m2/mj and f(7,) is defined in
appendix A.1.

4.3.2 (pa]AA)Y
Directly from the general definition in eq. (3.45) one has

~2 ~(6) ~2 ~(6) PP ()
0 1B Cyp+ i Chw —0132ChwE| - v 0
<¢4’~AA>O(52/A2) = (f]%M)Q T}% o <¢4A’u .Aw,> . (4.44)

4.3.3  (palAA)L

Here we present one loop results adapting and extending refs. [18, 28] collecting all SMEFT
corrections at O(v7/1672A%). We modify these past BEM results so that they are consistent
with the dimension eight results by removing the choice of scaling operators by their
corresponding gauge couplings (this choice effects one loop finite terms), and simultaneously
complete this set of results to one loop in the BFM using the results in section 3.

We express the matrix element to one loop as

) oG
(oA poy = 2 (SallCVIAA! + (Gal Ad)ky [a -5
i=HB,HW,HW B « V2
+ | Y +% o (pg AM A >0 (4.45)
AAT 1672 02 A7 S :

where we have absorbed the remaining input parameter one loop corrections into C'J14 4 and

2.16* SME,
16 w2 02, MI%V

~2 ~(6) ) 0(6) oA 0(6)
C}M:[gz BT 91 Crw — 9192 Chwi (4.46)

(952 o7

The last term in this expression is an input parameter scheme dependent contribution,

]M1+

only present in the {agw, Mz, G’F} input scheme. In the {my, 1z, GF} scheme §ME, = 0

by definition. This term is directly evaluated from the my dependence in the SM loop

contribution.”

17We note that it is easier to evaluate this term as a shift in the W mass after the loop integral is calculated
to the level of Feynman parameter integrations as in eq. (4.4) of refs. [18, 28].
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The remaining f;’s were given in refs. [18, 28] and are as follows. In terms of the one
loop function Z,[m,)]

91 g2 ~2 m% ~2 _ 2 A2 _ 2 A2 ™wW
fHWB—( 392+4/\> log a2 +(4X—33) Zmiy)—495 L, [myy | —2 95 | 1+1og e
+&2 (243 mw) +6E2(2—Tw) T, [miy]. (4.47)

In terms of the function Z,,

a3 16
fHW = Q% [37'W+ (16— % —67'W) Iy[ml%v] ) (4-48)
ik 4 m 4 2 4 4
gfwz—gﬁz log 2 — 995 Z[miy] — 6 G5 T, [miy] +6 G5 Lua [miy] (1—1/7w) —1245.

(4.49)

For the dipole leptonic operators, we find,

2

g A
D fep=2Qul¥is [ 1+zlog(m >+1og(fs)]—zczem1ss 27, [m2)+2m?]].  (4.50)

h
and go few — —§1 fep. Here, s = {1,2, 3} sums over the flavours of the leptons and we note

SS S8
that the Wilson coefficients are summed with their Hermitian conjugates for each flavour,
and the normalization is such that f.p multiplies Re C.p. The remaining dipole f;’s for the

Ss SSs
quarks are
g A? 4
Ot fup = 2N Qu[Ylaa | ~1 + 2 log () +log ()] —2Qu [Vl [22,Im3] + Zm?]],
€% ss my, Ts
g A? 4
gé%de =2NcQq[Ya]ss | =142 log (mg> + log (Tﬂ ~2Qu [Yalss [2Z,[m3] + Z(m)|.
ss h s

In the case of up quarks g qu — g1 fu B, while in the case of down quarks go de — —0 fd B.

The remaining contributions proportlonal to the SM loop functions are

[Yelss feH =é gAl/Q(Ts)
[Yulss quI;I = N.é? %A1/2(7—5>a
[Yalss fcél;l =N, é? %3141/2(75),
o= 2% 4y o ()~ Vet B o) - N By o) - L 2 i), as)

and fgp = —fuo/4. Here p,r, s run over 1,2, 3 as flavor indices. Several of these results
have been cross checked against ref. [19].
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4.3-4 <¢4|AA>OL(8)

Directly from the general definition in eq. (3.45), the O(v*/A*) terms in the full three-point
function are [12]

ur [<¢4|AA>?9(52/A2)]2

(D4l AA) D1 a0y = Vio 02 /A2) ($al AA) o2 a2 + 2 (LA AN (4.52)
+2 (04l AA) 052 2| ) -
Here we have used the short-hand notatzion z
(VI o ey = Ofh — 108b, Cith = 5CHh (45)
Cith = 5 (Cl + Ol Cihvn = 38 (4.54)

Combining all of these results we have the desired expression for the decay width

43

m
Lsmerr(h — 77y) = 747? (bl AA) gy + <¢4|AA>?9(5%/A2) + <¢4|A-A>?9(5;/A4) + <¢4’AA>15<6> k
(4.55)

5 Numerics

Using the equations in the previous section, we can now present numerical replacement
formulae that can be used to generate results at one loop order and dimension eight from a
leading order simulation result using SMEFTsim.!® We use the numerical inputs in table 1.

At one loop many gauge independent finite terms feed into the results as common
numerical pre-factors in the various predictions. Here we collect these intermediate numerical
results in both input parameter schemes. Numerical values of various one-loop corrections
to Lagrangian parameters are also collected in table 2

Before presenting the numerics, it is important to emphasize the scope of our re-
sults. We have assumed a bottom-up SMEFT construction and calculated the effects in
Higgs observables in a joint expansion of SMEFT coefficients and «;. The bottom-up
perspective means we have not assumed anything about the sizes of the Wilson coefficients.
When large hierarchies between coefficients are present, as can arise in certain UV sce-
narios, it is possible that terms that are higher order than what we have calculated, e.g.
O(v2./(167%)2A2), O(v4/(1672A*) may be important.'® As mentioned earlier, we have also
assumed CP conservation.

51 o(GG — h)

For the numerics, we use NNPDF3.0 NLO parton distributions [82, 83] for ay = 0.118 and
set all y scales to my, except for those associated with operator mixing, which are fixed at
i = A. With these inputs, and using values from table 1, the SM cross section for GG — h
(/s =13TeV), in the m; — oo limit and retaining O(a?) and O(m3 /m?) corrections, is
0Lgqg
or

18This approach to next to leading order corrections is essentially that laid out in ref. [79].

oS (GG = B ez an) = |Agg¢4|o ot o) — 18.15pb (5.1)

19 A5 a specific example, in scenarios with vector-like quarks, C’S)G is generated at 1-loop level while 0732
is generated at tree level [80, 81].
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Input parameters Value Ref.

my [GeV] 91.1876 + 0.0021 [70]

w [GeV] 80.387 £ 0.016 [71]

my [GeV] 125.10 £ 0.14 [70]

mt [GeV] 1724+ 0.7 [70]

my [GeV] 4.18 £0.03 [72]

me. [GeV] 1.27 +£0.02 [72]

mr [GeV] 1.77686 + 0.00012 [72]
Gr [GeV 2] 1.1663787 -107° [72, 73]

AEw 1/137.03599084(21) [70]

Aa 0.0590 + 0.0005 [74]

Qs 0.1179 4+ 0.0010 [70]

m‘{,‘v 80.36 + 0.01 —

Aa™w 0.0576 & 0.0008 —

Table 1. Input parameter values used from ref. [75]. m¢, is the value of my inferred in the
{@&, 7z, Gr} scheme using the interpolation formula of refs. [74, 76-78], while Aa™W is the shift in
the value of alpha due to hadronic effects for the {mw, Mz, G r} scheme. The remaining SM inputs
are taken from the central values in the PDG [72].

Forming the ratio of the inclusive cross section at O(v3./A*, v2./1672A?) with the SM in
the & input scheme, we find:
o§vrrr (99 — h)
1
a /mt (GG — h) O(02.)

~ 1+ 519015,

_ 1.

+ 5040}%( i - }5}7) +8.15 x 104(CH))2 + 504C%5),
1 )

+1.58 (CHD Z +362C1%)., — 1.50C %) — 12.6ReC'S)

2 ES 2
~1.126GY — 7.70ReC log ( o ) 0.19ReCSe) log ( - )

— 0.09ReC®) + 3.54C ) (5.2)

The first line of eq. (5.2) is the linear tree-level L correction, the second line is the (tree-level)
(L6)? and Lg corrections, and the last two lines are the one loop Lg corrections. Extracting
the v2./A2, (v4/A*) factors out of C®) (C®)), one can convert these expressions to the
un-tilded coefficients and A. In this form, the terms on the second line will be suppressed
relative to the others by one factor of 6% /A2. To the accuracy we have quoted the numerical
factors, there is no difference between the & and 7y input schemes. The ~ 3% difference
between the C’}?)G coefficient on the first line and the O}?)G ng)m an
the second line is due to the fact we've included O(m3 /m?) corrections for the former.

d C’S% coefficients on

Inspecting the terms on the right hand side the largest coefficient accompanies the

(~(6)

ne)? term. The large coefficient arises as it is a tree-level term (squared), divided by
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ARW 0.12 AR 0.12
AGEY 0.024 AGe 0.024
ARGY 0040 | ARgr 0040
ARy ~0.054 | ARGy —0.054
ARJW ARTW
2i- 48U 0003 | ——+ 4% —0.003
MW —0.0097 M —0.0098
Agy —0.014 Agew —0.096
Agow —0.0055 Agew 0.040

Table 2. Numerical values of the one loop corrections to various Lagrangian parameters and matrix
element corrections in both input schemes. We only report gauge independent combinations of
parameters. We have chosen p = m, in these evaluations for the scale dependence associated with
the one loop improvement of input parameters and finite on shell renormalization conditions in the
LSZ formula. For operator mixing effects, we set u = A.

the loop level SM result — a relation we can make more explicit by rewriting the (C’}?G)z
term as 7.19 (2—’:)2 (CN'g,;)G)2 Introducing hierarchies among coefficients motivated by UV
assumptions, such as suggested by ref. [84], may change which term dominates on the right
hand side. Comparisons between the 17% /A* terms with the loop level Lg terms depend
strongly on the choice of A (as the latter are suppressed relative to the former by 17% /A?),
and also on assumptions on the relative sizes of the coefficients. The dependence of eq. (5.2)
on these choices and the implications for error truncation studies, will be explored in more
detail in a separate publication.

52 TI'(h — GG)
The leading SM result for I'(h — GG), working to the same coupling and m; order as in
0(GG — h) is

217
Tsna(h = GG)o(a2.a3) = mh A 2 o2 ) = 2.55 x 1071 GeV (5.3)

Dividing the O(v4/A%, v2/1672A?) by this result and working in the & scheme:

FgMEFT(h — GG)
FgM(h — G3)

~1+519C%),

+504CS), (C}?D - fc“” ) +8.15 x 10* (CW)2 + 504 C5),

=

+1.58 (C}?D - 46}5})) +296 1), —1.59C%) —12.6Re )

(6) ~0) (1% (6)
—1.120G’ — 7.70Re C, s log <Ag> 0.19Re CdG log (A§’>

—0.09Re C¥) +3.54C ), (5.4)
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with the linear tree-level Lg correction on the first line, the (tree-level) (Lg)? and Lg
corrections on the second line, and one loop Lg corrections on the third and fourth lines.
As with 0(GG — h), there is no difference between the & and My input schemes.
Comparing the expressions here with eq. (5.2), the results are identical except for the
CE{) terms. To the order we have worked, the parton distribution functions factor out of
osm(GG — h) and cancel out in the ratio for all SMEFT pieces proportional to §(1 — z),
so these pieces should match in the ratios for 0(GG — h) and I'(h — GG). The only
exception is (:”SDG, which is sensitive to how the IR divergences in the QCD loop and extra
emission cancel, and the kinematic differences in the two processes lead to slightly different
coefficients. Additionally, there are C‘g% pieces of osmErT(GG — h) with different parton
distribution function dependency that do not cancel neatly in the ratio with the SM.

53 TI'(h — v7v)
Using the input parameters in table 1, we find the following SM leading-order h — ~y

partial width in the 7y scheme:

2
LW (h — vy) = il

=1.00 x 107 GeV. (5.5)

The full result to O(v7./A*) was reported in ref. [12]. Adding the O(v%/1672A?) loop
corrections with consistent theoretical scheme conventions, in the my, input parameter
scheme, we have the result for h — v

o
—SMEFT 1 _7gg f/w (5.6)
Fm
SM

+3942(f7")2 =351 (Cfpy —Cigh ) f3™ +22285G) ™,
o s i i e GO
197904} (L) 4080018}, —1.0205) ) 758 chgg_c‘glv) fw f;nw] |

+2283C1)y s (7 +0.66C11, —0.88CH, ) —1224(f7)?,

2
—117¢1%), 236+ —0.55+43. 610g<A2>] co,

2
51+210g<A2>] clO L+

A2 A2
27— 2810g<A2) ReC%) 4 | 14— 1510g<A )] ReC(ﬁv)V—i—O 56ReC%)
3 33

(6) ) )
0. 31Req§,}+20(6) 012”’ +2.00%) — 7560 —3v25G'

The results have been presented in a manner to make clear the origin of the various
contributions. First the corrections are up to O(v%/A%) terms in the operator expansion.
Next the one loop contributions involving novel one loop diagrams and operator mixing in
the SMEFT are given. The contributions from rescaling the SM amplitude for a series of
corrections are then reported. Finally, the last line is due to input parameter corrections
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to the SM amplitude. Several numerically small corrections that follow from the formulae
given are neglected here as the contributions are negligible compared to the retained terms.

These neglected corrections are generally further suppressed by small Yukawa couplings.
Here f/™ ~ f%uv for j =1,2,3 and

1
s0© _ L <C<3> Le® L (C/ s )) 7 (5.7)
F \/i ee ;];I,u 2 peep eppe
i =[G +029 G, — 05400, 4], (5:8)
7 = [Clip 4029 (Ciily + Clilyy) — 0.54C ] (5.9)
7 =[O — Ciop — 0.66Cll 5] (5.10)

From table 1, we also find the following SM leading-order h — vy partial width in the &

scheme:
3
h
47

= 1.06 x 107° GeV, (5.11)

h
A’Y’Y

I‘SM (h = yy) = SM

and the corrections to the decay width
F%%”EFT ~1— 758]('04611),
Uit
+3792(fer)2 —350(Clehy — C\0L)2 — 1159 flew)?
—61C {0 5 (Cok+7.2C 5 —9.2C1) ) —13.5C), (Cp+16C 5, —15C D) &)

N 3 3 )\
+13835GY) (Cftp—0.13C 1), —0.15CD), ) 758 l(cﬁ&-?) ffw+fa““] :

2180 12260) 4 [ ~17+2.01 WAIETO ] i, ¢

2
+ l26 27log ( A2 )] ReCffE—k l14 15log (

) o
0. 31Re0§6) +2019) — % —V25G'9.

>

> 6 6
g)] ReC +0.56ReC%,
33 33

>

Note that the numerical values in the operator expansion, and the value of the total decay
width in this scheme have slightly shifted compared to ref. [12] due to an update of the «
input parameter numerical value. The corrections are reported in the same order as in the
myy scheme. In this scheme the degeneracy of the combination of Wilson coefficients C o —
C’H p/4 is not broken at one loop in this observable. This is because the individual depen-
dence on Cgrp due to the shift in « that breaks the degeneracy in the myy scheme is absent.

Past results in the literature include the dimension eight results in ref. [12]. One loop
results were previously reported in refs. [18, 28] calculated in the BFM, and also results
calculated using R gauge fixing outside the BFM in refs. [19, 85-87]. Some theoretical
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aspects of the loop results are common between calculation schemes. For example, the
breaking of the Cgry — Cup /4 degeneracy in the myy scheme as in ref. [87] is confirmed in
this work, as it is a feature of input parameter dependence. Other aspects of calculation
scheme dependence are distinct, and should not be interpreted as an error when comparing
between schemes. For example, in the BFM each of the input parameter loop corrections is
individually gauge invariant. While in a on-shell scheme as employed in [19, 85-87] AGp
carries gauge dependence. There is not a contradiction per se, although arguably the BFM
offers several advantages, such as the gauge independence of AGr, and also affords cross
checks, while aiding in the transparency of results. We have stressed some of these cross
checks in this paper. We strongly caution against over-interpreting scheme dependence
differences in calculations of this form when comparing results as a calculation error and
again emphasize that scheme choices and operator normalizations effect both the loop
expansion and the operator expansion in the SMEFT demanding consistent conventions be
defined and adhered to when combining results.

6 Discussion and conclusion

In this paper we have reported formulae for three processes 0(GG — h), I'(h — G G) and
['(h — ). We have including a complete set of O(v%/1672A?) and O(v3./A*) corrections
at the amplitude level for these processes, with common calculation scheme dependence
across the results. We have stressed the point that the operator expansion and the loop
expansion are not independent at sub-leading order, but are correlated by calculational
scheme dependence. The formulas reported include a consistent set of SMEFT corrections
not only to the processes, and also to the input parameter measurements defining Lagrangian
parameters in both expansions. To our knowledge these are the first complete results of this
form in the literature. These calculations were enabled due to the fundamental interplay of
the Background Field Method approach to gauge fixing with the geoSMEFT (i.e. scalar
background field) formulation of the SMEFT. In a real sense, this completes at sub-leading
order the theoretical program of studying the central production and decay processes of the
Higgs at LHC in a model independent EFT, as initiated in ref. [88] by Manohar and Wise.
The semi-analytic formulae for these inclusive processes are of interest as they can be
used to generate a consistent set of higher order terms in each of the expansions present,
from the LO simulation results using SMEFTsim [7, 14]. This is possible as the three-point
vertices in inclusive observables have common kinematics (populations of phase space) at LO
and also at O(v2/16m%2A%) and O(v5/A*). The methodology of how to use these formulae
was recently laid out in ref. [79]; the LO dependence on the SMEFT perturbation can
be used to define a simple replacement/swap formulae to generate a set of O(v2/16w2A?)
and O(v%/A*) corrections, in these inclusive observables. Importantly, this can be done
post-facto using LO simulation results bypassing the need for costly, and redundant, Monte
Carlo simulation on all of the parameters in the sub-leading terms in both expansions.
Knowing the dependence to sub-leading order on the SMEFT parameters in the op-
erator and loop expansions in these measurable processes is primarily of interest to inform
a theoretical error estimate, when such sub-leading terms are neglected in studies of LHC
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data. The formulae are also of intrinsic interest as they demonstrate the convergence (or
lack there of) of the SMEFT perturbations to the SM. The large size of the sub-leading
(“quadratic”) terms is due to the interference with the loop suppressed SM amplitude at LO
in each case. A SMEFT perturbation that is directly self-squared at sub-leading order avoids
the corresponding loop suppression in the SM amplitudes, leading to a very large numerical
enhancement, overwhelming the naive suppression by 1?% /A% compared to the LO SMEFT
perturbation. Even so, at sub-leading order in the operator expansion, a set of new param-
eters enter into the predictions, so that a consistent use of quadratic terms when studying
experimental data should include this larger set of SMEFT parameters we have reported
or a well defined theoretical error if these extra terms are neglected. We leave a detailed
numerical study on the implications of the results reported here to a future publication.

These results are reported in a transparent semi-analytic fashion to aid cross checking
of the results by external theory groups.

Acknowledgments

We thank Chris Hays and Andreas Helset for insightful discussions. M.T. acknowledges
support from the Villum Fund, project number 00010102. We thank Peter Stoffer for useful
discussions on the LEFT results used. T.C. acknowledges funding from European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant
agreement No. 890787. The work of A.M. was supported in part by the National Science
Foundation under Grant Number PHY-1820860.

A One-loop contributions to vector boson masses

Here we give explicit results for the corrections to m%v » at one loop in the BFM. These
expressions are reported with & = 1 for brevity of presentation. We have confirmed that
the combination of these corrections with 2Av /v is gauge independent, as expected.
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A.1 One loop functions

Here, we have used the notation

Vat—2a2b? —2a2c2+b1—2b2c% +ctlog ( —a? 4?4+ +/aT=2a%0? =202 P4 b1 2024t )

Disc[a,b,c] = o2 2be
(A.3)
Further
arcsin? |/1/7,, T, > 1
F@m) =9 |1 1wy ]2 (A.4)
-3 |:h’l ﬁ — 7/7T:| 5 Tp < 1,
and we also define
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Here the expressions for Z,7,,Z,, for 7 > 1 (while restricting our results to top loops) are

Z[m,| = log <Ti’) +2,/7, — 1 arctan <7_1_1> -2, (A.7)
P

T,[my) = %p arcsin? (1/\/7) , (A.8)
Lox[mp) = \/T;-pj arctan (7’:—1) . (A.9)
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